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ARTICLE INFO ABSTRACT

A dynamic testing system for concrete-like material under static triaxial confinements is developed in the present
article. The cubic specimen with length 50 mm is constrained by six steel square bars. The static triaxial con-
finements are applied on the specimen through six steel bars that independently servo-controlled by three hy-
draulic cylinders. A striker is then launched to impact the incident bar along the x-axis. The dynamic responses of
the cubic specimen are measured by strain gauges stuck on the middle surfaces of the six bars. The dynamic
compressive behaviors of concrete specimens under various static triaxial confinements are investigated ac-
cordingly. The 3-D dynamic engineering stress- engineering strain relationship, the dynamic volumetric strain-
hydrostatic pressure relationship, and the equivalent stress- equivalent strain relationship are obtained and
analyzed in details. The results show evidently the load path dependence and the strain rate dependence. Based
on the Drucker-Prager (D-P) strength criterion, the effect of the intermediate stress on dynamic strength is
discussed, and the material parameters (e.g. ap and ko) and the strength parameters (e.g. the cohesion ¢ and the
inner friction angle ¢) at various strain rates are demonstrated. The results show that with increasing strain rate,
the friction angle ¢ increases, and the cohesion c¢ decreases. The technique provides profound and compre-
hensive understanding of the dynamic failure properties for concrete-like material under complex stress states.
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1. Introduction

Dynamic behaviors of concrete-like material (e.g. concrete, mortar,
rock) subjected to impact loading had attracted great concerns in the
designing and construction of a variety of concrete structures (e.g. dam,
high-rise building, airport runway) in the fields of geotechnical en-
gineering, mining engineering, hydraulic engineering, and defense en-
gineering, etc. Since concrete-like materials are composed of cement,
sand, coarse aggregates, etc., they are artificially complex medium and
take on load-path dependence, geometry dependence, and strain-rate
dependence. Many numerical and experimental results had showed that
although under uniaxial compression, dynamic strengths of the con-
crete-like materials were sensitive to the hydrostatic stress due to the
local lateral inertia confinement (Burlion et al., 2000; Grote et al., 2001;
Li and Meng, 2003; Meng and Li, 2003a,b; Tang et al., 2005), which
might cause obvious increase of the dynamic increase factor (DIF) be-
tween the nominal strain-rate 102 and 10% s~! (Ross et al., 1989; 1995;
1996; Zhang and Zhao, 2014). The accurate material characterization
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taking into account the stress triaxiality and strain rate effect are re-
quired in engineering designs of concrete structures under complicated
loading conditions. This article would propose a new experimental
apparatus to investigate both the load-path dependent and the strain-
rate dependent properties of concrete specimens under true triaxial
confinement.

Many significant conclusions had been obtained for concrete and
rock-like  materials under quasi-static triaxial confinement
(Handin et al., 1967; Mogi, 1967, 1971; Gerstle, 1980; Horii and
Nemat-Nasser, 1986; Lubarda et al., 1996). Under lower confinement,
failure patterns of specimen turned with increasing confinements, i.e.
from the axial splitting pattern, the faulting pattern, to the narrow shear
band with high concentration interacting microcracks. Under higher
confinements, the failure of specimens were caused by the distributed
grain-scale crushing and the homogenous microcracking, and the
failure pattern showed plastic flowing properties at the macro scale.
Volume decreases in the process were normally higher than 10 percent,
and some complex mechanisms were introduced, e.g. ductile fracture,

E-mail addresses: sjf15005@mail.ustc.edu.cn (J. Shan), pfwang5@ustc.edu.cn (P. Wang).

https://doi.org/10.1016/j.mechmat.2019.103220

Received 19 June 2019; Received in revised form 8 October 2019; Accepted 22 October 2019

Available online 24 October 2019
0167-6636/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01676636
https://www.elsevier.com/locate/mechmat
https://doi.org/10.1016/j.mechmat.2019.103220
https://doi.org/10.1016/j.mechmat.2019.103220
mailto:sjf15005@mail.ustc.edu.cn
mailto:pfwang5@ustc.edu.cn
https://doi.org/10.1016/j.mechmat.2019.103220
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mechmat.2019.103220&domain=pdf

S. Xu, et al.

micro plane fracture (Bazant and Kim, 1979, 1985, 1986; Horii and
Nemat-Nasser, 1986). Their strengths were proved to be intermediate-
stress sensitive (Handin et al., 1967; Mogi, 1967, 1971). However,
corresponding discussions of dynamic loading are sparse and in-
sufficient (Frew et al.,, 2010), it is significant to reveal the stress
triaxiality of concrete-like materials under dynamic loading.

There are two main techniques employed to reveal the dynamic
responses of concrete under triaxial confinement, i.e. the active con-
fining pressure method and the passive confining pressure method. The
active confining pressure method, in which a high-pressure hydraulic
vessel is added to the uniaxial loading testing system, had been the
widely used technique in the past (Christensen et al., 1972; Gran et al.,
1989; Gary and Bailly, 1998; Frew et al., 2002). Gran et al. (1989)
employed an explosively driven triaxial loading device to load the
limestone-aggregate concrete specimens (i.e. with length 300 mm and
diameter 150 mm) in dynamic triaxial compression states. The radial
pressure was determined by averaging three quartz piezoelectric
gauges, and the axial and circumferential strains were measured by the
foil strain gauges (i.e. with length 100 mm) bonded to the middle sur-
face of specimens. The confinement levels and the strain rates ranged
respectively from zero to 124 MPa and from 0.5 s~ * to 10 s~ *. No rate
effects were observed at strain rate 0.5 s}, but at strain rate 6 s, the
elastic modulus and the strength increased evidently. Employing si-
milar apparatus, HB et al. (1999) had investigated dynamic behaviors
of two granites (i.e. with length 60 mm and diameter 30 mm) at stain
rates ranging from 10~ * s~! to 10° s~ ! and with confining pressures
ranging from 20 MPa to 170 MPa. Adding a high-pressure oil vessel to
Kolsky bar apparatus, Frew et al. (2010) had studied the impact be-
havior of Indiana limestone at stain rates 10> s~ ' and 4 x 10> s~ ! and
under confining pressures ranging from 100 MPa to 400 MPa. However,
the technique cannot provide the high pressures required for compac-
tion (Forquin et al., 2008; Forquin et al., 2010), and it is difficult to
accurately measure the real-time fluctuations of lateral confining
pressures in the process of axially impacting (Zhang and Zhao, 2014;
Xu et al., 2015).

The passive confining pressure method, fulfilled by adding a lateral
confinement ring around specimen combined with the split Hopkinson
bar device (SHPB), is a newly developed technique and has been widely
used in recent years. A broad range of materials combined with special
structure designing and methods, involving ceramics with a shrink-fit
metal sleeve (Chen and Ravichandran, 1996; 1997), concretes with
large diameter bar (Forquin et al., 2007; 2008), dry sand with different
rings (Song et al., 2009), concretes with the rings made of different
materials and dimensions (Bailly et al., 2011), quartz sands with alu-
mina ring and using the single-pulse loading method (Huang et al.,
2013; 2014), micron-sized Silicon Carbide (SiC) powders with digital
image correlation (DIC) method (Huang et al., 2016a), single-crystal
Silicon with simultaneously x-ray phase contrast imaging (XPCI) and
Laue diffraction method (Huang et al., 2016b), and concretes with
coarse aggregates (e.g. lime-stone or siliceous, Piotrowska et al., 2016),
were employed. An extensive introduction of the passive confining
pressure method can refer to Chen and Song (2011). Some special
treatments should be made to reduce the influence of the interface
between the specimen and the ring. The radial strains were measured
with several strain gauges bonded to the outer surface of the ring, and
load path effects could be investigated. Since concrete-like materials
showed geometry-dependent strain-rate sensitivity, the ring could
considerably reduce the radial displacement, and the lateral inertia
should be confined to some extent (Forquin et al., 2008). The technique
is simpler and easier to be operated, but it is difficult to obtain a relative
constant confining pressure during axially impacting.

