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Featured Application: In recent years, a fast progress has been observed in the development of
ultra-high-strength concrete (UHSC). This type of concrete is designed to achieve size efficiency
in many structural members, especially those subjected to the impact and blast types of loading
conditions. Numerical simulation of structures made of UHSC mixtures under such loading
conditions requires an experimentally obtained stress–strain response for different strain rates so
that this information may be fed into computer codes.

Abstract: Ultra-high-strength concrete is a newly developed construction material that has a minimum
120 MPa or higher compressive strength. Recently, the usage of high-strength and ultra-high-strength
concretes has become widespread due to the enhancement of the concrete technology. Many civil
engineering structures constructed by using concrete materials are usually subjected to, in addition to
static loads, dynamic loads due to earthquakes, wind and storm, impact and blast, which take place
under high energy and high strain rate values. The effects of such loadings on the structure must be
understood thoroughly. In recent years, the withstanding of a structure on these loading conditions
has become a crucial issue for its impact on the economy and human safety. One of the approaches
to fulfill these requirements is to develop high-strength or ultra high-strength concretes (UHSCs).
In this study, an ultra-high-strength concrete with a compressive strength of 135 MPa was designed
and developed. In order to determine the dynamic behavior of this UHSC, the specimens at three
height/diameter ratios (approximately, 0.6, 1.0 and 1.2) were extracted from the prepared concrete
mixtures. These concrete specimens were tested to determine both the quasi-static and dynamic
compressive behaviors of the developed concrete. In the quasi-static compression tests, cylindrical
specimens and a conventional compressive testing machine were used. In order to study the dynamic
compressive behavior, a Split Hopkinson Pressure Bar (SHPB) test setup was used. In this test system,
the time variations of compressive strength, the strain and strain rates under uniaxial pressure loading
were experimentally evaluated and the deformation and fracturing processes of the specimens were
recorded using a high-speed camera. The test results, based on the testing of 21 different specimens,
have shown that the dynamic compressive strength values of the developed concrete varied in the
range of 143 to 253 MPa, while the strain rate values varied in the range of 353 s−1 to 1288 s−1.
Using the data generated in the SHPB tests, the parameters present in a Johnson–Holmquist–Cook
concrete material model, which is used in numerical studies on the high strain rate behavior of
concretes, were evaluated.

Keywords: ultra high-strength concrete; dynamic behavior; high strain rate; Split Hopkinson Pressure
Bar; Johnson–Holmquist–Cook concrete model
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1. Introduction

Normal strength concretes are produced by mixing mainly cement, aggregate and water. They are
the most widely used construction material in buildings, dams, port structures, bridges, tunnels
and skeletons of factory buildings, etc. The development of concrete technology has always been
a continuing process, both in the past and in the present day. Today, there are more than 25 types
of concrete in use in the construction industry. One of the areas of current development in concrete
or concrete structures focuses mainly on the improvements in strength, durability and workability
of various concrete mixtures. However, instead of normal-strength concretes, high-strength and
ultra-high-strength concretes are being developed to meet the requirements of the some special
construction works. The use of high-strength concrete in both the classical concrete sector and in the
concrete prefabrication sector has increased, especially during the 1980s [1,2]. Since then, the specially
designed and produced concretes became the preferred material used in the construction of special
purpose strategic buildings, such as nuclear plants, hangars and operation control centers.

There is no universally accepted classification of the concrete types. Nevertheless, the concretes
possessing a range of 60 to 125 MPa compressive strength are regarded as high-strength concretes
(HSC), while concretes having a compressive strength higher than 125–140 MPa are termed as
ultra-high-strength concretes (UHSCs). Apart from their superior compressive strength properties,
these types of concretes should also possess some generally desired properties such as high workability,
low shrinkage, self-compaction and discharge properties. The ultra-high-strength concretes are
produced by mixing good quality cement and aggregate with super plasticizer and silica fume as the
main constituent materials, and decreasing the water/cement ratio up to the order of 0.20 [3].

