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ABSTRACT 

Split Hopkinson pressure bar (SHPB) has become a frequently used technique to measure the uniaxial compressive 
stress-strain relation of various engineering materials at high strain-rates. The accuracy of an SHPB test is based on the 
assumption of uniaxial and uniform stress distribution within the specimen, which, however, is not always satisfied in 
an actual SHPB test due to the existence of some unavoidable negative factors, e.g., interface friction constrains. Ki- 
netic interface friction tests based on a simple device for engineering materials testing on SHPB tests are performed. A 
kinetic interface friction model is proposed and validated by implementing it into a numerical model. It shows that the 
proposed simple device is sufficient to obtain kinetic interface friction results for common SHPB tests. The kinetic fric- 
tion model should be used instead of the frequently used constant friction model for more accurate numerical simulation 
of SHPB tests. 
 
Keywords: Kinetic Interface Friction Model; Sliding Velocity; Contact; Split Hopkinson Pressure Bar (SHPB);  

Engineering Materials 

1. Introduction 

Split Hopkinson pressure bar (SHPB) technique, as 
shown in Figure 1, is commonly used to determine the 
strain-rate dependence of the dynamic compressive prop- 
erties for engineering materials such as metals, con- 
crete-like materials and polymers. Due to the significant 
importance and great success of SHPB in the dynamic 
testing of mechanical properties of engineering materials, 
SHPB has been named by American Society of Me- 
chanical Engineers (ASME) as a historical engineering 
landmark [1]. It was estimated from the most compre- 
hensive engineering science database, Engineering Vil- 
lage, that more than 2500 papers have been published on 
SHPB related researches since 1949. It was shown by 
both Engineering Village and Science Citation Index that 
the number of publications on SHPB has increased dra- 
matically since 1980s, as shown in Figure 2. But it is 
expected that a valid SHPB test should give the uniaxial 
stress-strain curve at the planned strain-rate, which im- 
 

 

Figure 1. The schematic of SHPB technique. 

 

Figure 2. Estimation of the total number of papers published 
in each decade between 1940 and 2009 where an SHPB test 
was used to obtain the high strain-rate mechanical properties 
of materials. 
 
poses requirements of uniaxial and uniform stress distri- 
bution in the SHPB specimen while the strain-rate varia- 
tions in the specimen during the effective range of an 
SHPB test are small. However, these requirements are 
not satisfied in some SHPB tests, and therefore, the 
strain-rate effects due to the non-strain-rate factors can- 
not be considered as genuine strain-rate effects in an 
SHPB test. 

Friction between specimens and anvils has long been *Corresponding author. 
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recognized as a problem in compression testing, both at 
low [2] and high strain-rates of deformation [3,4]. It has 
three major effects, i.e., 1) it generates a shear stress at 
the specimen/anvil interface and so changes the stress 
state in the specimen from uniaxial to triaxial [5] which 
leads to the measured stress being higher than the true 
strength (yield stress) of the material [6]; 2) the specimen 
does not preserve its original geometry but ‘barrels’ 
[5,7-10]; 3) localization of deformation within the speci- 
men is promoted due to frictional locking of the surface 
resulting in truncated cones of non-deforming material 
which slide over the unconstrained material at the sides 
[5,11,12]. These shear bands are often precursors of frac- 
ture [13]. Accordingly, interfacial friction constrains be- 
tween SHPB specimen and pressure bars are one of the 
non-strain-rate factors that may significantly affect the 
SHPB results by violating the uniaxial stress state th- 
rough boundary constrains [3,14-19]. 

Thus, constructing a proper interface friction model is 
vital for the accurate determination of material properties. 
Over the years two main methods have been developed 
for the study of friction relevant to compression testing, 
i.e., 1) the ring test, e.g. [2,3] and 2) the aspect ratio test 
where cylinders with a variety of different height/dia- 
meter ratios are used. Of the two, probably the ring test is 
the most used with at least 160 published studies. The 
Avitzur analysis [20-26] has been checked using high- 
speed photography [27-29]. In this study, kinetic friction 
coefficients for various engineering materials sliding ag- 
ainst stainless steel measured from a simple slip-way set- 
up are presented, and a kinetic interface friction model 
for engineering materials testing on SHPB tests is pro- 
posed in Section 1. The kinetic friction model is used to 
interpret and correct the compression stress-strain curves 
obtained from SHPB tests in Section 2 followed by dis- 
cussion in Section 3. Conclusions are drawn in Section 4. 