Zhang and Zhao (2014) had conducted a detailed overview on these
two techniques, and the experimental results had provided profound
understandings of dynamic triaxial compression behaviors of concrete-
like materials. When three principal stresses given by the orthogonally
triaxial system demonstrated in Fig. 1 are respectively oy, oy, and o,
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and o0, >0y and 0,, the stress state provided by these two techniques is
o0, = 0,. Load-paths of the intermediate-stress sensitivity cannot be
analyzed, and only some special load-paths are involved in.

Special efforts had been made to achieve the true triaxial stress state
(i.e. o= 0y=0,) on the specimens. In order to obtain the dynamic be-
haviors in two-axial stress state, Hummeltenberg et al. (2012) had put
forth to employ two orthogonal SHPB sets to simultaneously strike the
specimen, but no experimental data had been reported due to the dif-
ficulty of synchronicity between these two SHPB sets. To avoid the
difficulty of synchronicity, Cadoni and Albertini (2011); Cadoni (2013);
Zhao et al. (2013) had put forward a new experimental formulation that
the specimen was initially loaded to be under true triaxial stress states,
and then impact the specimen in certain direction by means of the SHPB
method. Cadoni et al. (2015) had suggested a 3D modified Hopkinson
bar (3D-MHB) with one pre-tensioned round input bar and five square
output bar. This idea provides a preliminarily alternative approach for
the biaxial or triaxial simultaneous impacting, which might have cer-
tain theoretical significance in physical dynamics. Cui et al. (2019) had
newly developed a 3D-SHPB device that could compress the specimen
synchronically in three mutually perpendicular directions with equal
amplitude, and volumetric properties of concrete under dynamic hy-
drostatic pressure were obtained to preliminarily investigate the
equation of state (EOS) of saturated concretes. The present experi-
mental apparatus was built under the supervisor of Prof. Jian Zhao of
Monash University, and some preliminarily results during apparatus
installing and commissioning could refer to Refs. Xu et al. (2016, 2017,
2018).

In the present study, an effort is made to extend this experimental
formulation to apply the true triaxial stress state (i.e. Oy.static = Oy-
static = Ozstatic) ON the specimen by three independently servo- controlled
hydraulic cylinders and to produce axial impact loading by using a
modified SHPB device especially designed for this purpose. The data
processing method is then proposed, and as an example, dynamic be-
haviors (e.g. the strain rate effect, the load path effect, the intermediate
stress effect, etc.) of a concrete are investigated experimentally.

2. Dynamic testing system of concrete under true triaxial static
confinement

2.1. Testing principles

Testing principles in this study are schematically presented in Fig. 1.
The key of the testing system is to record the dynamic responses of six
surfaces of the cubic specimen during the axially impacting. As shown
in Fig. 1a, the cubic specimen is positioned by six steel square bars, and
the true triaxial stress state (Oy.satic = Oy-static = Oz-static) iS firstly applied
on the specimen by means of these six bars. And then, the striker is
launched to impact the incident bar along the x-axis. An elastic incident
wave (g;) is generated and propagates along the incident bar. When the
incident wave travels to the interface of the incident bar and the cubic
specimen, part of the incident wave is reflected as a reflected wave (¢,)
in the incident bar due to their impedances mismatch, and part of the
incident wave is transmitted as a transmission wave (¢, along the im-
pact direction. Due to lateral expanding (i.e. the Poisson effect) caused
by x-axial impacting, four waves, €.g. &y.ie6 €y-right Ez-up» AN E5.down, are
generated respectively in four steel square bars, which compressed
firmly with four lateral surfaces of the cubic specimen. Corresponding
static confinement and dynamic stresses applied on the cubic specimen
are demonstrated in Fig. 1b. It merits attention that the effect of trac-
tions between the specimen and the lateral bar could be ignored, which
further discussed in Appendix A and the results show that the actions of
tractions on the overall stress equilibrium along the impact direction
are transient and at local.
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Fig. 1. Schematic diagrams of testing principle, (a) static confinement and dynamic stresses in the bars, (b) static confinement and dynamic stresses on the specimen.

2.2. Testing apparatus

Fig. 2 schematically presents the testing apparatus based on testing
principle illustrated in Fig. 1. The testing apparatus is mainly composed
of two testing systems, i.e. the true triaxial confinement system and the
impact loading system. To describe the testing apparatus clearly, an
orthogonally triaxial system is formed as shown in Fig. 2a. The x-axis
and the y-axis parallel to the horizontal ground and are respectively
along and vertical to the impact direction, and the z-axis is vertical to
the horizontal ground.

Along the x-axis, there are in turns the high pressure gas gun (I), the
cylindrical striker (II), the incident square bar (III), the cubic specimen,
the transmission square bar (IV), the hollow servo-controlled hydraulic
cylinder (V), the cylindrical absorption bar (VI), and the momentum
trap (VII). Among them, the incident bar, the specimen, the transmis-
sion bar, and the servo-controlled hydraulic cylinder are constrained by
the x-axis steel frame, static confinement in x-axis (0y.static) could be
applied by pumping the hydraulic cylinder (V). The cylindrical striker
impacts the incident square bar through a pre-designed hole in the steel
frame. The cylindrical absorption bar contacts with the transmission

bar through the hole in the hollow servo-controlled hydraulic cylinder,
and delivers part of the transmission wave to the momentum trap. In
the present study, the specimen is a cube with 50 mm in length, the
cylindrical striker is 42mm in diameter and 500 mm in length, the
incident bar and the transmission bar are respectively 2500 mm and
2000 mm in length and their square section is 50 mm in length, and the
cylindrical absorption bar is 42 mm in diameter and 800 mm in length.

Along the y-axis, there are in turns the right square bar (VIII), the
cubic specimen, the left square bar (IX), and the servo-controlled hy-
draulic cylinder (X). They are constrained by the y-axis steel frame, and
the static confinement in the y-axis (0y.satic) is applied by pumping the
hydraulic cylinder (X). Along the z-axis, there are in turns the up square
bar (XI), the cubic specimen, the down square bar (XII), and the servo-
controlled hydraulic cylinder (XIII). They are constrained by the z-axis
steel frame, and the static confinement in the z-axis (0,.aric) is applied
by pumping the hydraulic cylinder (XIII). Lengths of four lateral bars
are designed to ensure the complete wave profiles can be recorded
when the length of the striker is 500 mm. In the present study, the right
bar and the left bar along the y-axis are 2000 mm in length and square
section with 50 mm in length, and the up bar and the down bar along
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Fig. 2. Schematic diagrams of testing apparatus, (a) three dimensional graph, (b) cross section in the XY plane.

the z-axis are 1600 mm in length and square section with 50 mm in
length.

These three hydraulic cylinders, e.g. cylinder (V), cylinder (X), and
cylinder (XIII), are pumped by the hydraulic pump station (IVX), which
independently servo-controlled by the control system (VX). The design
load of each hydraulic cylinder is 600 kN, which corresponds to a
maximum confinement of 240 MPa applied on the specimen.

2.3. Testing procedures

Length of the cubic specimen is machined to be a little larger than
50 mm, e.g. 50.2 mm, to avoid extruding of these six bars in the process
of applying the true triaxial confinements. Surfaces of the cubic spe-
cimen are lubricated slightly by vaseline to reduce end faces friction
and be helpful for wave transmission.

The testing procedure involves mainly two stages: applying the true
triaxial confinements and impacting the specimen. During the first
stage and taking the confinement condition 0y.satic > Oy-static > Oz-static S
example, three hydraulic cylinders are firstly pumped simultaneously to
apply confinements on the specimen at a constant stress rate, e.g.
0.05 MPa/s. When the confining pressure in the z-axis (o,) reaches o,
statico Cylinder (XIII) is hold and o, keeps constant, and the other cy-
linders continue pumping simultaneously to increase the confinements
Oy_static aNd Oy.graic- Once the confining pressure in the y-axis (oy)
reaches 0y.satic, cylinder (X) is hold and oy keeps constant. Cylinder (V)
continues pumping until the confining pressure in the x-axis (oy)
reaches Oy gatic- In the pumping process, 0, and oy, should be respectively
higher than 0, gatic and Oy.giaric due to the Poisson effect. The servo-
controlled system should start work instantaneously and control the
hydraulic pump station (IVX) to adjust the confining pressures to the
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desired values. And then, three hydraulic cylinders are hold and the
system is waiting for the next step.