Generally, the first step in the concrete development studies both on the normal and high-strength
or ultra-high-strength concretes is to obtain information on the experimental behavior of the concrete
under the quasi-static loading conditions at a strain rate of approximately 10−5 to 10−6 s−1. However,
in the present day, the concrete structures are exposed to not only loadings that can be considered as
quasi-static loadings in nature, but also to extreme dynamic loading conditions due to natural disasters
(storm, flood, earthquake, etc.) and dynamic factors like high-energy impact and blast. These types
of dynamic loads may cause permanent failures and damage to the material. The research studies
on the behavior of concrete structures subjected to extreme loading conditions show that a better
understanding of the response of high-strength or ultra high-strength concretes may open the way
to novel applications of these types of concrete [4,5]. Therefore, for a complete development of a
modern mixture of a concrete material, the behavior under both the quasi-static and dynamic loading
conditions and the strain rate effects must be also considered. Figure 1 shows the approximate ranges
of the expected strain rates for some common loading situations and the applicable testing techniques.Appl. Sci. 2020, 10, x FOR PEER REVIEW 3 of 17 
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Figure 1. Strain rates associated with different types of loading and applicable test techniques.

Although it is well known that many concrete structures have to withstand dynamic loading
conditions, the studies on the dynamic behavior of concrete are very limited compared with the
available data in the literature on the static or the quasi-static loading responses. In addition, there is a
limited number of numerical and experimental studies reported on the behavior of concretes under
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high strain rate conditions. Bischoff and Perry [6], in their study on the behavior of concrete under high
strain rates, presented the test methods used and the strain rates that were achieved in the previous
studies. Bresler and Bertero [7] and, Takeda and Tachikawa [8], obtained testing data for strain rates
above 1 s−1 by using hydraulic testing machines. Hughes and Gregory [9], Watstein [10], and Hughes
and Watson [11] achieved strain rate levels on the order of 10 s−1 using a drop-weight impactor.

Especially, in last two decades, it has become possible to observe the dynamic compressive
behavior of the concretes under strain rates of 102–103 s−1 using the Split Hopkinson Pressure Bar
(SHPB) test setups. Additionally, in some high strain rate studies on fiber-reinforced normal and
high-strength concrete samples that had compressive strength values of 35–110 MPa, strain rates in
the range of 10 to -700 s−1 were measured by using SHPB test setups [12–17]. In these experimental
studies, the specimens having radii varying in the range of 50 to 75 mm, and a length of 37.5 mm,
were used. It is well known that it is almost impossible to produce concrete specimens that have
uniform composition due to difficulties involved in controlling the mixture content of a concrete.
On the other hand, there exists a small number of experimental studies in which specimens with a
radii in the range of 10 to 15 mm were used [18,19]. In these works, the attained strain rates were
relatively high, varying in the range of 700–1700 s−1. Nowadays, to improve, especially, the tensile
properties of concretes, different types of fibers have been used in the UHSC productions [20,21].
Using reinforced concrete specimens with the fiber volume ratios of 0.5%, 1%, and 1.5%, the energy
dissipation, the crack initiation capacities and the dynamic behavior under the high strain rates were
studied both experimentally by using SHPB setups and numerically [22–25]. By using the SHPB test
results, a number of numerical verification studies was also reported in the literature [26–28].

In recent years, studies on the dynamic behavior of concrete materials has intensified on Reactive
Powder Concretes (RPC), which show high strength, durability and fracture properties. The static and
dynamic strengths, the dynamic increase factor (DIF), the effects of strain rate and the effects of the
geometric size of the specimens were discussed in a recent review paper [29].

In the available literature, there exist some deficiencies in the discussion of the data that may be
extracted from the SHPB tests so that they can be transferred into the numerical data base required in
numerical modeling of concrete materials subjected to extreme loading conditions. So, there is a need
to extend the data, especially on the parameters generated by making use of the SHPB data. Therefore,
using such numerical data, fed into available computer codes, may ease both the experimental and
numerical studies of the behaviors of structures made of high or ultra high-strength concretes. The RPC
is the most popular ultra strength type of concrete but RPC requires special production methods:
its cost of construction is relatively higher than that of constructions based on conventional methods.
For this reason, the concrete which is conventionally (low water/cement ratio, use of GGBF slag to fill
the gaps) produced in this work was preferred in spite of the fact that its workability is low.

In this study, an ultra-high-strength concrete with a compressive strength of 135 MPa has been
designed and produced. To determine the behavior of the high-strength concrete under dynamic
loading conditions, specimens of different sizes were produced by using a water jet cutting machine.
These specimens were cut from the same concrete test samples that were prepared for the quasi-static
tests. The SHPB data were utilized to determine the parameters of the Johnson–Holmquist–Cook
material model by using an in-house developed computer code on the MATLAB environment.
The Johnson–Holmquist–Cook model is one of the material models available in most computational
software, such as LS-DYNA.

