
- Technical Paper - 
 

HIGH STRAIN RATE MATERIAL TESTING 
USING ELASTIC STRAIN ENERGY 

 
 

Dong Joo Kim *1, Sherif El-Tawil*2, and Antoine E. Naaman*3 
 
 

ABSTRACT 
This paper describes a new test system that relies on sudden strain energy release to subject specimens 
to rapid loading. The new system is cost effective to build in comparison to, and smaller than, existing 
systems, can be used to test relatively larger-sized specimens and can be conveniently adjusted to 
achieve a broad range of strain rates. The theoretical potential of the device is discussed and equations 
that describe the operation of the system are developed and used to identify influential variables. A 
computational simulation model of a prototype system is then described and exercised to 
quantitatively explore the influence of the key variables. A prototype device was built to demonstrate 
proof-of-concept and its ability to perform high rate impact test for cement composites requiring large 
size specimen by using small impact device is discussed.  
Keywords: Internal strain energy, Strain energy release, Stress wave, Impact, Energy bar, High strain 
rate, Pulse, Loading, Compression, Tension, Concrete, Cementitious Composites. 

 
 
1. INTRODUCTION 
 

The demand has never been greater for tougher, 
more ductile materials to improve the behavior of civil 
engineering structures under rapid and severe loading, 
such as blast, impact and earthquakes. A primary hurdle 
that impedes rapid development of such materials is 
inexpensive, safe and accurate testing techniques that 
can be used to characterize high-strain-rate material 
response. Most existing methods for high-strain-rate 
testing require large equipment (e.g. drop-weight test or 
Split Hopkinson Pressure Bar), are expensive and, in 
some cases, risky to operate. As a result of these 
limitations, high-strain-rate testing remains highly 
specialized and can only be conducted in a few labs 
around the world.  

Existing high rate test systems can be categorized 
into 4 classes based on the way the impact effect is 
generated: 1) systems based on potential energy (PE), 
where a large mass swings or falls from a specified 
height to strike a specimen at low speed (e.g. Charpy, 
Izod and Drop Weight methods); 2) systems based on 
kinetic energy (KE), where a small mass is propelled at 
high speed to impact a specimen (e.g. Gas Gun 
Method); 3) systems that utilize hydraulic machines 
(HM) to deform a specimen at medium speeds; and 4) 
systems based on stress wave propagation (SWP), in 
which a stress wave is propagated through a long bar to 
impinge upon a specimen (e.g. Split Hopkinson 
Pressure Bar, SHPB).  

PE systems require much vertical clearance, a 
special foundation and can only achieve moderate strain 

rates. The maximum strain rate achieved by this method 
is reported to be 100 s-1 to 101 s-1 (Bischoff and Perry 
[1,2]). In KE systems, an explosively propelled striker 
mass is directed towards a specimen to impart rapid 
loading. Alternatively, the same effect can be achieved 
by accelerating a specimen and colliding it with a 
stationary anvil, e.g., Grote et al. [3]. KE methods can 
generate very high strain rates, e.g. Grote et al. [3] 
report strain rates up to 104 s-1. The primary challenge 
in KE methods is obtaining high quality measurements 
during the extremely short duration of the experiments. 
HM testing using well-designed test machines can 
create high quality test data. However, the strain rates 
achieved using such methods is usually quite low, on 
the order of 10-1 to 100 s-1. They are also generally 
expensive and cumbersome to reconfigure. 

To successfully test concrete (and other 
non-homogeneous materials) under high strain rate in a 
SHPB, the specimens must have a certain minimum 
size dictated by the characteristic size of the 
constituents of fiber reinforced concrete, e.g., aggregate 
and fiber. The specimen must be several times the 
characteristic size of the aggregate (or fiber) so that the 
results are not adversely influenced by the size effect. 
On the other extreme, the diameter of the specimen 
must be as small as possible to reduce the overall length 
of the equipment, since lateral dispersion of the 
propagating uniaxial shock wave could distort the test 
results if the bars are too stocky. These two conflicting 
requirements, a specimen with as large a diameter as 
possible and testing bars that are as short as possible for 
a given diameter, create practical problems for SHPB 
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testing of concrete which require long test setups to 
ensure 1-D stress wave propagation. For example, to 
test a 75 mm diameter cylindrical specimen, a SHPB 
would have to be 10 - 12 m long.  