At the second stage, the striker is launched at desired velocity to
impact the impact bar along the x-axis. The impact velocity is measured
by two lights (e.g. lasers) and time trigs. The square or circle pulse
shapers, made of rubber, are used to increase duration of loading wave
profiles and to adjust loading strain rate (Frew et al., 2002), which
provide enough time for waves traveling over the specimen to achieve
the stress equilibrium (Nemat-Nasser et al., 2005; Chen and
Song, 2011). As mentioned in Section 2.1 and shown in Fig. 1, there are
seven wave profiles generated during the x-axial impacting. Among
them, the wave profiles of ¢; and ¢, are measured by strain gauges on the
incident bar, ¢, is measured by strain gauges on the transmission bar,
and &y.iefy Ey.righo Ez-up> ANd &5.gown are respectively measured by strain
gauges on the corresponding lateral bars shown in Figs. 1 and 2. These
signals are recorded by three high-speed digital oscilloscopes, i.e.
Tektronix MDO4104C. The instant information of lateral confinements
is recorded by the control system. More details could be referred to
Liu et al. (2019).

3. Concrete specimen and data processing
3.1. Concrete specimen

Physical and mechanical properties of concrete specimens depend
on the coarse aggregates (e.g. siliceous gravels or limestone-crushed
aggregates) (Piotrowska et al., 2014). The selected concrete in the
present study is a commercial intermediate-strength concrete with
limestone crushed aggregates. Concrete blocks with size
150 x 150 x 150 mm? are cast by using commercial concrete, and then
cured in moist environment for over 30 days. The composition and the
mechanical properties are summarized in Table 1. The testing speci-
mens illustrated in Table 2 are machined from these concrete blocks.

3.2. Loading pulse and incident waveform

Formation and propagation of the loading pulse in the present
testing system is somewhat different from the conventional SHPB tests.
As shown in Fig. 3, formation of the pulse includes two stages. At stage
I, the striker impacts the incident bar constrained by the x-axis steel
frame. The static confinement force (Fy.gtatic) is the inner force in the
bar-frame system, and it does not act on the striker. The x-t diagram of
stage I is shown in Fig. 3a, and state of the interface of the striker and
the bar corresponds to state (3) shown in the impact force-particle
velocity (F-v) diagram of Fig. 3c. At stage II, once the impact bar is
compressed and detaches from the steel frame, the static confinement
force (Fy.static) is released and become a new disturbance source pro-
pagating to the interface of the striker and the bar. From state (3) to
state (4), there is a jump with amplitude Fy saic corresponding to the
disturbance source at the beginning of stage II. The corresponding x-t

Table 1

Composition and mechanical properties of concrete.
Compositions
Water(kg/m®): 185
Cement(kg/mS): 429
Sand (kg/m®):
Medium sand with fineness modulus 2.94 536
Coarse aggregates (kg/m°>):
With continuously distributed particles diameter: 5-31.5 mm 1250
Mean Density (kg/m?): 2392
Mechanical properties
Compressive strength *(MPa): 38
Tensile strength (MPa): 1.0-2.0
Poisson's ratio 0.21

Note: * denotes compressive strength of a cubic specimen with length 150 mm.
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diagram is shown in Fig. 3b, and state of the interface of the striker and
the bar at stage II corresponds to state (6) shown in the F-v diagram of
Fig. 3c. The final states of the striker and the bar are state (7) and state
(8), respectively. A loading pulse with duration 2 /Co (here, x and Co
are respectively length and wave velocity of the striker), which similar
with the conventional SHPB tests, is then formed. The striker would
rebound with higher speed than that of the conventional SHPB test.
Fig. 3d illustrates the incident waveforms measured at the middle
surface of the impact bar by strain gauges. The loading part of the in-
cident wave is similar with the conventional SHPB tests, but the un-
loading part is different, in which their amplitudes increase with in-
creasing the static confinements in the x-axis. The extra amplitudes are
close to the x-axial confinements, e.g. 30 MPa, 45 MPa, and 60 MPa. In
the process, the bar could be taken to be particle chain that composed of
a string of particles along the direction of wave propagation. When the
unloading wave arrives, the particles compressed in the loading process
are released in turn to be free. Since the static confinement is applied on
the ends of the incident bar and the transmission bar by the hydraulic
cylinder and the steel frame, rather than applied directly on the mea-
suring point that strain gauge stuck to, the local loading stresses in-
cluding the dynamic stress and the confining pressure are released
thoroughly when the unloading wave arrives. At the same time, the
static confinement delivers gradually from the hydraulic cylinder to the
measured surface along the particle chain with increasing time. The
process is illustrated by curve ABC in Fig. 3d, and it takes several
milliseconds for the unloading curve approaching to the baseline.

3.3. Wave profiles

Typical wave profiles under true axial confinements are shown in
Fig. 4. Along the x-axis, the wave profiles of ¢; ¢, and ¢, are illustrated
and analyzed by the three-wave method (Chen and Song, 2011), as
demonstrated at right top in Fig. 4a. Although there are four lateral
confining bars and part of the effects of x-axial impacting should be
shared by these four bars, stress equilibrium along the x-axis is achieved
to some extent. Along the y-axis, the wave profiles of &, and & ign:
are illustrated and analyzed as showed at top right in Fig. 4b. These two
wave profiles are almost the same but with much lower amplitudes, and
the stress equilibrium between the right side and the left side of the
specimen is achieved during the x-axis impacting. As illustrated in
Fig. 4c, similar conclusion could be reached along the z-axis.

3.4. Data processing method

The stress on the specimen is the sum of the static confining pressure
and the dynamic stress (the stress disturbance), i.e. in the x-axis,
Oy = Oxstatic + Ox.dyn- The static confining pressures are calculated by
the actual confinements. According to the waveforms shown in Fig. 4,
the dynamic stresses could be independently calculated. In the x-axis,
the dynamic stress (0x.ayn) is calculated based on two assumptions, e.g.
the one-dimensional stress wave assumption and the stress equilibrium
assumption, as presented in the conventional SHPB tests (Chen and
Song, 2011). In the y-axis and the z-axis, their dynamic stresses (0y.ayn
and 0,_qyn) are calculated respectively based on their force equilibriums
of two opposite surfaces of the specimen in corresponding direction
during the x-axially impacting, e.g. in the y-axis,
Fy 0 (8) = EoAggy_ie (1) on the left end, F}4 (£) = EgAogy—yign (t) on
the right end, and Fff‘dyn ®) = F;if’d’;n (t) on the specimen (here, Ay and
E, are respectively the area and the elastic modulus of the square bar).

Similar with the conventional SHPB tests, the strain rate (é,_gyn), the
strain (gc_ayn), and the dynamic stress (gy_qy) in the x-axis are expressed
as follows.

