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Application of an All-Fiber Displacement Interferometer on
SHPB Experiment Measurements

WENG Jidong, LI Yinglei, CHEN Hong.YE Xiangping, YE Suhua,
TAN Hua,LIU Cangli

(Key Laboratory of Shock Wawves and Detonation Physics,Institute of Fluid Physics,
CAEP ,Mianyang 621999,China)

Abstract:In the present study, to directly measure the radial strain of a metal sample loaded by the

split Hopkinson pressure bar (SHPB) facility,we developed a new all-fiber displacement interferome-

ter that could output signals of invariable strength by adopting a semiconductor optical amplifier

(SOA) followed by an erbium doped fiber amplifier (EDFA) to control the light intensity reflected

from the measured sample during the dynamic measurement process. The theoretical study showed

that the displacement measurement resolution was free from the fluctuation of the output intensity,

and the experimental results demonstrated that this new interferometer could measure the elastic and

plastic strains of metal sample loaded by the SHPB with high resolution.

Keywords: displacement interferometer system for any reflector (DISAR) ; split Hopkinson pressure bar
(SHPB) ;erbium doped fiber amplifier (EDFA) ; semiconductor optical amplifier (SOA) ;strain
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A Method for Testing Dynamic Mechanical Behavior of Materials
at Ultra-High Temperature and in-Situ Observation

ZHANG Chao' ,SUO Tao'*, TAN Weili' ,ZHANG Xinyue',
WANG Cunxian', LI Yulong'*

(1. School o f Aeronautics  Northwestern Polytechnical University ,Xi'an 710072,China;
2. Fundamental Science on Aircraft Structural Mechanics and Strength Laboratory ,
Northwestern Polytechnical University ,Xi'an 710072 ,China)

Abstract ; In this work,we propose a novel method for testing the dynamic mechanical properties of materials
and for insitu observation at ultra-high temperature Cup to 1600 ‘C). The experimental devices used include a
classical split Hopkinson pressure bar,a MoSi, heating source for obtaining ultra-high temperature,two piston
rods added to complement the double synchronically assembled system and a high speed camera employed to
observe the deformation. To verify the ability of the proposed method for operating at ultra-high temperature,
we conducted our experiments on TC4 alloy at temperatures ranging from 20 to 1400 °C and the strain rate of
2000 s ',and SiC at temperatures ranging from 20 to 1 200 °C and the strain-rate of 250 s '. The results
showed that the peak flow stress of the TC4 alloy specimen drops from 1. 6 GPa at room temperature to
150 MPa at 1400 °C ,and the compressive strength of the SiC specimen drops from 250 MPa at room tempera-
ture to 220 MPa at 1200 °C. Furthermore, the high speed images revealed that the oxide layer of the TC4 alloy
specimen cracked in air but not in argon,and the initial cracks of the SiC specimen occurred at 80% of the
compressive strength at room temperature and at 99% of the compressive strength at 1200 °C.

Keywords: ultra-high temperature; Hopkinson bar;double-synchronically assembled system;high speed camera
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Development of a Vertical Split Hopkinson Pressure Bar
SHANG Bing' . WANG Tongtong®

(1. School of Harbor Engineering .Guangzhou Maritime University .
Guangzhou 510725,China;
2. Department o f Basic Courses sGuangzhou Maritime University ,
Guangzhou 510725,China)

Abstract: Measuring the dynamic constitutive relation of low-impedance materials which are usually
used in the field such as energy absorption and cushion by using a split Hopkinson pressure bar
(SHPB) device generally does not require a high impact velocity of bullet but a stable one with little
error in the experiments. In this study,based on the principle of free fall,we developed a vertical split
Hopkinson pressure bar. We can precisely control the bullet impacting speed through the height of the
free fall. In order to eliminate the gravity effects on the experiment, we held the incident bar by the
friction force,and let the friction force equals the incident bar gravity. We carried out dynamic com-
pression experiments of polyvinyl alcohol (PVA) fiber concrete to verify the reliability of the experi-
mental device.