The objective of this paper is to describe a new 
test system that was recently proposed by the authors to 
overcome the combined limitations of traditional high 
strain rate systems, especially for testing concrete and 
fiber reinforced concrete (Naaman et al. [4]). In the 
proposed system, the internal strain energy accumulated 
in an elastic energy bar is suddenly released generating 
controlled, high strain-rate loading onto a specimen. 
This system is hereafter identified as Strain Energy 
Impact Test Systems or SEITS. 

 
2. Premise of SEITS 
 

At start

Apply force to stretch system and store 
elastic strain energy

Specially designed coupler 
suddenly fractures or releases

Pulse travels towards 
specimen and crushes it 

(a) 

(b) 

(c) 

(d) 

Pull bar Energy bar
Coupler

Specimen

 
Figure 1- Schematic showing operation of proposed test 

system 
 
Figure 1 shows a schematic of how SEITS is 

intended to work. Figure 1a shows the components of 
the system in its initial stage. Load is applied to a short 
pull bar, which then transmits the force through a 
coupler to the energy bar where elastic strain energy is 
stored (Figure 1b). The energy bar is prevented from 
movement by a support and is maintained continuously 
in contact with the specimen, to the extent possible, as 
it is being stretched. The coupler is specially designed 
to suddenly release (e.g. through brittle fracture of a 
notched mechanical coupler) when a specified load is 
exceeded, as shown in Figure 1c. When the coupler 
fractures, a pulse is directed into the specimen. If there 
is no gap between the specimen and the energy bar, 
which may be difficult to achieve in practice, the stress 
wave will be guided directly into the specimen. 
Alternatively, if a gap exists between the energy bar and 
specimen, SEITS becomes a kinetic energy device, in 
which the entire energy bar is launched towards the 
specimen. As will be shown later on, both situations are 
theoretically equivalent. In other words, the proposed 
system bridges the SWP and KE categories previously 
identified. Once a pulse is delivered to the specimen, 
high speed instrumentations, e.g., high frequency laser 
sensor and dynamic piezo-electric load cells, can then 
be used to obtain the specimen’s stress-strain properties 

as in other existing impact testing systems such as 
Charpy, Izod and Drop Weight methods (Elfahal et al. 
[5]).  

To demonstrate the theoretical capacity of the 
system consider an energy bar 50.8 mm diameter, 1.5 m 
long and subjected to 690 MPa tensile stress. The 
amount of stored strain energy is 3672 N-m. The 
required drop height to achieve the same amount of 
potential energy is 16.2 m, if an impactor with the same 
weight as the energy bar (23.1 kg) is used in the drop 
weight method. It is clear that the size of the proposed 
system is much smaller than that of an equivalent drop 
weight system. 

The proposed system shares some attributes with 
two existing systems. However, there are also 
fundamental differences that make SEITS unique. The 
first is a device patented by Keener et al. [6], where the 
energy stored in a breaker specimen is exploited to 
produce an impact action. SEITS differs from this 
device in two critical ways. First, SEITS uses an energy 
bar to store and release the energy needed for impact 
and to control the strain rate. The method proposed by 
Keener et al. relies instead on the energy stored in the 
breaker specimen, which could be orders of magnitude 
less than the energy stored in SEITS’s energy bar. 
Keener et al. also claim that the impact load and 
accumulated energy may be increased by increasing the 
size of the starter specimen. However, that will 
necessitate a larger testing machine with a higher 
capacity frame and load cell. In contrast, the energy 
stored in the energy bar of SEITS can be increased or 
decreased by simply changing the bar characteristics as 
explored later on in the paper.  

Another set-up that utilizes released strain energy 
was developed by Cadoni et al. [7] to investigate the 
tensile behavior of concrete at high rate loading. They 
modified a SHPB by attaching a prestressing bar in 
front of the incident pressure bar. The Modified 
Hopkinson Bar (MHB), as Cadoni et al. [7] called their 
system, employs the prestressing bar under tension 
instead of gas gun to generate a stress wave into the 
incident pressure bar. While MHB resolves some of the 
difficulties and dangers of operating a gas gun, it still 
suffers from the same key problem of a traditional 
SHPB, i.e. it is still a large sized testing system. 