&
Iox [e:(0) — & (1) — & ()] o

E.x—dyn (t) =
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Table 2
Summary of dynamic experiments of cement samples.
Sample No Impact velocity (m/s) Strain rate (s™1) Sample size (mm) Confining pressure (MPa) Dynamic pressure (MPa) Remarks
x* y z X y 4 X y z
1 9.7 ~50 49.98 50.02 50.02 0.0 0.0 0.0 44.6 0.0 0.0 Failed
2 13.3 50.04 49.90 50.14 0.0 0.0 0.0 93.5 13.5 0.0 Failed
3 131 50.04 50.16 50.06 7.5 7.5 7.5 104.7 13.1 11.3 cracks
4 13.2 49.92 50.24 50.22 15.0 7.5 7.5 109.3 14.1 14.0 cracks
5 13.0 49.36 50.50 50.26 30.0 7.5 7.5 99.0 14.1 16.6 cracks
6 21.9 50.06 50.10 50.10 45.0 45.0 45.0 216.2 18.3 20.2 cracks
7 22.3 50.04 50.36 50.24 45.0 7.5 7.5 204.1 36.2 19.5 cracks
8 14.2 50.62 50.62 50.78 30.0 0.0 30.0 90.0 0.0 7.52 Fractured
9 13.7 50.46 50.56 50.40 45.0 0.0 45.0 74.7 0.0 4.0 Fractured
10 13.8 50.20 50.14 50.10 16.0 12.0 16.0 140.0 14.9 16.0 cracks
11 13.7 50.00 50.24 50.20 12.0 12.0 20.0 148.3 13.8 16.5 cracks
12 13.8 49.94 50.28 50.23 12.0 12.0 40.0 153.7 15.8 16.5 cracks
13 13.8 49.90 50.30 50.24 12.0 12.0 60.0 153.7 16.4 12.4 cracks
14 13.0 ~100 49.96 50.02 50.00 0.0 0.0 0.0 74.7 0.0 0.0 Failed
15 13.2 50.06 50.04 50.06 7.5 7.5 0.0 80.0 11.5 0.0 Failed
16 21.6 50.04 50.10 49.94 30.0 7.5 7.5 202.7 24.2 22.8 cracks
17 27.2 49.78 50.14 50.24 30.0 7.5 7.5 246.0 46.6 43.6 cracks
18 21.8 50.66 50.64 50.60 60.0 60.0 60.0 174.0 15.2 15.3 cracks
19 22.0 50.36 50.70 50.88 60.0 30.0 60.0 186.4 21.8 17.6 cracks
20 22.0 50.32 50.90 50.94 60.0 12.5 60.0 163.0 40.3 16.0 cracks
21 22.0 50.78 50.66 50.78 30.0 30.0 30.0 186.2 20.1 16.6 cracks
22 21.5 50.42 50.70 50.72 30.0 30.0 7.5 175.5 32.3 26.1 cracks
23 20.4 50.38 50.50 50.26 5.5 2.8 3.9 191.7 24.4 26.1 cracks
24 20.8 50.32 50.54 50.38 0.0 0.0 0.0 192.5 26.5 29.4 Fractured
25 20.8 50.64 50.42 50.12 7.5 7.5 7.5 177.8 21.5 23.0 cracks
26 20.3 49.94 50.52 50.50 30.0 0.0 30.0 93.7 0.0 6.8 Fractured
27 21.5 50.00 50.10 50.10 12.0 4.0 12.0 181.3 43.1 40.7 cracks
28 22.5 49.98 50.24 50.14 20.0 4.0 20.0 174.8 33.2 32.6 cracks
29 14.9 50.00 50.10 49.70 12.0 0 12.0 138.3 0.0 15.2 Failed
30 21.5 50.00 50.10 50.10 12.0 12.0 8.0 170.3 38.7 32.3 cracks
31 22.5 49.87 50.14 50.24 40.0 40.0 8.0 185.3 44.0 44.0 cracks
32 22.3 49.82 50.18 50.30 40.0 60.0 8.0 192.5 46.8 34.2 cracks
33 22.3 49.80 50.19 50.35 60.0 80.0 8.0 210.5 35.5 44.0 cracks
34 22.2 49.75 50.20 50.40 32.0 0.0 60.0 175.0 38.7 33.2 Failed
35 13.7 49.80 50.50 50.28 0.0 0.0 60.0 143.0 0.0 5.2 cracks
36 13.6 49.78 50.54 50.30 0.0 0.0 40.0 142.2 0.0 4.8 Fractured
37 29.0 ~200 50.56 50.54 50.16 7.5 7.5 7.5 236.0 45.2 45.4 cracks
38 32.6 50.36 50.50 50.42 45.0 45.0 45.0 244.4 38.2 42.7 cracks
39 31.5 50.20 50.60 50.78 45.0 7.5 45.0 257.9 58.0 44.7 cracks
40 30.9 50.60 50.62 50.40 60.0 60.0 60.0 251.1 34.4 33.6 cracks
41 28.7 50.40 50.68 50.62 60.0 30.0 60.0 238.1 47.3 19.5 cracks
42 23.0 50.08 50.40 50.30 30.0 0.0 30.0 115.9 0.0 12.6 Fractured
Staticl 1073 50.10 49.98 50.04 0.0 0.0 0.0 66.0 0.0 0.0 Failed
Static3 50.24 50.44 50.52 0.0 0.0 0.0 65.1 0.0 0.0 Failed
Static2 1074 50.10 50.06 50.20 0.0 0.0 0.0 64.5 0.0 0.0 Failed
Static4 50.40 50.26 50.32 0.0 0.0 0.0 65.2 0.0 0.0 Failed
43 13.3 <20 50.0 50.04 50.06 7.5 12.5 0.0 147.0 8.35 0.0 Fractured
44 8.1 50.76 50.50 50.58 30.0 0 30.0 50.6 0.0 1.2 cracks
45 10.4 50.68 50.60 50.72 30.0 0 30.0 80.0 0.0 3.0 cracks
Note: * “x”, “y”, and “z” denote x-direction, y-direction, and z-direction shown in Fig. 1, respectively.
© = [ 60 - 50 - sl 0 = =2 By 6 (1) + 62(0)]
Gan(t) = 77 J(; [&; & &(0] @ Geon®= g Bolea €2 ©)
Ay where, k denotes the y-axis or the z-axis, and Ly and A are respec-
Ty (1) = 24, x Eolei(t) + & () + &(1)] 3) tively the length and the area in the k-direction (y-axis or z-axis) for the

where, C, is the wave velocity of the bars, and Ly, and Ay are re-
spectively the length and the area in the x-axis for the specimen.

Taking into account the differences of forces applied on two oppo-
site surfaces of the specimen, the load applied on the specimen is cal-
culated by averaging the forces of the opposite surfaces. The strain rate
(Ex—dyn), the strain (gc_gy,), and the dynamic stress (gi_qy,) in the y-axis
and the z-axis are expressed as follows.

|AV] _ Colega (t) + g2 ()]

B T @
C
ean® = 7 [} 50 (0 + a0l ©

specimen. Av is the velocity difference between the opposite surfaces in
the k-direction. &, and & are respectively .. and &y ign When k
denotes y-axis, and respectively &;.,, and &, 4onn When k denotes z-axis.

When the tractions between the specimen and the lateral bars are
taken into account, the data processing method is demonstrated in
Appendix A.

4. Results
4.1. The dynamic stress-strain relationship

The lateral confinement had evident effects on the failure patterns
and the stress-strain relationships. Fig. 5a illustrates the dynamic
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Fig. 3. Formation and propagation of loading pulse in the impact/incident bar. (a) stage I; (b) stage II; (c) F-v diagram; (d) Incident waveforms in the middle part of

the impact/incident bar recorded by strain gauge (Impact velocity is 19 m/s).

engineering stress- engineering strain relationships of specimens under
three confinement conditions. Under uniaxial dynamic compression
and with no lateral confinement e.g. [0y.static; Oy-static; Oz-static] = [0;0;01,
the specimen is failed into fragments, and the dynamic stress-strain
relationship shows lower strength and very small strain, i.e. smaller
than 0.5%. Under biaxial lateral confinements [30;0;30], which with
unit MPa and hereinafter, the specimen is impacted to be inter-
facial delamination along the unconfined surface, and the dynamic
stress-strain relationship in the x-axis shows higher strength and in-
termediate strain, e.g. 1.0%. Under triaxial lateral confinements
[30;30;30], there are some meso cracks observed to be evenly dis-
tributed at local in the specimen, but with no macro failure. The dy-
namic engineering stress- engineering strain relationship in the x-axis
shows higher strength and larger strain, e.g. 1.8%, and takes on plastic
hardening properties. With increasing the lateral confinements, failure
pattern of concrete turns gradually from the brittle failure mode to the
ductile failure mode. As illustrated in Fig. 5b, the lateral stress-strain
relationships in the y-axis and the z-axis of specimen under triaxial
lateral confinements are similar, and they show larger lateral strain
than that of specimen under biaxial lateral confinements.