As mentioned above, there exists a need for available data on the dynamic behavior of UHSC
materials. The UHSC is known to have same advantages in terms of ballistic penetration (which takes
place at strain rates in the range of 102–103 s−1) performance when compared to conventional concrete,
since it has higher strength. However, UHSC has disadvantages such as its brittle structure, which is
less deformable. This work mainly focuses on the evaluation of the effects of the SHPB test conditions
on the behavior of the developed ultra high-strength concrete. Hence, the main emphasis of the present
study is to contribute to a better understanding of the subject. For this purpose, it has been considered
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that the results obtained will provide important data for future works involving numerical studies and
the interpretation of test results on the ultra high-strength concrete structural members under impact
and blast loading conditions.

2. Development of Ultra High-Strength Concrete

In the constituents of the mixture of the developed ultra high-strength concrete, sand of 0–5 mm,
fine aggregate of 5–12 mm, coarse aggregate obtained from limestone of 12–19 mm and 19–25 mm,
Portland cement, ground granulated blast furnace slag (GGBF slag) and super plasticizer were used.
During the production process, the concrete became workable after adding water and super plasticizer
to the mixture of cement, GGBF slag and aggregates, which are manufactured in dry form and blended
for a time period of 3–4 min in the mixer. The composition of the developed concrete mixture is shown
in Table 1.

Table 1. Composition of the ultra-high-strength concrete.

Materials Quantity (kg/m3)
Ratio (%)
(Volume)

Cement 450
GGBF slag 45

Sand (0–5 mm) 39
Limestone (5–12 mm) 33
Limestone (12–19 mm) 16
Limestone (19–25 mm) 12

Water/Cement 13
Super Plasticizer 2.5

The workability of the concrete obtained in the concrete mixer was very low. The measured slump
values were observed to be between 0–1. Therefore, the mixture was placed within cylindrical sample
containers having dimensions of Ø150 × 300 mm with the help of 3-stage ramming on the vibrating
plate, in order to avoid segregation and to obtain a compact and homogeneous structure. The hardened
concrete samples have been cured in a cure room at a temperature of 24 ◦C and a humidity of 97% until
the quasi-static tests. The quasi-static tests were carried out at a strain rate of 10−5 s−1 in a compression
test device, as shown in Figure 2a. A photo of the specimen used in these compression tests is shown
in Figure 2b.Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 17 
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In order to observe the results of the strengthening process, the samples were tested for failure
on the 1st, 7th, 28th and 56th days following production. Three samples were tested on each test day.
The average strength of the three samples was calculated for the compressive strength values of the
daily testing samples. The variation of the quasi-static compression test results are given in Table 2.

Table 2. Compressive strength values of the ultra high-strength concrete.

Item Number Day after Production Average Strength (MPa) Standard Deviation

1 1 108 7.35
2 7 115 7.84
3 28 125 3.70
4 56 135 3.22

3. Experimental Work

3.1. Sample Preparation for the Dynamic Tests

The sample preparation process started after completing the quasi-static tests following the
development of the ultra high-strength concrete. Initially, the specimen production was planned for
three different specimen samples with a diameter of D = 10 mm with lengths of L = 6, 10 and 12 mm.
The test specimens were produced from the same cylindrical sample batch (Ø150 × 300 mm) that was
used in the quasi-static tests by using a water jet cutting machine. The water jet cutting method is used
for enabling to cut geometries in a high precision by transferring the high-pressure water to the cutting
machine through pumps of a high flow rate. In the first stage, a number of circular disks at thicknesses
of 6, 10 and 12 mm were cut from the Ø150 × 300 mm sample blocks. In the second stage, the circular
disks were cut with a diameter of 10 mm. Two photos of the water jet cutting process are shown in
Figure 3.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 17 

 

      
(a) 

 
(b) 

Figure 3. Water jet cutting: (a) Cutting of circular disks at thicknesses of 6, 10 and 12 mm. (b) Cutting of a circular 180 
disk at a diameter of 10 mm. 181 

Following the cutting process, surface smoothing was carried out using a sanding machine. At the 182 
end, test specimens with approximate length/diameter ratios of L/D = 0.6, 1.0 and 1.2 were produced. 183 
Photographs of these three different specimens are shown in Figure 4. 184 

(a) (b) (c) 

Figure 4. Approximate length to diameter ratios of the test specimens: (a) L/D = 1.20; (b) L/D = 1.00; 185 
(c) L/D = 0.60. 186 

