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EVERYTHING YOU WANTED TO KNOW ABOUT MATERIAL TESTING BUT
WERE AFRAID TO ASK

1 INTRODUCTION

To give accurate predictions about dynamic processes involving specific materials, it is
necessary to know how the relevant materials behave under various circumstances. A way
of finding this out, is by performing material tests, in which the material is subjected to
different types of loading. On the basis of the test results, a mathematical model describ-
ing the material can be constructed. Unfortunately, real materials turn out to behavein a
very complicated fashion, strongly dependent on how the external forces are applied. Asa
consequence, it isvery difficult to create a complete material model that isvalid for every
type of loading. Instead, one aims at constructing a model that reflects the behaviour of
the material under loadings that are relevant for the particular process under study.

Severa different methods for testing a material have been developed over the years. In
this report we take a close look at the most important ones, describing the theory behind
them and their strengths and weaknesses.

The tests can roughly be divided into two groups, namely static and dynamic tests. Asthe
name indicates, in static tests the load on the material is applied very slowly, whilein dy-
namic tests the material isloaded very quickly.

The following tests are covered in the report:

e GREAC cdl
e Split Hopkinson Bar
e Fyer Plate

In the report we first emphasize the mathematical description of the “ideal tests’, i.e. we
momentarily ignore practical problems that will arise when the tests are performed. Hav-
ing completed this, we try to examine the practical problems, whether they are important,
how they can be avoided and ways to live with them.

2 PRELIMINARY THEORY FOR STATIC TESTING

We will start by describing static concrete testing in detail. However, before developing
the mathematical theory, it will be useful to examine material behaviour under states of
uniaxial stress and uniaxial strain.

In Teland (1) mathematical expressions for these cases of loading were given in cartesian
coordinates for a rectangular specimen. Here we present the expressions in cylindrical
coordinates for a cylindrical specimen. They are seen to be very similar.



2.1 Uniaxial stress

Ideally the specimen is under uniaxial stress during a standard compressive test. The elas-
tic stress and strain behaviour of the material is given by:

Oy = 00 =0 , Oz = Efz (21)
€r =€) = — Ve (2.2

Consequently we have:

om= /3 =lod , p= %Z (2.3

where J, is the second stressinvariant. When the yield limit is reached, the material turns
plastic. During plasticity, the following condition must be satisfied:

ovm = Y(p) (2.4)

Since o; = 0, dso during plasticity, Equation (2.3) still holds and on inserting into Equa-
tion (2.4) is seen to produce only one equation for one unknown quantity, o,. The equa-
tion then has a unique solution, and can only be satisfied for one value of o, and thus one
value of p. Consequently we can not detemine the yield stress as a function of pressure
with this test, since it becomes impossible to increase the pressure further once yielding
has been achieved (although the strain can be increased indefinitely). A uniaxia stress test
therefore only provides us with with one single point on the yield curve.

2.2  Uniaxial strain

If the material is unable to expand laterally while being compressed axially, it is said to be
in astate of uniaxial strain. The elastic behaviour is then as follows:

_ Ev 3 E(1 —v)
Or =0 = ((1 T 21/))62 0z = ((1 T 21/))62 29
& =€y =0 (2.6)
We then have:
Oym = ‘/3\]2 = |OZ - Orl = (1 _EI_ ”V)EZ = ZGGZ (27)
20y + 0, _ E _
p = 3 - 3(1 _ 21/) €z = KeZ (28)

Combining Equations (2.7) and (2.8) gives us:

G = 3(11;2;)p (2.9)

During plasticity, the following conditions must be satisfied:

ovm = loz = or| = Y(p) (2.10)



D= ZafTJ”’Z (2.12)
Since o isnot identically zero in this case, we see that Equation (2.10) is one equation
with two unknowns. Thus, neither o, nor o are fixed, which means that the pressure can
be varied during plastic flow. A uniaxial strain test can therefore be used to determine part
of theyield curve Y(p). Thisisdone by recording the relationship between o, and p dur-
ing plastic flow.
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Figure 3.2: Loading paths in stress space for uniaxial stress and strain tests. Unlike the
uniaxial strain test, the uniaxial stresstest does not move along the yield curve and can
therefore only be used for determining a single point on this curve.