 
3. Wave propagation equations for SEITS 
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Figure 2a shows a schematic of the energy bar 

before it is deformed. At time, t=t1, the bar tip is pulled 
through a displacement, ( )1, tLw , where L is the bar 
length (Figure 2b). When the bar is released (Figure 2c), 
a compressive stress wave travels through the bar and 
into the specimen. Force equilibrium in a differential 
element in the energy bar is shown in Figure 2d. This 
can be expressed as: 

21 FFF m =+                           [1] 
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1w  is the displacement at the top of the differential 
element, 2w  is  the displacement at the bottom of the 
differential element, E is the modulus of elasticity of 
the bar and A  is the section area of the bar.   The 
force, Fm, is the inertial force in the differential element. 
Substituting these quantities into Equation 1, assuming 
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x

www
∂
∂

+= 1
12 and simplifying the results, leads 
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where 
ρ
EC =  , is the speed of the stress wave in the 

bar. Equation 2 represents the well-known wave 
equation, which has a general solution to the 
homogeneous wave equation as follows (Stronge [8]): 

( ) ( )[ ]CtxgCtxftxw ++−=
2
1),(              [3] 

where f and g are arbitrary functions representing 
waves that are traveling forward and backward as t 
increases. 

Equation 2 can be also expressed as: 
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Thus, the relation between the strain (ε) and 
particle velocity (V) can be established as follows: 

x
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w
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A
ECV σ
ρ

ε ==          [5] 

where, ε ,σ is the strain and is the corresponding 
stress in the bar. 

Equation 5 is instructive in that it shows what 
variables are influential for SEITS. It is clear that the 
impact velocity (and therefore the strain rate) produced 
by the proposed system can be controlled by changing 
the energy bar’s material properties and release stress 
level. Clearly materials with high modulus of elasticity 
and low density have the potential to produce higher 
strain rates, as does a higher release stress level.  

 
4. Equivalence of Stress Wave Propagation and 
Kinetic Energy Approaches 

 
Figure 2a shows a schematic of the energy bar 

before it is deformed. At time, t=t1, the bar tip is pulled 

through a displacement 
Consider an elastic energy bar subjected to a 

tensile stress εσ E= . Applying the principle of 
conservation of energy and assuming no energy loss 
implies that elastic strain energy stored in the energy 
bar will be instantaneously transferred into kinetic 
energy upon bar release. The elastic strain energy (SE) 
stored in the elastic energy bar with volume V is 

2

2
1 σ

E
ALSE =                          [6] 

The kinetic energy (KE) of the bar is 

( ) 22

2
1

2
1

bb VALMVKE ρ×==              [7] 

where L is the length of bar, A is the section area 
of bar, M is the mass of bar, ρ  is the density of bar 
and Vb is the instantaneous bar velocity. Equating 
Equations 6 and 7 and simplifying leads to   

εε
ρ

CEVb ==                         [8] 

which is identical to Equation [5] implying that the 
stress wave and kinetic energy approaches are 
equivalent when applied to SEITS. 
 
5. Finite  Element Modeling of SEITS 

 
Prior to building a prototype (as described later on 

in the paper), the viability of the proposed impact test 
system was investigated through explicit finite element 
analysis, conducted using the commercial code 
LS-DYNA. The purpose of this analysis was to 
quantify the effect of bar material properties and stress 
level in the energy bar at the point of strain energy 
release on the achievable strain rate. Eight node solid 
elements are used to model the system and 
interpenetration between parts in the system is 
prevented using the contact features in LS-DYNA. 
Tensioning of the elastic bar is performed by applying 
displacement control at the end of the pull bar. A 
friction coefficient 2.0=μ  is assigned between the 
specimen and the load cells and a failure strain criterion 
is applied to the coupler to permit sudden bar release 
when a critical stress is reached in the energy bar.  

 
Table 1- Properties of energy bar materials employed in 

the simulations 
Energy bar Set-up Specimen Coupler

 PS  
Steel 

Al. 
Alloy

Ti. 
alloy Steel Pure 

aluminum Steel 

E 
(MPa) 200100 70000 115996 200100 70000 200100

ν 0.28 0.33 0.32 0.28 0.33 0.28 
σu  

(MPa) 828 552 966 828 276 552 
(621) 

ρ 
(t/m3) 8.027 2.690 4.484 8.027 2.690 8.027 

εu - - - - 0.15 0.08 

 
Three different types of materials are used to 

represent the energy bar, namely pre-stressing (PS) 
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steel, aluminum alloy and titanium alloy. This is done 
to investigate the effect of the energy bar material on 
the achievable strain rate. ASTM A29 Grade C1045 
steel is used for the load cell, coupler and test frame. 
Aluminum is used for the test specimen in the SHPB 
simulation. The properties of the materials employed in 
the simulations are shown in Table 1. The time step 
used in this simulation is automatically determined 
within LS-DYNA to ensure stability of the dynamic 
simulations and is less than 0.0001 sec. Figure 3 shows 
details of the model employed in the analysis. The 
system for generating impact pulse, as shown in Figure 
3, is just sit on strong floor. There is no anchorage 
needed. 