3.2. Split Hopkinson Pressure Bar Tests and Discussion 187 

The dynamic behavior tests for the developed ultra-high-strength concrete were carried out in a 188 
Split Hopkinson Pressure Bar (SHPB) test unit. This setup is a commonly used experimental device 189 
to determine the behavior of materials under high strain rate loadings. The SHPB test systems were 190 
first invented by Hopkinson [30] to determine the dynamical characteristics of the materials, and then 191 
improved by Kolsky [31]. One of the detailed works on the applications of SHPB systems in concrete 192 
studies was given by Ross and Tedesco [32]. The SHPB test unit used in the present study essentially 193 
consisted of a gas tank, striker bar, incident bar, transmitter bar and an absorber system together with 194 
a section where the specimen is placed. Moreover, a pulse shaper to decrease the effects of other 195 
frequencies, a momentum trap to provide the linear transfer of the elastic wave amplitude from the 196 
striker to the incident bar, and strain gauges to measure the strain values, were used. The sample 197 
ends were lubricated with vacuum grease. A schematic illustration of the test setup is shown in Figure 198 
5. 199 

 200 

Figure 3. Water jet cutting: (a) Cutting of circular disks at thicknesses of 6, 10 and 12 mm. (b) Cutting
of a circular disk at a diameter of 10 mm.

Following the cutting process, surface smoothing was carried out using a sanding machine. At the
end, test specimens with approximate length/diameter ratios of L/D = 0.6, 1.0 and 1.2 were produced.
Photographs of these three different specimens are shown in Figure 4.



Appl. Sci. 2020, 10, 4170 6 of 15

Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 17 

 

      
(a) 

 
(b) 

Figure 3. Water jet cutting: (a) Cutting of circular disks at thicknesses of 6, 10 and 12 mm. (b) Cutting of a circular 180 
disk at a diameter of 10 mm. 181 

Following the cutting process, surface smoothing was carried out using a sanding machine. At the 182 
end, test specimens with approximate length/diameter ratios of L/D = 0.6, 1.0 and 1.2 were produced. 183 
Photographs of these three different specimens are shown in Figure 4. 184 

(a) (b) (c) 

Figure 4. Approximate length to diameter ratios of the test specimens: (a) L/D = 1.20; (b) L/D = 1.00; 185 
(c) L/D = 0.60. 186 

3.2. Split Hopkinson Pressure Bar Tests and Discussion 187 

The dynamic behavior tests for the developed ultra-high-strength concrete were carried out in a 188 
Split Hopkinson Pressure Bar (SHPB) test unit. This setup is a commonly used experimental device 189 
to determine the behavior of materials under high strain rate loadings. The SHPB test systems were 190 
first invented by Hopkinson [30] to determine the dynamical characteristics of the materials, and then 191 
improved by Kolsky [31]. One of the detailed works on the applications of SHPB systems in concrete 192 
studies was given by Ross and Tedesco [32]. The SHPB test unit used in the present study essentially 193 
consisted of a gas tank, striker bar, incident bar, transmitter bar and an absorber system together with 194 
a section where the specimen is placed. Moreover, a pulse shaper to decrease the effects of other 195 
frequencies, a momentum trap to provide the linear transfer of the elastic wave amplitude from the 196 
striker to the incident bar, and strain gauges to measure the strain values, were used. The sample 197 
ends were lubricated with vacuum grease. A schematic illustration of the test setup is shown in Figure 198 
5. 199 

 200 

Figure 4. Approximate length to diameter ratios of the test specimens: (a) L/D = 1.20; (b) L/D = 1.00;
(c) L/D = 0.60.

3.2. Split Hopkinson Pressure Bar Tests and Discussion

The dynamic behavior tests for the developed ultra-high-strength concrete were carried out in a
Split Hopkinson Pressure Bar (SHPB) test unit. This setup is a commonly used experimental device
to determine the behavior of materials under high strain rate loadings. The SHPB test systems were
first invented by Hopkinson [30] to determine the dynamical characteristics of the materials, and then
improved by Kolsky [31]. One of the detailed works on the applications of SHPB systems in concrete
studies was given by Ross and Tedesco [32]. The SHPB test unit used in the present study essentially
consisted of a gas tank, striker bar, incident bar, transmitter bar and an absorber system together with
a section where the specimen is placed. Moreover, a pulse shaper to decrease the effects of other
frequencies, a momentum trap to provide the linear transfer of the elastic wave amplitude from the
striker to the incident bar, and strain gauges to measure the strain values, were used. The sample ends
were lubricated with vacuum grease. A schematic illustration of the test setup is shown in Figure 5.Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 17 
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Figure 5. Schematic drawing of the Split Hopkinson Pressure Bar (SHPB) test setup.