In Figure 3.2 we have illustrated the situation for loading under uniaxial stress and strain.
We notice that on using the uniaxial strain loading, we miss out on information about the
yield curve for low pressures. Performing auniaxial stress test in addition, enables usto
find one additional point lower on the yield curve.

Similarly, by combining the pressure and density we can obtain the equation of state
(EOS). Inthisideal case, the EOSis easily seen to be linear, but for real materialslike
concrete it will be more complicated.

2.3 Morecomplicated loading

An interesting question is now the following: Does the yield curve only depend on the
pressure (as indicated in the above chapters) or isit afunction of other parameters as well?



10

The answer isthat it depends on which material we are studying. For some materials (met-
als) theyield curve is even independent of pressure and is, in effect, ayield limit, while for
other materials it depends on the pressure only. Further, for materials such as concrete
things are even more complicated.

For concrete, a stress state where o, > oy = o, Will not give the same yield stressas a
state where 0, < o = o, even when the value of /J_z isidentical. Thus, for concrete,

yielding is defined by ayield surface in some kind of stress space instead of ayield curve
or yield limit. We will briefly seethisin Chapter 4.5 where we examine the output from a
so—caled GREAC cell test. For more details, the reader should consult Riedel (4) and ref-
erences therein.

3 STANDARD STATIC CONCRETE TESTS

The previous chapter dealt only with theory, whereas in this chapter we briefly look at the
practical application of the theory to standard uniaxia concrete testing.

In the most common materia test, only the compressive strength o of the concrete is mea-
sured. Thetest isvery simple: One takes a concrete cube (or cylinder) of a specified size
and increases the axia stress until the concrete breaks. The corresponding stressis called
the compressive strength. Similarly there are standard tensile tests for determining the
concrete tensile strength.

All these “engineering tests” have in common that they have not been designed to deter-
mine material properties for input into hydrocodes for advanced numerical simulations.

Rather they are meant to be standard methods for classification of concrete. Further de-
scription of such methodsis given in (5) and (6).

Obviously a compression test is relevant for the strength of a bridge beam, but in every
construction there will be induced complicated tri—axial stress states. However, compres-
sive strength could still be used as arelevant parameter in empirical calculations since
thereis an (unknown) relation between uniaxial and triaxial properties.

In this report, our focus will be on tri—axial tests to determine hydrocode data (or similar)
and not on the standard “engineering” tests.

4 GREACCELL TEST

In this chapter we will discuss the GREAC (Gauged REA ctive Confinement) cell test
method. Itisastatic triaxial method in which atest specimen is confined inside a cylinder
and then loaded axialy. A schematic view of the GREAC cell is shown in Figure 3.1.
Such an apparatus has been built and used in material testing at FFI.

By measuring the strains on the outside of the cylinder, we shall see that a great deal of in-
formation about the material properties of the specimen can be extracted. Of special inter-
est istheyield limit as afunction of pressure Y(p) and the equation of state p(p).
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Unlike in the uniaxial strain case, the steel confinement is not infinitely strong which
means that there will be strainsin the cylinder. Thisis actually a good thing because by
measuring these strains, we are able to deduce the stress state in the concrete specimen.

To distinguish the quantities in the steel cylinder and the concrete specimen without having
indices all over the place, we are going to denote concrete quantities with a“hat”, 8i 1 and
steel cylinder quantities without.