 

 
Figure 3- Finite element model of SEITS 

 
Table 2- Effect of material properties of energy bar on 

impact velocity 
 STEEL ALUMINUM TITANIUM

Energy bar stress at 
release (MPa) 517.5 517.5 517.5 

Strain energy in unit 
volume (N-mm/mm3) 0.669 1.911 1.152 

Energy bar strain at 
release 0.00259 0.00739 0.00446 

Modulus of elasticity  
E (MPa) 200100 70000 115996 

Density ρ (t/m3) 8.027 2.690 4.484 

Wave velocity 
ρEC = (m/sec) 4992 5100 5083 

Theoretical impact 
velocity, ε= CV  
with no specimen 

(m/sec) 

12.9 37.7 22.7 

Maximum Impact 
velocity (m/sec) 
from simulation 

without specimen  

12.7 30.8 22.4 

Maximum Impact 
velocity (m/sec) 

from simulation with 
specimen  

5.5 16.9 9.24 

Maximum strain rate 
from simulation 

with specimen (1/sec) 
433 1085 771 

 
The effect of using various types of material for the 
energy bar is summarized in Table 2 and Figure 4. For 
an assumed stress level at energy release of 517.5 MPa, 

it is clear from the simulations that the impact velocity 
is strongly influenced by the material of the energy bar. 
For example, the computed impact velocity for PS is 
12.7 m/sec, while it is 30.8 m/sec for aluminum. Clearly, 
the presence of the specimen slows down the computed 
impact speed as a result of the interaction that takes 
place between the specimen and bar. The reduction in 
impact speed due to the presence of the specimen is 
computed to be about 50% or less in all three 
simulations. Clearly, the aluminum energy bar is most 
efficient. 
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Figure 4- Effect of bar material on impact velocity 
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Figure 5- Effect of stress level on impact velocity 

(without specimen) 
 
The influence of stress level (at energy release) in 

the energy bar on the velocity of the impact head is also 
investigated using the same finite element model for the 
PS energy bar. The effect of two stress levels, 517.5 
MPa and 655.5 MPa, are compared, and it is clear 

-266-



stress level is also an influential variable. When the 
stress level is 655.5 MPa, the impact velocity 
approaches 17.8 m/sec., while it is about 12.7 m/sec 
when the stress level is 517.5 MPa as shown in Fig. 5. 
The simulation results in this section clearly show that 
SEITS can be easily tuned to provide various strain 
rates by replacing the energy bar with another of a 
different material or simply by changing the stress level 
in the bar at the energy release point. 

 
5. SEITS Prototype  

 
With the confidence gained through the simulation 

model, a prototype of SEITS was recently built. The 
SEITS prototype is shown in Figure 6. The compressive 
impact pulse acting on steel frame attached to the tensile 
specimen is transferred as tensile impact pulse as shown 
in Figure 6b. Piezo-electric dynamic load cells 
(222,411N range, 0.1mV/4.44822N) and a high 
frequency laser displacement sensor (10kHz, +/- 25mm 
measuring range) are used to measure the response of the 
specimen. For compression testing, the piezo-elactric 
dynamic load cells are located under the specimen while 
the laser sensor measures displacement of the impact 
hammer. Figure 7 demonstrates the impact process (in 
compression) on a mortar specimen having compressive 
strength of 48 MPa (50.8 mm diameter). The impact 
velocity in this preliminary test is measured to be 5 
m/sec by analyzing the sequential photos recorded by a 
high-speed camera. 

 

 
Figure 6 - SEITS prototype 

 

 
  0sec  0.001sec  0.002sec  0.003sec  0.004sec 

Figure 7 - Progression of damage as a specimen is 
impacted under compression in SEITS 

 
Figure 6b shows a tension set-up for ductile High 

Performance Fiber Reinforced Cementitious 
Composites [HPFRCC]. The length of HPFRCC 
specimen should be much longer than concrete and 
normal Fiber Reinforced Concrete [FRC] to allow 
multiple cracks (the unique characteristic of HPFRCC) 
to occur under high rate tensile loading. The gage length 
of the tensile specimen shown in Figure 6b and 8 is 
200mm. Figure 8 shows tested tensile specimens of 
HPFRCC (tensile strength is 12MPa, and strain capacity 
is 0.6%).  