A photo of a sample placed between the incident and transmitter bars is shown in Figure 6.
The working principle of a split Hopkinson pressure bar test device is based upon the wave

propagation in materials. In a split Hopkinson bar test, the impact of the striker bar on the loading block
side induces a longitudinal compressive wave. After the wave arrives at the incident bar–specimen
interface, a part of this wave is reflected as εr, while the other part of the wave, denoted as εt, continues
to propagate through the specimen and into the transmitted bar. The stress wave pulses on the incident
and transmitted bars are recorded by a Wheatstone bridge, formed by the strain gauges mounted on
the incident and transmitted bars. In this test rig, all of the bars are made of maraging steel and have a
diameter of 19 mm. The striker bar is 300 mm long while each of the incident and transmitter bars is
3340 mm long.
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Figure 6. The incident and transmitter bars and the specimen in the SHPB test setup.

The data acquired as the time-varying voltage measurement during the experiment was evaluated
to calculate the stress, the strain rate and the strain values by using Equations (1)–(3), respectively.
The calculations were carried out at intervals according to the time duration observed on the
time–voltage plot. An example of the time variation of the measured voltage data is given in
Figure 7. It should be noted that the waves produced by the momentum trap were not considered in
the calculations.
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national total deaths from flash floods. All the preliminary works have promoted the development of
flash flood prevention in Yunnan Province [20], but further exploration is still needed, and therefore
Yunnan Province was selected as the study area in this study. Figure 1 shows the map of the topography
and flash flood disaster distribution in Yunnan Province.

Figure 1. Topographical map and locations of flash flood disasters in Yunnan Province (2011–2018).

2.2. Data

2.2.1. Satellite Data

TRMM Multi-Satellite Precipitation Analysis (TMPA) (50◦ N–50◦ S) can retrieve
microwave–infrared satellite precipitation estimates with gauge adjustments and can generate rational
precipitation estimates at fine spatiotemporal scales (0.25◦ × 0.25◦ and 3-hourly temporal intervals)
within the global scope (60◦ N–60◦ S) [21,22]. As the successor of TRMM, the GPM constellation
consists of a core observation platform and 10 cooperative satellites to observe global precipitation
through inter-satellite cooperation. The GPM program offers three different levels of data products,
all of which are available on the NASA website (http://www.nasa.gov/mission_pages/GPM). This
study focuses on the GPM Level 3 products based on the IMERG algorithm. IMERG not only has a
high spatial resolution (0.1◦ × 0.1◦, 0.5 h) and fully global coverage (60◦ S~60◦ N), but also predicts
flood disasters by reducing the uncertainty associated with short-term precipitation accumulation. At
present, IMERG data has been developed from the first version to the sixth version, and IMERG-V06B
is the latest version of the satellite rainfall data. However, Mohammad et al. (2019) verified that IMERG
V05 performs better than V06, and therefore this study has employed IMERG V05 to estimate the
precipitation data [23].

IMERG has three different products: Early, Late, and Final. In the real-time phase, the IMERG
data generation system generates Early products after running once and then generates Late products
after running again. The main difference between them is that the Early product is generated only by
the forward propagation algorithm in the cloud mobile vector propagation algorithm, while the Late
product is added with the backpropagation algorithm. The time-lag product Final introduces more
sensor data sources based on the Late product. Meanwhile, the time of the extracted satellite data is
matched with the station’s data (08:00 a.m.) [24]. Table 1 shows the detailed information of the three
IMERG products, with a study period of 2015–2018. Since IMERG-E and IMERG-L products are NRT
products, they are released after 4 h and 12 h after observation, respectively; in turn, the IMERG-F is a
PRT product, which has been calibrated for the deviation of the ground rainfall station, so it has a high
accuracy and is usually released after two months of observation. Therefore, this study has adopted
CMA data as calibration data, pays attention to the accuracy of the IMERG rainfall data to capture
flash flood disasters, and combines the precipitation data estimated by IMERG-E and IMERG-F to
discuss the accuracy of capturing flash flood, and thereby contributes to obtaining the static early
warning thresholds.

Figure 7. A sample of measured time variation of voltage during the SHPB test.