Fig. 6 demonstrates the dynamic engineering stress- engineering
strain relationships of specimens under biaxial lateral confinements
[30;0;30] and at three impact velocities, i.e. 8.10, 10.35, and 14.23 m/
s. The strengths in the x-axis increase with increasing the impact ve-
locity. The specimens are not failed when the impact velocity lower
than 10.35m/s, and failed when the velocity up to 14.23 m/s. The x-
axis strain rate is evaluated based on Eq. (1) and listed in the bracket

shown in Fig. 6a, and corresponding lateral strain rates in the y-axis and
the z-axis are evaluated based on Eq. (4) and listed in the bracket shown
in Fig. 6b. The lateral engineering stresses and engineering strains are
measured to be with lower values, and increase with increasing the x-
axial impact velocity. The lateral strain rate is relatively lower than that
in the impact direction. Therefore, the x-axis strain rate is employed in
the present study to approximately describe the strain rate effect.

4.2. Relationship of volume strain and hydrostatic pressure

The concrete-like materials contain a variety of voids, e.g. macro-
scopic pores, mesoscopic gelatinous voids, etc. They are typical porous
media and normally with porosity higher than 10% (Tang et al., 2005).
Volumetric compression plays significant roles in the dynamic re-
sponses of the specimen under higher lateral confinements. Fig. 7 il-
lustrates the relationship between the dynamic volume strain and the
hydrostatic pressure. The start point, (&y.sqrics DPstaric)> Of the curve is
calculated based on the static confinements, and could be expressed as:
Dstatic = (Ux—static + o'y—static + Uz—static)/3 and Ey—static = pstatic /K Here: vo-
lume modulus K = E;/[3(1 — 2v)], and E, and vs are respectively the
elastic modulus and Poison's ratio of the specimen. The specimen is
firstly impacted under lateral confinement [60;60;60] with velocity
21.8 m/s, and then impacted under lateral confinement [60;12.5;60]
with velocity 22.0 m/s. The volume strain in the first impact is small
and no evident macro failures are observed due to higher triaxial
confinements. Volume strain of the second impact is larger and macro
fractures are observed mainly perpendicular to the y-axis, which similar
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Fig. 4. Typical wave profiles along three axes.

with the middle image shown in Fig. 5a. The curve of hydrostatic
pressure VS volume strain for the second impact could be roughly di-
vided into four stages. At stage AB, it shows linear deformation prop-
erty with higher modulus than the first impact, which results from the
void compaction during the first impact. At stage BC, larger volume
compression occurs due to void collapse. At stage CD, it shows another
linear increasing tendency, and at stage DE, it shows the strain-hard-
ening property. In the process, although the specimen under higher
lateral confinements is not failed during impact, it is compressed ob-
viously in the impact direction, and shows obvious expansion in other
directions. Cracks are observed to be scattered distributed at local.
Comparison of the two curves, specimen deformation and failure prone
to the deviator stresses, which cause the nucleation and growth of
cracks.

4.3. Relationship of equivalent strain and equivalent stress

The equivalent strain (¢) and the equivalent stress (&) are expressed
respectively as:

V32 @)

g = 3% ®

where, J, and J; are the second invariants of the strain deviator tensor
and the stress deviator tensor, respectively. In the present study, they
could be expressed as:

1
Jé = g[(sx—dyn + &—static — Ey—dyn — Ey—smtic)z + (Ey—dyn + & —static — €z—dyn — Sz—smric)z
+ (ez—dyn + ez—static — Ex—dyn — &e—static)?]
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1
L= g[(”x—dyn + Ox—static — Ty—dyn — Uy—slal[c)z + (Oy—dyn + Oy—static — Og—dyn — O —static)?
+ (0z—dyn + Oz—static — Ox—dyn — x—static)?]

(10)

Fig. 8a illustrates the relationship of the equivalent strain and the
equivalent stress of specimens at the strain rate 50s~! and under the
confining pressures 7.5 MPa in both the y-axis and the z-axis. When the
x-axis confinement increases from 7.5 to 30 MPa, the equivalent
strength increases from 93.77 to 111.18 MPa, and the equivalent strain
of peak point decreases from 0.469% to 0.315%, which caused by the
increasing of pre-applied deviatoric stress. As a comparison, the re-
lationship of the equivalent shear strain (7 = \/4_]; ) and the equivalent
shear stress (7 = /), is illustrated in Fig. 8b. The results are similar
with those of the equivalent stress and strain.

Fig. 9a demonstrates the relationship of the equivalent strain and
the equivalent stress of specimens under lateral confinements [30;0;30]
and at various strain rates, i.e. 20, 50, 100, and 200 s~ '. Similar with
the results of the conventional SHPB, the equivalent strength shows
evident strain rate dependence when strain rate increasing from 20 s ™!
to 200 s~ . Similar rules could be obtained on the relationship of the
equivalent shear strain and shear stress illustrated in Fig. 9b.

5. Dynamic strength
5.1. DIF

The experimental results of concrete samples subjected to impact
loading at strain rates ranging from 50 to 200 s™' and under true
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triaxial confinements ranging from O to 60 MPa are summarized in
Table 2, and DIF results are illustrated in Fig. 10. These DIF relations
demonstrated in Fig. 10 are listed in Table 3.

DIF of the equivalent strength is expressed as: DIF = G,4/0,s, where
G.q is the dynamic equivalent strength, and o, is the uniaxial com-
pressive strength in quasi-static loading. They take on evident strain
rate dependence, and much higher than those under conventional SHPB
compression. Among them, DIFs under triaxial confinements are the
highest, and DIFs under uniaxial compression are the lowest. Concrete-
like materials generally take on obvious strength enhancement at strain
rates above a critical value between 10 and 100 s~ ! (Li and
Meng, 2003). The critical strain rate of the present study is 25.7 s~ %,
which close to the strain rate, i.e. 30 s~ !, suggested by European CEB

120
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©
o
€ g0
(3
b
[
s
7]
-
f=
2
g 40
2 A
i Strain rate: 50s

0 . .

0.000 0.002 0.004 0.006
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and Malvern and Ross (1985).

5.2. Dynamic triaxial strength

Zhao (2000) had employed the Mohr-Coulomb (M-C) criterion, in
which the effect of loading rate to the internal friction angle was ig-
nored, and the Hoek-Brown (H-B, Hoek and Brown, 1997) criterion, in
which the effect of loading rate to parameter m was ignored, to describe
the dynamic strength of rocks. Since the intermediate stress could not
be properly dealt with in these two criterions, the Drucker-Prager (D-P)
criterion is employed in the present study to describe the dynamic
failure surface of concrete. The D-P criterion is a pressure-dependent
model and has been widely applied to rock and concrete-like materials
(Drucker and Prager, 1952; Alejano and Bobet, 2012). Although the
criterion tends to overestimate the strength of intact materials
(Alejano and Bobet, 2012), it is established as a generalization of the
M-C criterion and easy to be used and implemented in numerical in-
vestigations. The D-P criterion in the \/Tz — I plane is expressed as

\/Z = 0(011 + k() (13)

where, I, = o, + 0, + 0;, ap and ko are material parameters. In the
present study, two stress states described by Egs. (14) and (15) are
involved in as comparison. The state described by Eq. (15) has been
used in Eq. (10) to calculate the equivalent stress. While the state de-
scribed by Eq. (14) denotes the results measured by the active confining
pressure methods, in which the lateral confinements are taken to be
constant during axially impact, and the dynamic stresses generated in
the lateral surfaces of the specimen are not taken into account.