 

 
Figure 8- Damage in tensile specimens tested in SEITS 

 
The sample test results demonstrate that SEITS can 

be used to investigate the tensile response of large-sized 
cementitious specimens in addition to compression tests. 
The authors are currently working on interpretation of 
the measured data, which will be the subject of a future 
publication. 

 
6. Summary and conclusions 

 
A new technique for generating a rapid impact 

pulse is proposed. The new system, named Strain 
Energy Impact Test System [SEITS], releases stored 
elastic strain energy in an energy bar to achieve high 
strain rate loading. The proposed system has several 
advantages over traditional impact test systems such as 
the Drop Weight method and Split Hopkinson Pressure 
Bar technique. In particular, while small, SEITS can still 
be used for large-sized specimens and can be easily 
controlled by changing the energy bar’s material or 
stress level in the energy bar. The theoretical potential of 
the device was discussed and equations that describe the 
operation of the system were developed and used to 
identify key variables that control SEITS’ performance.  

Computational simulation models of the system 
were used to confirm predictions from the theoretical 
models and to study how the system interacts with 
specimens. It is shown that that when an aluminum alloy 
is used for the energy bar, an impact velocity of 30.8 
m/sec can be achieved in the simulation presented in the 
paper. This translates into a strain rate in excess of 103 
sec-1 on the aluminum alloy specimen used in the 
simulation.  
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A prototype device that was built to demonstrate 
proof-of-concept was also introduced and its capabilities, 
especially its ability to test specimens under both 
compression and tension were demonstrated. It was 
shown that the prototype, which is about 1.5 m in size, 
could generate a strong enough pulse to destroy a 48 
MPa large size concrete specimen (50.8 mm diameter) in 
compression. The prototype can also be configured to 
test tensile specimens with relatively long gage lengths.  

Two conclusions are drawn based on the limited 
numerical and experimental study conducted:  

1) The magnitude and velocity of the impact pulse 
generated by SEITS can be controlled by replacing the 
energy bar with another of a different material or simply 
by changing the stress level in the bar at the energy 
release point, e.g. by changing the load at which the 
coupler breaks; and,  

2) For the same material type, volume and elastic 
strain energy at failure, two energy bars of different 
geometry will generate the same impact velocity.  

These conclusions point to the fact that the 
proposed system is capable of delivering a wide range of 
strain rates.   
 

ACKNOWLEDGEMENT 
 
 The research described herein was sponsored by 
the National Science Foundation under Grant No. CMS 
0754505 and the University of Michigan. The authors 
are grateful to the sponsors for their financial support. 
The opinions expressed in this paper are those of the 
authors and do not necessarily reflect the views of the 
sponsors.   
 

REFERENCES 
 

[1] Bischoff, P. H. and Perry, S. H., “Compressive 
behavior of concrete at high strain rates,” 
Materials and Structures, Vol. 24, 1991, pp. 
425-450. 

[2] Bischoff, P. H. and Perry, S. H., “Impact behavior 
of plain concrete loaded in uniaxial compression,” 
Journal of engineering mechanics, V. 121, No. 6, 
June, 1995, pp. 685-693 

[3] Grote, D. L., Park, S. W. and Zhou, M., “Dynamic 
behavior of concrete at high strain rates and 
pressures : 1. experimental characterization,” 
International Journal of Impact Engineering, Vol. 
25, 2001, pp. 869-886. 

[4] Naaman, A. E., El-Tawil, S., and Kim, D. J., 
“Strain Energy Impact Test System [SEITS] for 
Characterizing Material Response under High 
Strain Rate,” Provisional US Patent application. 
(Filed March 20, 2008) 

[5] Elfahal, M. M., Krauthammer, T., Ohno, T., 
Beppu, M. and Mindess, S., “Size effect for 
normal strength concrete cylinders subjected to 
axial impact,” International journal of Impact 
Engineering, Vol. 31, 2005, pp. 461-481 

[6] Keener, S. G., Thrash, C. P., and Mechlenburg, J. 
T., “Method for high strain rate testing of 
specimens,” US Patent 5677494, Oct. 14, 1997 

[7] Cadoni, E., Albertini, C., and Solomos, G., 
“Analysis of the concrete behavior in tension at 
high strain rate by a modified hopkinson bar in 
support of impact resistant structural design,” J. 
Phys. IV France, Vol. 134, 2006, pp. 647-652. 

 [8] Stronge, W. J., “Impact mechanics,” Cambridge 
University Press, 2000, pp. 146-172. 

 
 

 

-268-



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