σ(t)= Eb
Ab

As
εt(t) (1)

.
ε(t) =

−2cb

l
εr(t) (2)

ε(t) =
−2cb

l

t∫
0

εr(τ)dτ (3)

Equations (1)–(3) are well explained in the literature regarding the Split Hopkinson Pressure Bar
tests [33,34]. In these equations, εt represents the transmitted wave, whilst εr represents the reflected
wave. Eb, Ab and cb represent the modulus of elasticity, cross-sectional area and the elastic wave velocity,
respectively. As and ` indicate the cross-sectional area and the length of the specimen, respectively.
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The time variations of the stress and the strain for the ultra-high-strength concrete were calculated
by evaluating the time-voltage data are shown in Figure 8. Using the data extracted from Figure 8c,
the average strain rate for this test has been evaluated as 720.3 s−1.
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Figure 8. UHSC-16 (Ultra High Strength Concrete—Specimen number 16) SHPB test results: (a) true
strain-time; (b) true stress-time; (c) true strain rate-time; (d) true stress–strain relations.

The SPHB test system available does not allow much higher sample sizes. This is one of the
reasons for using 10 mm diameter samples, although some aggregate sizes are greater than 20 mm.
The samples used were obtained by water jet cutting. Therefore, the strength conditions at cutting edges
may differ. In order to eliminate these differences, 28 tests were performed. However, results from
21 tests were used since the other 7 tests appeared not to reflect the expected homogeneous behavior of
the concrete. As stated above, in the tests, three groups of specimens were used. The test pressure was
selected from the range of 0.1 to 0.3 MPa, while the striker speed was in the range of 7.89–13.48 m/s.
The test results of 21 specimens are given in Table 3. In these tests, the standard deviations concerning
the strength, strain and strain rate values are 30.34 MPa, 0.009 and 262.68 s−1, respectively.

A high-speed camera was also used in this study to visualize the dynamic behavior of the
ultra-high-strength concrete. The high-speed camera recorded the test process at a frame rate of the
microsecond order. Figure 9a shows the instantaneous states of a sample at 6 different time instances,
while the corresponding stress–strain relation is given in Figure 9b. The numbered labels in Figure 9b
correspond to the 6 frames given in Figure 9a.
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Figure 9. The true stress–true strain behavior of specimen UHSC-16 during the maximum strain rate of
about 960 s−1: (a) High-speed test visualization of the sample UHSC-16; (b) Stress–strain relation for
the specimen UHSC-16.

In the first frame, the sample seems to behave elastically. The stress–strain curve is also linear in
the period of 0 to 40 µs. During this stage, the strains are reversible. The first failure behavior, the first
fracture, is observed in the second frame. The specimen is now possessing a non-linear stress–strain
relation, which means that after this point the strains are irreversible. In the third frame, the spreading
of cracks and the deeper fractures are observed to occur in the regions close to the location with the first
failure. It has been considered that at this stage the specimen well exceeds its compressive strength
since the local failures are spread out. The spreading of the fractured regions due to decrease in stress
level are observed in the fourth frame. In the last two frames, the stress level decreases, cracks and
fractures are now everywhere. Finally, the dynamic load carrying capacity of the ultra-high-strength
concrete specimen reaches its lowest point after breaking away of the pieces from the specimen.
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Table 3. Compressive strength values of the ultra-high-strength concrete.

Specimen
No

Length/
Diameter

Ratio

Pressure
of Test
(MPa)

Impact
Velocity

(m/s)

Dynamic
Peak Stress

(MPa)

Dynamic
Strain at

Peak Stress

Peak
Strain

Rate 1/s

DIF (Dynamic
Increase Factor)
for Peak Stress

UHSC-1 0.56 0.12 8.46 146 0.027 1109 1.08
UHSC-2 0.56 0.15 7.92 162 0.02 963 1.20
UHSC-3 0.57 0.12 8.53 143 0.048 1288 1.06
UHSC-4 0.57 0.15 11.12 231 0.01 549 1.71
UHSC-5 0.80 0.27 12.64 253 0.012 753 1.87
UHSC-6 0.81 0.30 13.48 210 0.007 593 1.56
UHSC-7 0.81 0.20 11.10 150 0.017 1257 1.11
UHSC-8 0.82 0.23 11.86 223 0.009 545 1.65
UHSC-9 0.82 0.20 11.14 163 0.011 584 1.21

UHSC-10 0.82 0.17 9.99 209 0.011 531 1.55
UHSC-11 0.82 0.30 13.38 180 0.015 950 1.33
UHSC-12 0.83 0.20 10.97 195 0.009 523 1.44
UHSC-13 1.06 0.20 11.04 154 0.027 814 1.14
UHSC-14 1.08 0.27 12.68 158 0.019 843 1.17
UHSC-15 1.08 0.10 7.84 198 0.027 602 1.33
UHSC-16 1.09 0.30 13.35 191 0.02 960 1.41
UHSC-17 1.10 0.23 11.77 166 0.013 696 1.23
UHSC-18 1.15 0.30 13.45 166 0.017 835 1.23
UHSC-19 1.16 0.20 10.94 170 0.008 461 1.26
UHSC-20 1.17 0.20 11.12 163 0.012 515 1.21
UHSC-21 1.18 0.10 7.89 164 0.011 353 1.21