Ox = Ox—static + Ox—dyn> OY = Oy—statics 07 = Oz—static (14)
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Fig. 8. The equivalent stress-strain curves at the strain rate 50 s~ (a) The equivalent stress and strain; (b) the equivalent shear stress and strain.
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OX = Ox—static T Ox—dyn> OY = Oy—static + Oy—dyn> 0z = Oz—static + Oz—dyn
(15)

The fitting results are illustrated in Fig. 11 and Table 4. The hollow
marks shown in Fig. 11(a) denote the results calculated by the stress
state of Eq. (14), and the solid marks denote the results calculated by
the stress state of Eq. (15). Since there is no evident rate effect from the
quasi-static compression to lower strain rate impacting, these data of
strain rate lower than 20 s~ are preliminarily classified into one group
to be a reference. The difference of these two stress states increases with

increasing strain rate, e.g. the ratio of the difference to the strength of
the present approach increases to about 20% when the strain rate
reaches 200 s~ '. The assumption that the lateral confinements are
constant during axially impact in the active confining pressure method
should lead to the overestimation of the strength, especially in the ex-
periments at higher strain rate. These results also reveal the effect of
lateral inertia on the dynamic strength.

Fig. 11(b)-(e) demonstrate the fitting results by the D-P strength
criterion, and Fig. 11(f)-(i) demonstrate corresponding dynamic en-
gineering stress-engineering strain curves, in which the load path ef-
fects and the strain rate effects have been presented in Section 4. The
fitting material parameters (ao and ko) are illustrated in Fig. 12(a) and
Table 4. The results show that with increasing strain rate, parameter a,
decreases, and parameter ko increases. Since the D-P criterion is a
smoothed M-C criterion to some extent, material parameters (a, and
ko) could be expressed by the cohesion (c) and the friction angle (¢). If
the D-P strength surface is assumed to be circumscribed with the M-C
strength surface, the expressions could be obtained as (Alejano and
Bobet, 2012):

o = 2sin¢g
°7 /3@ - sing) 16)
ko = 6¢ cos @
*7 J3(3 —sing) a7

The calculated cohesion and friction angle are demonstrated in
Fig. 12(b) and Table 4. The results show that with increasing strain rate,
the friction angle (¢) increases, and the cohesion (c) decreases. Similar

Table 3
The DIF relations.
Refs. DIF* relations Materials
European CEB; Malvern and Ross (1985) DIF (¢/25)10%6%s ¢ < 30571 concrete
B {ys(s‘/s‘s)o'“, &> 30571
where, os = 1/(5 + Yy /f,), ¥, = 106:156%5=2)
Tedesco and Ross (1998) DIF = {1 +0.00965(logé + 6.0) > 1, £< 63.15! concrete
1+ 0.758(logé — 0.938) < 2.5, &> 63.1s7!
Grote et al. (2001) 1 + 0.0157(logé + 3.0), ¢ < 266571 Mortar
= {0,383(logé)2 +0.226logé + 1.765, &> 26651 #10.1-18 mm
Li and Meng (2003) 1+ 0.034(logé + 3.0), ¢ < 100s7! Mortar
= {1.729(logé)2 — 7.137logé + 8.530, ¢ > 1005~ @30 mm
Present study 1 4 0.02192(logé + 3.771), &< 257571 Concrete
- {2.147(log£‘)2 — 5.408logé + 4466, ¢ > 25751 50 x50 mm

Note: *DIF = ¢.4/0., where o, and 0.4 are the unconfined uniaxial compressive strength in quasi-static and dynamic loading, respectively.
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Fig. 11. The strength statistics in the \/J; — I plane at various strain rates.

Table 4
Parameters of Drucker Prager strength model.

Strain Drucker-Prager model Strength parameter
rate ag ko Cohesion, C (MPa) Friction angle, ¢
s (degree)

1* 2% 1 2 1 2 1 2
<20 0.50 0.35 4.90 13.90 7.01 12.88 65.02 44.12
50 0.41 0.26 6.87 18.20 7.27 15.42 53.10 33.46
100 0.34 0.20 19.36 28.34 16.40 23.35 45.46 26.65
200 0.32 0.18 22.00 42.58 19.70 34.88 40.60 23.74

Note: * “1” and “2” denote respectively the stress states described by Egs. (14)
and (15).

results had been reported for granite under dynamic combined com-
pression and shear loading (Xu et al., 2015; Zhou et al., 2018). Differ-
ences between the results calculated by Eq. (14) and those calculated by
Eq. (15) increase with increasing strain rate, the results show that it is

11

significant to take into account the lateral dynamic stresses generated
during axially impact. The changes of the cohesion (c) and the friction
angle (¢) with increasing strain rate reveal the deformation localization
properties of concrete-like materials. At higher strain rate loading,
larger velocity gradient (0V/ox, here, x denotes the impact direction)
generates in the specimen according to the continuity condition:
9V /ox = d¢/dt, the granites are failed due to local shear failure when
local gradient is large enough (Zhou et al., 2018).

Mogi (1967, 1971) had conducted series of experiments of rocks
under quasi-static triaxial compression to analyze the static strength of
rocks. According to Mogi approach, the present experimental data of
dynamic strength are plotted in the 07-0 plane, which illustrated in
Fig. 13. The data are distributed between the line 0; = 05 and the curve
0> = 03. These dashed curves denote the fitting D-P criterion by em-
ploying the material parameters (ap and ko) calculated based on the
stress state described by Eq. (15), and it shows good consistence with
the experimental data at the initial stage. Similar to the static triaxial
compression, the D-P model could be well used in the vicinity of the
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described by Eq. (14), and ap-2 denotes q, calculated by the stress state de-
scribed by Eq. (15).

intermediate and minor principal stresses, from which the parameters
of the model are obtained. Since the effects of the intermediate and the
minor principal stresses are identical in the model, the differences be-
tween the predictions and the experimental results increase with in-
creasing the value of (05-03).

6. Conclusions and remarks

A new technique is established to investigate the dynamic behaviors
of concrete materials under static triaxial confinements. The advantage
of the technique is to apply the triaxial confinements on the specimen
and to measure the dynamic triaxial responses of the specimen by six
lateral bars. It provides a more powerful method to simulate in-situ
dynamic loading process of concrete-like materials under complex
stress state. Since the effect of tractions between the specimen and the
lateral bar on the impact process is negligible, a valid data processing
method is proposed respectively along three directions based on the
measured waves, i.e. &, ¢, and ¢, in the x-axis, &, and &,.rign in the y-
axis, and &,.,, and &, gown in the z-axis. Series experiments of a concrete
at various strain rates and under various triaxial confinements are
conducted.

As presented in Appendix B, the effect of lateral inertia on the
uniaxial strength is evaluated partially by the measured wave profiles in
the lateral bars when the lateral confinements are zero. The preliminary
results show that when taking into account the lateral inertia, the dy-
namic strength is 6% lower at strain rate 50 s~ ! and 14.5% lower at
strain rate 100 s~ %,

The relationships of dynamic stress and strain, the volume strain
and the hydrostatic pressure, and the equivalent strain and stress

12

Mechanics of Materials 140 (2020) 103220

300
~* 6,=20MPa
200 '
©
o
=
b"‘ 0-1:0-2
100
]
0 L L L
0 50 100 150 200
G, (MPa)
300
=0, R
‘ V'e 03—55MPa
e - 03=3OMPa
200
©
o
= _
\: 0-1_0-2
o
100
O L L L
0 50 100 150 200
o, (MPa)

Fig. 13. The strength statistics in 07-0» plane at strain rates 50 s7! (a) and
100 s~ ! (b) the under various 03 confinement.

exhibit obvious strain rate effect and load-path dependency. When
employing the D-P criterion to describe the dynamic strength, both
material parameters (@ and ko) and strength parameters (c and ¢) show
obvious strain rate effect. The results show that with the increasing of
strain rate, the friction angle (¢) increases, and the cohesion (c) de-
creases. The effects of the intermediate stress on the strength could be
fully investigated by the present technique.