Keywords: split Hopkinson pressure bar (SHPB) ; fiber concrete; dynamic mechanical property; strain

rate
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Influence of Specimen Size in SHPB Tests
on Concrete

ZHAOQO Fuqi, XU Peibao, WEN Heming

(CAS Key Laboratory for Mechanical Behavior and Design of Materials ,
University of Science and Technology of China ,Hefei 230027 ,China)

Abstract: The split Hopkinson pressure bar (SHPB) tests are often conducted to obtain the dynamic
compressive strengths of concrete-like materials which need to be interpreted or analyzed correctly as these
data are very important for the construction of reliable constitutive equations used in numerical simulations. In
the present work,a numerical study is performed on the influence of specimen size on concrete in SHPB tests
using a rate-independent material model. A new empirical equation for the dynamic increase factor due to inertia
(confinement) effect is also proposed which took account of specimen size effect through its volume. It is
shown that the empirical formula agrees well with the numerical results for the SHPB tests on concrete with
different specimen sizes,and the dynamic increase factor due to inertia (confinement) effect increases with the
increase of specimen size.

Keywords: SHPB test;concrete;inertia (confinement) effect;specimen size effect;numerical simulation

CLC number: 0347.3 Document code: A

Dynamic compressive strengths of concrete-like materials are usually obtained by conducting
laboratory tests such as split Hopkinson pressure bar (SHPB) tests"®!. Many empirical formulae for
dynamic increase factor (DIF) based on laboratory test data were reported in the related literature
Ref. [6-9].

It has to be mentioned here that the SHPB test data available for concrete materials in the
literature were very scattered”™ '™ due to the combined effects of strain rate,inertia and specimen size.
More comprehensive investigation and discussion of the possible influencing factors can be also

obtained in Ref. [1,2,7-11]. The inertia (confinement) effect has been widely investigated experimen-
[12]

[13-14] [5,15

tally"'* , theoretically ,numerically">" and an empirical equation for the dynamic increase factor
due to inertia (confinement) effect was suggested in Ref. [16],which took no account of the effect of
concrete specimen size. As strain rate effects on the compressive strengths of concrete-like materials
play an important part in the construction of material constitutive models which,in turn,exert a great
deal of influence on the numerical simulations of concrete structures subjected to intense dynamic
loadings.it is,therefore necessary to obtain the pure strain rate effect data by eliminating the data due

to the effects of inertia (confinement) and specimen size from SHPB tests.
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In the present study,numerical simulations with a rate-independent material model are carried out
on the influence of specimen size in SHPB tests on concrete and a new empirical equation for the
dynamic increase factors due to inertia (confinement) effect is proposed which takes account of speci-
men size effect through its volume. Comparisons are made between the results from the numerical

simulation and those from the new empirical formula and discussed.

1 Material Model

The computational constitutive model for concrete developed in Ref. [1] is used to simulate the
SHPB tests on concrete in the present study. This material model consists of equation of state (EOS),
strength model including Lode effect,damage criteria and strain rate effects,etc.

1.1 Equation of State
The porous equation of state is used in the present study and can be expressed ast'”
[04 a
,1:;?70—1:;(1+,1)—1 (DO
where = p/p, — 1 is the volumetric strain,in which p and p, are respectively the current and initial
densities; a =p,/p and a, =py/po are the current and initial porosities in which p, and p,, are the cur-
rent and initial densities of solid (fully-compacted) material.