In the dynamic compression tests, the length to diameter ratio ranging from 0.5 to l.0 is acceptable.
In order to diversify the strain rates and to see the size effects, the specimens having the length/diameter
ratios varying in the range of 0.56 to 1.18 were used. As it is seen in Figure 10, As it is seen in this figure,
under the same test conditions, the strain rates measured in specimens with lower length/diameter
ratios are higher than those obtained for the specimens having a relatively higher ratios. This was
an expected result for a specimen cut from a homogenous and linear isotropic material. Although,
the concrete specimens used in these tests were not made of a homogeneous material, the strain rate
are calculated from Equation (4) as

.
ε =

v2 − v1

`
(4)

where v1 and v2 are the output and input velocities, respectively, and ` is the length of the specimen.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 17 
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In order to observe the effects of test pressure on the dynamic response the test pressure was varied
in the range of 0.1 to 0.3 MPa. The variation of the strain rate with the test pressure is shown in Figure 11.
As it is seen in the Figure 11, the strain rate increases almost linearly as the test pressure increases.
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The measured dynamic compressive strength values are given in the fifth column in Table 3.
As expected, the peak stress values show some variations due to the brittle nature of the concrete and
the variations of the constituent ratios in each specimen. Nevertheless, the peak values remained
within a range of 143 to 253 MPa. The last column in Table 3 contains the percentage increase in the
strength of the UHSC with respect to the maximum quasi-static strength of 135 MPa.

3.3. Material Characterization Based on the SPHB Data

A total of 21 samples of ultra high-strength concrete were tested in the Split Hopkinson Bar
(SPHB) test system and the primary measured values are given in Table 3. The tests also provided
time variations of the stress, strain and strain rate values. Strain rates in the range of 353–1288 s−1,
which are typical values under impact and blast effects, were observed during the tests.

The Johnson–Holmquist–Cook (JHC) model is one of the material models developed to numerically
analyze the concrete behavior under impact and blast effects. It is a kind of elastic-viscoplastic model
proposed by Holmquist [35]. The model is known to handle the high strain, high strain rate and
high pressure cases in concretes. The commercial hydrocode LS-DYNA included the JHC model as a
material model in 1997 [36]. The JHC material model consists of the relations for strength, damage and
equation of state.

3.3.1. Strength

The main equation of the JHC material model is given as follows:

σ∗ = [A(1−D) + BP∗N](1 + Cln
.
ε
∗
) (5)

where σ∗ = σ/fc and P∗ = P/fc are normalized stress and pressure, respectively. σ is the equivalent
stress, P is the pressure and fc is the characteristic pressure strength.

.
ε
∗
= ε∗/ε∗0 is the normalized

strain rate, where ε∗ and ε∗0 are the strain rate and reference strain rate, respectively. A, B, C and N are
the model parameters to be determined.

3.3.2. Damage

The JHC material model also has a damage expression to model the failure, as given below:

D =
∑ ∆εP + ∆εµP

εf
P + µf

p
(6)
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where ∆εP is the effective plastic strain change and ∆εµP is the plastic volume change under constant
pressure. εf

P + µf
p is the total plastic strain under constant pressure until the failure happens according

to the following relation:
εf

P + µf
p = D1 (P

∗ + T∗)D2 ≥ Efmin (7)

where T∗ = T/fc is the normalized tension stress, and where T is the tension stress. D1 ve D2 are failure
model parameters to be determined. Efmin is the value of the plastic strain just before the failure.

3.3.3. Equation of State

This equation is used to relate the concrete density with the pressure, assuming that the concrete
is compact without any gap. The formula is as follows:

P = K1µ+ K2µ
2 + K3µ

3 (8)

where µ= (µ− µ lock)/(1 + µ lock) is the modified volumetric strain, where µlock =
ρgrain
ρ0
− 1. ρgrain is

the density of the compact concrete without a gap, while ρ0 is the initial density. µlock is the locking
volumetric strain. K1, K2, K3 are the model parameters to be determined.