2. A Kinetic Interface Friction Model in 
SHPB Tests 

The Coulomb friction model is widely used in numerical 
simulations of contact problems 

t n                   (1) 

in which t  is the tangential friction force per unit area, 

n  is the pressure in normal direction of the contact area, 
and   is the coefficient of friction, which has been 
taken as a constant in many previous numerical simu- 
lations of SHPB tests (e.g. [14,19]). Researchers like 
Siebel [30], Briscoe and Nosker [31], Malinowski and 
Klepaczko [15] and Wang et al. [32] have also proposed 
theoretic expressions for the influence of the interface 
friction on the dynamic compressive behavior of engi- 
neering materials in SHPB tests. However, they also used 
a constant friction coefficient.  

In fact, in an SHPB test, the relative velocity (sliding 
velocity) between the end surfaces of the SHPB speci- 
men and the pressure bars varies continuously at dif- 
ferent time and different position of the surface, which 
causes the variation of the friction coefficient since it is 
dependent of the relative velocity between two contac- 
ting surfaces. The kinetic friction coefficient is normally 
smaller than the static friction coefficient (for some ma- 
cromolecular materials, e.g. Polyurethane, their kinetic 
friction coefficient is larger than the static one [33], 
which will not be studied in this paper). In an SHPB test, 
when assuming the specimen to be incompressible, the 
maximum relative radial velocity on the interfaces 
between the SHPB specimen and the end surfaces of the 
pressure bars can be estimated by [34] 
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in which 0  is the original outer diameter of the spe- 
cimen, 

d

z  is the engineering axial strain-rate and z  is 
the engineering axial strain. Thus, for a mortar specimen 
of 0 74 mmd  , Figure 3 shows the variation of the 
maximum relative radial velocity ( rV , at the edge of 
specimen) versus strain at different strain-rates in SHPB 
tests. It can be seen that the maximum relative radial 
velocity between the specimen and the pressure bars 
varies in the range of 0.62 to 12 m/s for a common SHPB 
test when measured strain is less than 3.5%.  

In this velocity range, the so-called Stribeck curve is 
suitable to describe the variation of the friction coeffici- 
ent with the relative velocity [35]. The friction coeffici- 
ent has its maximum value at  (i.e. the static fric- 
tion coefficient, 

0rV 
s ) and then decreases considerably to 

its minimum value with the increase of the relative veloc- 
ity in a small range and followed by a slow increase with 
the relative velocity. However, details of the relationship 
between the kinetic friction coefficient and the relative 
velocity depend upon the degree of surface roughness 
 

 

Figure 3. Variation of  with engineering axial strain rV z  

with different values which are attained under various 
strain-rates in an SHPB test on mortar specimens. 
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and lubrication. For example, as the longitudinal pressure 
is applied, the lubricant will be pressurized, which could 
squeeze the lubricant out from the interface and/or in- 
crease the pore pressure of a thin layer lubricant fluid on 
the specimen. Such effects could influence the local 
stress state, and therefore, affect the SHPB measurements. 
The effects of the hydrodynamics of lubricants in SHPB 
tests were partly addressed in [36-39], which, however, 
demand further investigations. 