For z > 0,concrete material is under compression condition

. P — P )"
_ 1 /1 A Py——
a max{ mm[ao + @ ) (plock - Pcrush) } } 2

p=Kp+ K, g+ K;p
where K, ,K, and K, are the bulk moduli for fully compacted concrete material, p . is the pressure at
which pore collapse occurs, pi. is the pressure beyond which concrete material is fully compacted,n is
the compaction exponent,
For # < 0,concrete material is under tension condition. Hence, the pressure is
p=Kp (3)
1.2 Strength Model

The strength surface of concrete can be written in the following form"-

3(p+ f)r@,e) p <0
3p(fee —3f0) e
Y: |:3fu+ f‘cc j|r((9,e) O<p< 3 (4)
! P ][CC N f-(‘('
7 9 > —_
|:ch +ch(f,l» 3](/() :|r(6 e) p 3

where f.. :féé‘milrlc and f.=f.0.7. in which /. and f, are the static compressive and tensile strength,
W an . are the dynamic increase factors due to strain rate effects only in compression an
Om . and 6,1 the d factors due to st te effect 1 d

18201 are shape functions which represent shear damage and tensile softening of

tension, 7. and 7,
concrete respectively; B and N are empirical constants;r(8,e)™" is the Lode effect with 8 and ¢ being
the Lode angle,the ratio of the tensile meridian to the compression meridian,respectively.

By setting f, =0 and f.. = f.r (residual strength) ,the residual strength surface for concrete can
be obtained from Eq. (4)
3pr(0,e) O<p<f§r
Y = N . 5

[f£r+Bf£(%—§j }r(e,e) p=t
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Other information about shear,tensile damage,l.ode effect and strain rate effect can be found in

Ref. [1-2].
2  Specimen Size Effect

In this section, the commercial software LS-DYNAS3D with user-defined subroutines is used to
carry out the numerical study on the influence of specimen size in SHPB tests on concrete using a
recently developed constitutive model for concretel” by setting the material DIF (8) equal to 1. The
inertia effect dynamic enhancement factor (R.) can be obtained by dividing the strength results of
simulation by quasi-static strength. The values of various parameters used in the material model are
listed in Table 1. In this case,the numerically obtained strength increment of the studied specimen is

attributed to the inertia (confinement) effect only.

Table 1 Material parameters of concrete''”

Parameters of EOS

00/ (kg * m™*) os0/ (kg + m™?) Perush/ MPa Plock/GPa n K /GPa K;/GPa K3/GPa

2400 2680 15.2 3 3 13.9 30 10

Parameters of constitutive model

Strength surface Shear damage Tensile damage Lode effect
fe/MPa f+/MPa B N G/GPa As l r Am ¢ I Efrac e e es
45.6 3.8 1.7 0.7 10.5 4.6 0. 45 0.3 0.3 3 6.93 0.007 0.65 0.01 5

An SHPB system contains incident and transmitter pressure bars with a short specimen between
them,as shown in Fig. 1. A stress pulse of trapezium shape is applied to the incident pressure bar as
shown schematically in Fig. 2 in which the incident stress starts from 0, quickly rises to the peak value

of poex at t; skeeps as a constant for ¢, ,then drops back to 0 after z; and are summarized in Table 2.

Table 2 Load function parameters for direct compression analyses

4/ ps ty/ps ty/ps Droeac/ MPa
25 200 25 Varies
Bar/specimen interface P
‘ —
s; T Ppafm——
: | |
t HH ' '
jESEEERaneess: EEEaianRRanet! | !
: 1 | I
‘ I I
0 1 1
Input bar Specimen Output bar ! h ! by ! b ! t
Fig. 1 Finite element model of SHPB system Fig. 2 Loading function used in finite element analysis

Friction is an important factor which needs to be considered. However,in SHPB tests on concrete
the effect of friction is negligibly small™® in terms of its contribution to the total dynamic increase
factor and is usually ignored in numerical simulations-**). Moreover, in SHPB tests measures are
usually taken (i. e. by applying lubricant to both ends of concrete samples) to further reduce the effect

of friction. Hence,in the present study the effect of friction is also ignored in the numerical simulations.
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In this study,the dynamic strength increase factor is employed to reflect the effect of specimen
size in SHPB tests on concrete. If there is no size effect there will be no difference for concrete samples
with different sizes or volumes in terms of the dynamic increase factors at the same strain rate. Other-
wise there will be size effect in SHPB tests on concrete.