All of the model parameters have been determined using a multi-variable regression based on the
measured data from both quasi-static and Split Hopkinson Bar tests. At the end of the fitting process of
Equations (5)–(8) for the unknown values of the model parameters to match the recorded experimental
data, the values given in Table 4 were obtained. The parameters in Table 4 represent the material
character of the ultra-high-strength concrete of 135 MPa strength investigated in this study.

Table 4. Parameters of JHC model for 135 MPa compressive strength concrete.

ρ (kg/m3) G,GPa A B C N fc,MPa T,MPa EPSO

2700 33.2 0.30 1.50 0.01 0.59 135 8.4 1.00
Efmin Sfmax Pcrush,GPa Plock,GPa D1 D2 K1,GPa K2,GPa K3,GPa
0.001 12.5 0.162 0.000095 0.003 1.000 16.2 −40 26

The authors think that reliable material model parameters can be determined if the material
characterization is performed considering data from all of the tests. This approach is based on the
authors’ unpublished previous experience with material characterization.

4. Discussion

Experimental works on the determination of concrete behavior using the Split Hopkinson
Bar tests reported in the literature investigated the normal, high and ultra high-strength concretes,
with or without fibers, employing generally greater sample sizes in terms of the height/diameter
ratio [12–17,20–25]. In this study, smaller height/diameter ratios for samples have been preferred
to achieve higher strain rates, as done in similar works [18,19]. It appears that numerical studies
investigating the dynamic concrete behavior are not common in the literature.

A recent work in [24] presents the numerical results based on the JHC material model applied to a
RPC with fibers. The present study has investigated an ultra high-strength concrete without fibers.
The currently determined JHC model parameters differ from those obtained in [24], as expected due to
the fiber effects. However, the order of magnitudes of the parameters are similar.

5. Conclusions

In this study, the design, production and the quasi-static testing of an ultra-high-strength
(performance) concrete were carried out, leading to an average compression strength range of 125
to 135 MPa. These average values were measured for the samples tested on the 28th and 56th days
following production. For the quasi-static compression tests, four sets of cylindrical samples with
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the dimensions of Ø150 × 300 mm were used. In the SPHB tests, a total of 21 specimens with
height/diameter ratios varying between 0.6 and 1.2 were used.

The concluding remarks that may be drawn from this study are given below:

• A new ultra-high-strength concrete mixture is designed, produced and tested under quasi-static
and dynamic loading conditions.

• For quasi-static loading, the average compressive strength of the new mixture, depending on the
testing day following production, varied between 108 and 135 MPa.

• For the dynamic testing conducted on a SHB test ring, it was observed that, for the same test
conditions, as the height/diameter of a sample decreases, the measured strain rate increases.

• As expected, an increase in the test pressure increases the striker speed linearly. As a result of this,
one can obtain the high strain rate deformation characteristics of the ultra high-strength concrete.

• High-strength concrete appeared to be sensitive to deformation rate. While the strain rate was
10−5 s−1 in quasi-static tests, the strain rate in the dynamic tests was measured in the range of
353–1288 s−1.

• The maximum compressive stress values measured in the dynamic tests were observed to be
1.06–1.87 times higher than the quasi-static compression test average maximum compressive
stress value of 135 MPa measured for specimens tested 56 days after production.

• Since the high-strength concrete has locally different constitutional characteristics (due to the
aggregate, cement, GGBF slag, etc. distribution), it is considered that the strength performance at
high strain rates may lay out in the range of 143–253 MPa.

• Generally, as the peak strain rate increases, the corresponding maximum compressive stress value
appears to decrease.

• Time variations of stress, strain and strain rates recorded during the SPHB tests have been fitted to
the JHC material model using an in-house developed computer code of multi-variable regression.

• The achieved strain rate values have been measured to be in the range that is generally observed in
impact and blast conditions. Therefore, one may conclude that the model parameters determined
are suitable for numerical simulations of this 135 MPa strength concrete.

In future work, ballistics tests on developed concrete samples are planned to determine the
response of the UHSC under impact and blast loadings. In order to reduce the cost of such expensive
tests, a numerical simulation program should be performed. This study is the first step towards
achieving this objective.
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on sintering.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Arioglu, E.; Kurt, G. Development of Very High Strength Concrete ın Yapi Merkezi: 1989 to 2007.
In Proceedings of the 12th Concrete Prefabrication Symposium, Istanbul, Turkey, 13 November 2007.

2. Wu, C.; Li, J.; Su, Y. Development of Ultra High Performance Concrete against Blast, From Material to Structures;
Woodhead Publishing: Cambridge, UK, 2018.
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