In the 1960’s, the American Society for Lubrication 
Engineers (ASLE) listed more than 200 types of friction 
tests and equipment in use [40], and the list has since 
grown. However, within the test configurations described 
by Benzing [40], the relative velocity can only vary from 
2.5 mm/s to 2.54 m/s depending on the apparatus [34]. 
SHPB techniques were also used to test the friction in 
high velocity (e.g. [32,41-46]). However, it is difficult to 
get a single friction-velocity equation over a wide range 
of relative velocities. Friction measurements under chan- 
ged relative velocities will be conducted in order to relate 
the kinetic friction coefficient to the relative velocities 
for different engineering materials. The experiments here 
were designed to find the dependence of the kinetic fric- 
tion coefficient on the relative velocity. Meng [34] used a 
simple apparatus which consists of a slip-way, a speci- 
men and some measuring devices, as shown in Figure 4, 
for the measurement of the kinetic friction coefficient at 
a velocity of several meters per second. A highly sen- 
sitive capacitive accelerometer on a ceramic base with 
built-in electronics was used in the test, which can meas- 
ure acceleration down to 0 Hz. The contact surface was 
lubricated by Shell Helix Super oil to simulate a similar 
situation in an SHPB test. The specimen slips from the 
top of the slip-way. Using the data of the acceleration 
history, , the kinetic friction coefficient,  a t  d t , 
between the specimen and the stain-less steel slip-way 
and the corresponding  history can be obtained 
using the following formula [34], 

 rV t

       
0

tan ,
cos

t

d r

a t
t V t

g
 




    a t     (3) 

where    is the slope angle of the slip-way, and g  is 
the acceleration of gravity. 

A series of tests were performed based on the equip- 
ment shown in Figure 4 to construct the kinetic friction 
model for engineering materials in common SHPB tests, 
and the results are shown in Figure 5, where the vertical 
coordinate is the ratio of the kinetic friction coefficient 

d  to the static friction coefficient s , d s  , and 
the horizontal coordinate is r . In a practical numerical 
analysis, it is necessary to propose a simplified friction 
model to describe experimental results. Comparing with 
the Stribeck curve [34], it is reasonable to use an expo- 

nential-linear function to fit the testing results, i.e. 

V

 1 2 3expd s r rC V C C V  4C           (4) 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Test apparatus: (a) Slip-way (side view); (b) Spe- 
cimen; (c) Measuring devices; (d) Photo of the test appa- 
ratus [40]. 
 

 
(a)  .  ,  . n 17 4 kPa 23 7 
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(b)  .  ,  . n 31 1 kPa 23 7 

 
(c)  .  ,  . n 15 4 kPa 23 7 

 
(d)  .  ,  . n 13 2 kPa 38 3 

 
(e)  .  ,  . n 17 7 kPa 23 7 

 
(f)  .  ,  . n 15 2 kPa 38 3 

 
(g)  .  ,  . n 15 5 kPa 23 7 

 
(h)  .  ,  . n 13 3 kPa 38 3 

Figure 5. Variations of d s   with  based on repeat 

tests for (a) and (b) aluminum-alloy specimens (i.e. A1-# 
and A2-# where #1, 2, 3), for (c) and (d) polycarbonate 
(PC) specimens (i.e. P1-# and P2-# where #1, 2, 3), for (e) 
and (f) concrete specimens (i.e. C1-# and C2-# where #1, 2, 
3), and for (g) and (h) mortar specimens (i.e. M1-# and 
M2-# where #1, 2, 3), under different normal stresses and 
slope angles, and fitted curves of these variations. 

rV

 
in which 1C 4C  are constants obtained from the test 
results between d s   and , as shown in Table 1, 
and 

rV
1d s    when 0rV  . 

The coefficient of determination (Adj. R-Square, R2) 
between the experimental data and fitted curves obtained 
from Origin 8.0 is also shown in Figure 5. It is observed  
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Table 1. Constants in Equation (4). 

Material s  1C  2C  3C  4C  

Aluminum-alloy 0.337 [40] 0.761 0.101 0.0233 0.239

PC 0.40 [40] 0.776 0.114 0.0290 0.224

Concrete 0.434 [40] 0.697 0.246 0.255 0.303

Mortar 0.430 [40] 0.720 0.780 0.145 0.280

 
that under the same slope angle, the value of R2 will be 
reduced with the increase of normal pressure; while un- 
der the nearly same normal pressure, the value of R2 will 
also be reduced with increasing the slope angle. The ex- 
ponential-linear function is better than the bilinear func- 
tion used in Ref. [34] to fit the kinetic friction coefficient, 
as the former can be easily input into numerical simu- 
lations. The maximum relative velocity in the present 
tests (up to 4.6 m/s) covers the relative velocity range in 
typical SHPB tests of engineering materials studied in 
this paper because Equation (2) is based on the incom- 
pressibility of the specimen and the neglect of Poisson’s 
effect in the pressure bar material. When the elastic de- 
formation of an SHPB specimen and the lateral move- 
ment of the pressure bars are considered, the relative ve- 
locity between the specimen faces and the pressure bars 
is smaller than that estimated by Equation (2). 