Fig. 3 shows the numerical results for the dynamic increase factor due to inertia (confinement)
effect R, for concrete specimens with the same volume of different length/diameter ratios (i. e. ,
@51 mmX51 mm, 64 mmX32 mm, 74 mm X 24 mm) whilst Fig. 4 shows the numerical results
for concrete samples with different volume of the same length/diameter ratios (i. e. s & 64 mm X
32 mm, &80 mmX40 mm). It can be seen from Fig. 3 that the inertia effect is mainly related to the
specimen volume and is insensitive to the length/diameter ratio when the volume and the material
parameters of the specimens are kept the same. It also can be seen from Fig. 4 that the dynamic
increase factor due to inertia (confinement) effect increases with the increase of the concrete specimen

volume, which indicates that size effect does exist in SHPB tests on concrete as described above.

5.0 T 5.0 T .
45+ ® @51 mmX51 mm _ 45 ¢ @64 mmX32 mm
¢ @64 mmX32mm ’ 4 @32 mmX 16 mm
40r = @74 mmX24 mm 1 4.0 v @40 mm X 20 mm
- Eq.(6) _ < @50 mm X 25 mm
35=== Eq.(6) with §=6 1 351 @80 mm X 40 mm
. 30t _ sob ¥ 2100 mm X 50 mm |
o « O —Eq©
251 1 25k i
201 1 20}
1.5+F 1 1.5k J
1.0 1 1.0 ]
0.5 . . : 0.5 I ] ;
10+ 1072 10° 107 10t 10° 10! 107 10° 10*
Strain rate/s™ Strain rate/s™
Fig. 3 Comparison of Eq. (6) with numerical results for Fig. 4 Comparison of Eq. (6) with numerical results for
dynamic increase factor due to inertia (confinement) dynamic increase factor due to inertia (confinement)
effect for concrete specimens with the same volume effect for concrete specimens with different volume
of different length/diameter ratios of the same length/diameter ratio

3 A New Empirical Equation

On the basis of the numerical results discussed in the previous section,a new empirical equation
which takes consideration of the specimen size effect in SHPB tests on concrete is suggested here to
describe the dynamic increase factor due to inertia (confinement) effect R. by using the monotonically
increasing and continuous properties of exponential functions in a simple and easy to use form,namely

R.=S%() e Wi (6)
where S,W,p are the constants to be determined numerically,e is the strain rate,e, is the reference
strain rate for a reference specimen usually taken to be ¢, =1.0 s !,V is the volume of a concrete
specimen under investigation, V, is the volume of a concrete sample with a reference size, say,
51 mm X 51 mm. Set V=V, in Eq. (6),0ne obtains the dynamic increase factor due to inertia effect
for the reference concrete specimen R..

In the following,first,one determines the values of S and W in Eq. (6) using the numerical results
for the concrete specimen with the same volume (i.e. V=V) as presented in Fig. 3 and, then, the val-
ue of 8in Eq. (6) using the numerical results for the concrete samples with different sizes/volumes as

given in Fig. 4.
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Fig. 3 shows the comparison between the numerical results and Eq. (6) with S=6,W =2.8 and
V=V, as indicated by the dashed line. It can be seen from Fig. 3 that reasonable agreement is
obtained. Further examination reveals that the value of S in Eq. (6) should not be a constant but a
function of strain rate. The slope of the curve is too small at the low strain rate,and too large at the
high strain rate. By using the centrosymmetric properties of the hyperbolic tangent and the x-axis
paralleled, S is taken as the following form to increase the slope of the curve at the low strain rate and

decrease the slope at the high strain rate,namely
S=—F, tanh[lg(?—wijs,}JrG, (D
0

where F;.W;,S,,G; are the constants determined using the numerical results for concrete samples with
constant volume as presented in Fig. 3,namely,F,=6.0,W,=2.8,S,=0.8,G,=38. 5. The solid line in
Fig. 3 is predicted from Eq. (6) with V=V, together with Eq. (7). It is clear from Fig. 3 that good
agreement is obtained.