The present 3-D SHPB technique is an improvement over the tra-
ditional steel ring confinement technique and the oil-vessel confine-
ment technique. The initial confining pressures can be independently
applied in the X, Y and Z directions, and the pressure changes can be
independently measured during the x-axis impacting. It merits attention
that the present experimental system is somewhat complicated, and the
steel ring confinement technique should be a powerful and efficient
supplement for simpler loading conditions.
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Appendix A. Data processing method considering the lateral tractions
A1: Data processing method

As shown in Fig. Al(a), the true triaxial stress state (Oy.static * Oy-static # Oz-static) is firstly applied on the cubic specimen by six bars. Seven wave
profiles, e.g. the elastic incident wave (¢;), the reflected wave (e,), the transmission wave (e,), and four lateral waves (e.g. &,.iefes €y-righ €z-up> and &,
down), are generated during the x-axis impacting. The tractions between the specimen and the lateral bar are then generated due to specimen
compression in the impact direction, e.g. 7yx.ir and 7, rign ON the opposite surfaces in the y-axis, z,y.,p and 7,.qown 0N the opposite surfaces in the z-
axis. If the force equilibrium assumption is satisfied along the impact direction, the equation could be obtained as follows.

The force on the input surface is:

Fig. Al. Schematic diagrams of lateral
shear stress measurement: (a) the static
confinement and dynamic stresses (in-
cluding normal stresses and shear
stresses) applied on the specimen, (b)
force analyses of the z-up bar, (c) the
traction and the moment applied on the
microelement, (d) stress distribution
across the specimen section.

(b) ¥
@

¥ Z-up bar

Strain gauge zx22 .
Strain gauge_zx21

Strain gauge zx12
Strain gauge_zx11

Traction (Q)

Impact direction

S‘"l own
z—d |<_>‘
AL
© =z W (d)  Stress_zx11
M-+{M . M:
! Stress_zx12
D ——
X
F = (0 + 0)A¢ = Eo(& + €)Ag (A1)
The force on the output surface is:
Fr = 6A¢ = Eo&Ao (A2)
The force on the lateral surfaces is:
Firateral = (Tyx—left + Tyx—right)Ax—y + (sz—up + sz—down)Ax—z (A3)

And then, the force equilibrium assumption requires that F; ~ Fj; + Fygrq. Therefore, in the x-axis, the stress applied on the specimen could be
expressed as:

1
Os—x = 24, [Eo(ei + €-)Ao + Eo&iAp + (Tyx—left + Tyx—right)As—y + (sz—up + To—down)As—z] (A4

For a cubic specimen, it could be simplified to be

Ao + L (7 + T + T, + T, )]
— (G-t —righ - —d
As—x Eo yx—left yx—right ZX—Up Zx—down (A5)
The strain rate (é,_qy,) and the strain (,_qyn) could be determined respectively by Egs. (1) and (2). In the y-axis and the z-axis, the strain (g_gyn)
and the dynamic stress (o_gy,) could be determined respectively by Eqgs. (5) and (6). Among then, these four tractions between the specimen and the
lateral bar should be measured simultaneously.

E
Os—x = 70 [(Ei +&+¢)

13
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A2: measurement and calculation of the traction

As shown in Fig. A1(b), analysis of the traction between the specimen and the z-up bar is chosen as an example. When the traction (Q,,) is applied
on the bar end, a flexural wave propagates along the bar, and the traction could be determined by measuring the flexural wave. Two pairs of strain
gauges (i.e. zx11 and zx12, zx21 and zx22) are stuck on the z-up bar to measure the velocity of the flexural wave, and the gauges stuck to the
opposite sides (i.e. zx11 and zx12) are used to measure the compression signal and the tensile signal of one section along the z-up bar (Fig. A1(d)).

As illustrated in Fig. A1(c), the traction (Q,) is expressed as:

dM dw

=22 4 12
Qe Po dt

dz (A6)

where, M is the section moment, I is the moment of inertia of the z-axis, and w is the angular velocity of section rotation.
As illustrated in Fig. A1(d), at the section of gauges zx11 and zx12 stuck on, the measured signals of ¢,,11 and ¢,x1» consist of the compression
signal and the flexural wave signal, and they are expressed as: e,,;; = gfllex + comp, and ez = af,ex + €comp. Where, €., denotes the compression strain

along the z-up bar. E}ZBX and aﬁ@x are respectively the signals of the flexural wave at positions zx11 and zx12, and they satisfy: a}kx = —afzh,x. Then, the
compression signal and the flexural signal should be distinguished from these two signals, and listed as:

Ecomp = (gvcll + szlz)/z (A7)

8]%Iex = _E]%Zex = &1 — Ecomp (A8)
Let ghex=lgfix | = €71, the section moment M can be expressed as:

M= EOLSS—Z

Eflex (A9)
And then, it obtains that

dM _ dMdi _ EL . depex

dz ~ dr dz  6c; dt (A10)
where, ¢ is the velocity of the flexural wave, and c; = dz/dt. Here, the flexural wave is described by z = z (t).
The angular velocity w = %, and dO satisfies: d6 = —ds = ﬁ(l + €pex)dz. Here, ds is the arch length. And then, we obtain:
M
= 1 + gpec)C,
& Er Ot Y (A11)
The second term on the right side of Eq. (A6) is rewritten as
dw ¢ | dM dsﬂex EO Lols—¢
I— I— | — + ¢ + M 1 + 2ee) —
Po at =Py E II: dt ( flex) d 6/ —( ﬂex) (A12)
Therefore, Eq. (A6) could be rewritten as follows.
EoL? de
R L
3cr (A13)
Qz,x EO Lols—z Eﬂex
Tpeup = —(1 + ) ——
ZX—up Ax—z 3¢/ Eflex (A14)

The traction at the positions zx21 and zx22 can be calculated accordingly.
A3: Results

A steel cubic specimen is firstly used to validate the data processing method. For the conventional SHPB device, there would be no reflected wave
in the impact bar when the specimen and the bars are both made of steel. In the present 3-D bars system and as shown in Fig. A2(a), the reflected
wave (¢,) with lower amplitude and with shorter duration is observed. By the three-wave (¢, ¢, and &) method, the stress equilibrium along the x-
axis is achieved, as illustrated in the middle of Fig. A2(a). The reflected wave generates during the lateral expanding of the steel specimen, and its
amplitude seems to decrease slightly with increasing the lateral confinement, which demonstrated at the middle top in Fig. A2(a).

Fig. A2(b) illustrates the recorded wave profiles in the z-up bar. The first pair of gauges (i.e. zx11 and zx12 as shown in Fig. A1(b)) are bonded
50 mm apart from the bar end. The calculated compression signal (€comp, ‘z-comp’ in Fig. A2(b)) is consistent well with the measured compressional
signal (e;.p). The velocity of the flexural wave, c5, is determined by the distance and the time interval of two pairs of gauges and calculated to be
2400 m/s. And then, the shear stresses between the specimen and the lateral bar are calculated by Eq. (A14). There are some differences between the
results calculated on strain signals at zx11 and those at zx21 due to wave dispersion, and only the results at zx11 are presented in the present study.