3. Discussion 

To study the friction effect on the SHPB results using the 
constant friction model and the proposed kinetic friction 
model, taking mortar as an example, four cases were 
simulated with different values of   based on the con- 
stitutive equation and numerical SHPB model of mortar 
as described in Ref. [18], i.e. 1) 0  , which corre- 
sponds to the frictionless case; 2) 0.163  , corre- 
sponding to 0.38d s

 

Figure 6. Comparison of calculated results for different 
friction models at the strain-rate of 170 s−1 corresponding to 
the peak strength of mortar specimens with d0 74  mm 

and . .s 0 5

 

 

Figure 7. Contribution of friction to the dependence of the 
dynamic increase factor (DIF) on strain-rate in the numeric 
SHPB tests when using different friction models for mortar 
specimens with d0 74  mm and . .s 0 5

 
testing strain-rate to quasi-static compressive strength, 
which represents the dynamic compressive strength en- 
hancement of mortar specimens testing on SHPB set-up. 
It is observed from Figure 7 that DIFs obtained from 
numerical SHPB simulations when using the kinetic fric- 
tion model are greater than those predicted based on the 
frictionless assumption in the strain-rate range of 101 - 
103 s−1, especially when the strain-rate is greater than the 
transition strain-rate (the critical strain-rate where strain- 
rate dependence of DIF starts to increase apparently). 
There seems to be no remarkable difference in the transi- 
tion strain-rate between the frictionless model and kinetic  

   , which is the minimum value 
of Equation (4) for mortar; 3) d   where d  is given 
by Equation (4), which is implemented into ABAQUS 
using a user subroutine VFRIC; 4) 0.43s    for 
mortar, which is the static friction coefficient. The simu- 
lation results under the strain-rate of 170 s−1 correspond- 
ing to the peak strength of mortar specimens with the 
ratio of length to diameter s 0.5   and 0 74 mmd  , 
are shown in Figure 6. It is observed that the maximum 
difference among cases 1-3 is about 15%. However, a 
large difference between case 4 and three other cases is 
observed. A constant friction coefficient of zero and the 
kinetic friction model are applied in the finite element 
analysis of SHPB tests for mortar specimens of 0 74d   
mm and 0.5s  . Comparison results of friction con- 
tribution to the dynamic compressive strength enhance- 
ment are shown in Figure 7. In Figure 7, the vertical 
coordinate is the dynamic increase factor (DIF), defined 
as the ratio of dynamic compressive strength under the 

model. The end friction effect described by the kinetic 
friction model induces higher hydrostatic pressure on the 
mortar specimens comparing with not considering the 
end friction effect (frictionless), and higher dynamic 
compressive strength of mortar specimens will be obtain- 
ed from numerical SHPB simulations as the mechanical 
behavior of mortar is hydrostatic-pressure-dependent.  
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Therefore, the DIF predicted from the kinetic friction 
model is higher than that from the frictionless model at 
the same strain-rate. Thus, a more reliable assessment 
and correction procedure for SHPB tests should be based 
on the kinetic friction model whenever the results of ki- 
netic friction coefficient versus the relative velocity are 
available. 

4. Conclusion 

Friction on the bar/specimen interfaces is one of the pos- 
sible error sources of the SHPB tests and should be ex- 
amined in the assessment and correction procedure for 
SHPB results through numerical analyses. The simple 
device is capable of providing the kinetic interface fric- 
tion test results for common SHPB tests. Based on the 
numerical analyses which implement the proposed ki- 
netic interface friction model, it is found that the differ- 
ence between the constant friction model and kinetic in- 
terface friction model may cause different results. Thus, 
whenever it is possible, a more reliable assessment and 
correction procedure for the SHPB test should be based 
on a kinetic friction model. 
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