Fig. 4 shows the comparison between Eq. (6) with §=2.7 and the numerical results obtained for
the concrete samples with different sizes/volumes. The values of all the other parameters in Eq. (6) are

listed in Table 3. It is evident from Fig. 4 that the present model agrees well with the numerical simulations.

Table 3  Values of various parameters in Eq. (6) and Eq. (7)

/s F; S; W, G, w B8

1.0 6.0 0.8 2.8 8.5 2.8 2.7

In order to verify the validity of Eq. (6) more numerical simulations are performed on concrete

specimens with different sizes. The numerical

5.0 + - .

results are also presented in Fig. 4 and comparisons 450 ® 251 mmX51 mm |
. ’ ¢ 364 mmX32 mm

are also made between Eq. (6) and the numerical 40} = @74 mmXx24 mm 1
. s 4 @32 mmX 16 mm
results. It can be seen from Fig. 4 that good agree- 351 v 240 mmX20 mm

ment is obtained. 30F ¢ 250 mmX25mm : 1

[ 280 mm X 40 mm
: . . 2.5F * @100 mmX 50 mm 9 i
Fig. 5 shows the normalization of all the —Eq.(6) /
2.0f 1
numerical results for concrete specimens with Lsl |
different sizes as given in Fig. 3 and Fig. 4 with L0
spect to those for the ref ncrete sampl 0.5 - s s
respect to those for the reference concrete sample, e i = s e
namely, @51 mm X 51 mm. It is clear from Fig. 5 Strain rate/s™

that all the numerical results collapse into one line. o - N .
Fig. 5 Variation of normalized numerically

It lends further support to the validity of Eq. (6) obtained dynamic increase factor due to inertia
for the dynamic increase factor due to inertia (confinement) effect with strain rate

(confinement) effect which takes into considera-

tion the influence of specimen size.

4 Conclusions

The influence of specimen size in SHPB tests on concrete has been investigated numerically using
a rate-independent material model. A new empirical equation for the dynamic increase factor due to
inertia (confinement) effect has also been proposed which takes into account the specimen size effect
through its volume. It is demonstrated that the new empirical formula agrees well with the numerical

results for SHPB tests on concrete with different specimen sizes.
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Effect of the Fixed Temperature Interface on the
Propagation of the Phase Transition Wave

LIU Yonggui'?,SHEN Lingyan'

(1. School of Civil Engineering s Henan Polytechnic University ,Jiaozuo 454000,China;
2.CAS Key Laboratory for Mechanical Behavior and Design of Materials ,
University of Science and Technology of China ,Hefei 230027 ,China)

Abstract: The propagation and interaction of the phase transformation waves is a thermal-mechanical
coupling process under shock loading. In this research,we investigated the effect of a fixed temperature
interface on the phase transition propagating by theoretical analysis combining with experiment. First,
on the basis of the shape memory constitutive model and the one-dimensional characteristic line theo-
ry.we analyzed the basic law of interactions between kinds of cross sections and the temperature inter-
face. The results reveal that the property of the interaction is associated with the strength of phase
transition wave and the relative size of temperature on two sides of the temperature interface. Then,
we carried out the experiment of the phase transition wave propagating in a shape memory TiNi bar
with a temperature interface, the results of which is consistent with the theory analysis;and we in situ
measured the change of temperature in the process of the phase transformation propagation, showing
that the phase transition wave is not only the material cross section,but also the moving temperature
interface under shock loading.

Keywords: phase transition wave;temperature interface;thermal-mechanical coupling;shock loading
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