Fig. A2(c) and (d) demonstrate the shear stresses on the lateral surface during the x-axis impacting. The results show that when the impact
velocity is 12 m/s, the amplitude of shear stresses increases with increasing the lateral confinements, e.g. 1.72 MPa and 1.80 MPa under confinement
8 MPa, 2.66 MPa under confinement 16 MPa, 2.91 MPa under confinement 20 MPa, 2.84 MPa under confinement 40 MPa, and 3.01 MPa under
confinement 60 MPa. Durations of the shear stress are much shorter than that of the incident wave (¢;). Once the incident pulse applied along the x-
direction, the sample is compressed and the lateral shear stresses are stimulated. With increasing compressional deformation of the sample, the
lateral shear stresses increase firstly, and then decrease quickly when the interface of sample and bar starts to slide. The results indicate that the shear
stresses applied on the lateral surface of specimen is transient and at local. The corresponding area that the maximum shear stress applied is much
lower than the area of lateral surface, and the lateral shear stresses have less effect on the overall stress equilibrium. Since the shear stresses are
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Fig. A2. Wave profiles of the flexural wave and lateral traction property (steel, impact velocity 12 m/s): wave profiles in the x-axis (b) the flexural wave profiles in
the z-up bar, (c) the calculated lateral shear stress profiles, (d) relationship of lateral shear stress to specimen compressional displacement.

generated due to the axially compression of specimen, relationship of the shear stresses and the compression displacement of specimen (AL;) is
formed and illustrated in Fig. A2(d). The curves show evident the peak value of shear stress, and there is stress-drop after the peak. Under con-
finement 8 MPa, the shear stresses reach the peak value at compression displacement 0.04-0.05 mm and long distance dynamic surface sliding occurs
after the peak, and under confinements 16 MPa and 20 MPa, the shear stresses reach its peak at displacement 0.12-0.14 mm. The compressional
displacements should be approximately used to evaluate the critical displacement of surface sliding.

These results of concrete specimen are demonstrated in Fig. A3. Fig. A3(a) illustrates the recorded typical waveforms in the x-axis. Compared
with the steel specimen, amplitude of the reflected wave (¢;) is much higher due to impedance mismatch of steel bar and the concrete specimen. By
the three-wave (¢; ¢, and &) method and as demonstrated at the middle top in Fig. A3(a), the stress equilibrium along the x-axis is achieved.
Fig. A3(b) illustrates the recorded wave profiles in the z-up bar. The calculated compressional signal (gcomp, ‘Z-comp’ in Fig. A3(b)) is consistent well
with the measured compressional signal (&,.,,). The velocity of the flexural wave is about 2400 m/s. The shear stresses between the specimen and the
lateral bar could be calculated by Eq. (A14).

Fig. A3(c) and (d) demonstrate the shear stresses on the lateral surface when the x-axially impacting velocity is 10 m/s. The results show that the
amplitude of shear stresses is scattered distributed with increasing the lateral confinements, e.g. 3.10 MPa under confinement 8 MPa, 3.44 MPa under
confinement 12 MPa, 2.44 MPa under confinement 16 MPa, 3.38 MPa under confinement 20 MPa, 3.50 MPa under confinement 40 MPa, and
3.60 MPa under confinement 60 MPa. Durations of the shear stress are much shorter than that of the incident wave (¢;), which lead to the corre-
sponding area that the maximum shear stress applied much lower than the area of lateral surface. Therefore, the lateral shear stresses have less effect
on the overall stress equilibrium. The curves in Fig. A3(d) show evident the peak value of shear stress and long distance dynamic surface sliding
occurs after the peak. Under six confinements, i.e. 8, 12, 16, 20, 40, and 60 MPa, the shear stresses reach the peak value at compressional dis-
placement 0.12, 0.16, 0.08, 0.06, 0.05, and 0.02 mm, respectively. The compressional displacements should be approximately used to evaluate the
critical displacement of surface sliding. These results show also the complexity of concrete surface.

The shear stresses applied on the lateral surface of specimen is transient and at local. Therefore, the corresponding area that the maximum shear
stress applied is much lower than the area of lateral surface, and the lateral shear stresses could have less effect on the overall stress equilibrium. It
could be ignored in the calculation of the strain rate (é,_gyn), the strain (¢;_gy,), and the dynamic stress (oy_gqy,) in the x-axis. In addition, the technique
provides a useful tool to measure the dynamic friction of interfaces.
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Fig. A3. Wave profiles of the flexural wave and lateral traction property (concrete, impact velocity 10 m/s): (a) wave profiles in the x-axis, (b) the flexural wave
profiles in the z-up bar, (c) the calculated lateral shear stress profiles, (d) relationship of lateral shear stress to specimen compressional displacement.

Appendix B. The radial inertia effect

Dynamic strengths of the concrete-like materials are sensitive to the hydrostatic stress due to the local lateral inertia confinement (Li and
Meng, 2003; Meng and Li, 2003a,b). Grote et al. (2001) had evaluated respectively the effects of the rate-dependence and the hydrostatic pressure
dependence by comparing the experimental results of SHPB to those of the plate impact. The radial inertia effect is generated due to the distributed
radial stress when the specimen subjected to axially impacting. The radial stress o, of compressible samples had been deduced by
Forrestal et al. (2007) and could be expressed as: o, = ”8((31__2:));3015')6 (r? — ad), where, r and a, were the cylindrical coordinate and radius of the sample,
po and v were respectively the density and poison's ratio of the samples, and &, was strain acceleration along the impact direction. The result provided
distributed lateral confinement for an axially impacted sample.

The radial stress of the specimen under hydrostatic confinement could be derived based on Forrestal et al. (2007) method and replace the
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Fig. B1. Distribution of radial stress.
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Fig. B2. Recorded waveforms in the bars with lateral confinement zero. (a) The y-axis disturbance for biaxial confinement, (b) The disturbances in the y-axis and the
z-axis for triaxial confinement.

constraint condition as: u}(r = 0) = 0, and 6,(r = a,) = —p. Where, p is the hydrostatic pressure applied on the specimens. The radial displacement u*
and radial stress o, can be obtained as:

vl +vA -2 v 2 o 2 8(1 -v)

ul = 78(1 Y r [,ooax(r2 3 - 2v)ag) + p—v ] B1)
_vB-=2v) . o,

Or = 8(1 _ V) posx(r aO) + p (B2)

Eq. (B2) is used to roughly evaluate the radial inertia effect. Fig. B1 demonstrates the calculated radial stresses under various confinements and
various strain rates based on the experimental strain rate profiles. The radial stresses increase with increasing confining pressure and/or strain rate.
Forquin et al. (2008) had used the mental ring to reduce the radial displacement, which could illustrated by Eq. (B1), and confine the lateral inertia
of the concrete specimen. Zhang et al. (2009, 2010) had used tubular specimen to reduce the radial inertia, which could illustrated by Eq. (B2) with
smaller r and aq for tubular structure. These special treatments had dealt well with the effect of radial inertia on the dynamic strength.

In the present study, the effects of lateral inertia could be evaluated partially by the measured wave profiles in the lateral bars. When the
specimen is impacted axially, the local lateral inertia is generated, and its effects might propagate to the lateral surfaces of the specimen. To provide
comparison with the conventional SHPB tests, specimen under lateral confinement zero is chosen for further discussions.

Fig. B2(a) demonstrates the recorded waveforms in the right bar and the left bar of the y-axis with lateral confinement zero. When the impact
velocity is 13.3 m/s, the x-axis strain rate is about 50 s !, and the dynamic stress in the y-axis reaches to 13.3 MPa. It consists of mainly two effects,
i.e. the Poisson effect and the lateral tractions. Some additional experimental results demonstrated in Appendix A give much lower values of the
lateral tractions. Therefore, the dynamic stress in the y-axis is generated mainly by the Poisson effect which induced by the radial inertia. Employing
the effective strength o, (g, = \/ (0x — ) + (o) — ) + (07 — 0x)*/ J2) to describe the strength properties, the dynamic strength is calculated to be
87.55 MPa, and 6% lower than oy (93.5 MPa).

Fig. B2(b) demonstrates the recorded waveforms in four lateral bars with lateral confinements zero. When the impact velocity is 20.8 m/s, the x-
axis strain rate is 100 s ', and the dynamic stresses in the y-axis and the z-axis reach respectively to 26.5 MPa and 29.4 MPa. The dynamic effective
strength is calculated to be 164.59 MPa, and 14.5% lower than oy (192.5 MPa).

These two results illustrate preliminarily the effects of radial inertia on the dynamic strength, which much lower than the effects, e.g. 52%, in the
plate impact experiments reported by Grote et al. (2001). Further efforts should be made to distinguish the ratio of radial inertia effect on the
dynamic strength by the present technique.
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