Concrete sample

Strain gauges

]
hoop and axial \

Elastic steel
-_—_\_\_\_—_—_‘_‘———._

confinement

Testing machine

Figure 4.1: GREAC cell

4.1 Experimentally measured quantities

By placing strain gauges on the steel cylinder and by recording the force on the piston, we
can perform measurements that eventually enables us to calculate various physical quanti-
ties. Although it can be a huge challenge to relate measurements of electrical voltages
with strains in the cylinder, we will ignore this problem here, and just assume that the fol-
lowing quantities are measured directly:

e Axial force on the concrete F

e Axia displacement of the concrete Uy

e Axia strain on the outside boundary of the confining cylinder eAb)
e Angular strain on the outside boundary of the steel cylinder €,(b)

Thisisal well and good, but as we have seen, expressions for the pressure p, the density

o and von Mises stress ovm iN the concrete specimen are what is really needed. Since we
are unable to measure any of these directly, it isnecessary to figure out away of calculat-
ing them in terms of the quantities given above. To accomplish this, we need to examine
the GREAC cell test mathematically.

4.2 Mathematical description of the test

Since o; = g, in the specimen (and consequently €; = €,), it becomesslightly easier to
calculate p, p and oy, Using this and assuming all non—diagonal components of the
stress tensor to vanish, we have the same relations as for uniaxia strain:
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'_\

p = 3(200 + 5, (4.2)

C}vm = |8r - (}z| (4-2)

Note that an alternative to the von Mises stressis to use the Tresca stress o, given by:

In our GREAC cell case, the von Mises stress is easily seen to be identical to the Tresca
stress.

The density p can be calculated from the strains using the following relation:

Po _ _bo
Po_ _FPo 4.4

b =

where €,, is called the volumetric strain. It isgiven in terms of the principal strains by a
very complicated expression (see Equation (2.43) in Teland (1)), but in the absence of
shear strains and using that €, = €, it may be written as:

ey =L +eN(L+e)—1=2¢6+¢; (4.5)

Now, say we start loading the concrete specimen at thetime t = 0, and keep loading it for

awhile. It isnow clear that by recording data for the quantities €, , €, , o, , 0, in the con-
crete as afunction of time, the corresponding density, pressure and Mises stress as func-
tions of time can easily be calculated. Thisthen enables us to determine the pressure as a
function of density, which is the equation of state, and Mises stress as function of pressure,
which during plasticity isequal to theyield curve.

The only remaining problem is how to calcul ate the stresses and strains mentioned above.
Aswe saw earlier, none of them are measured directly in the test.

However, at least the axial strain €, can be easily calculated:

Axia strain in the concrete: ¢, = UTZ

where L isthe (initial) length of the concrete specimen. Since U, isindependent of r, so is
obviously the axia strain €.

So, that's one down, three to go. Unfortunately, calculating the remaining three variables
as afunction of the measured variables is not equally simple. One method isto use the FFI
Matlab Toolbox (2) designed for this purpose. Thistoolbox has the option of finding nu-
merical solutions by using a Finite Element Method. However, it isaso possible to find
(very good) approximate analytical expressions, aswill be described below.
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4.2.1  Boundary conditions and assumptions

The concrete specimen is assumed to be loaded so slowly that the sistuation can be treated
as static.

Due to the angular symmetry of the GREAC cell, al angular derivatives vanish and there
is no displacement in the 6—direction. Further, we assume that the axial strain is indepen-
dent of radial position. In the steel cylinder we therefore have:

u=ur) , uy=0 , u,=e€2z (4.6)

On considering the complete GREAC cell, we realise that the radial stress g, in the speci-
men (which we know is equal to the angular stress 69) will be equal to the stress at the ma-
terial boundary since the radial stress must be continuous across the boundary. Thus:

Or = 0, = 0f (4.7)

Thiswill be used to ssimplify our mathematical model of the GREAC cell somewhat.
Instead of examining the complete set—up we will only look at the confining steel cylinder
with inner radius a and outer radius b. Due to the specimen expanding, the cylinder is
loaded radially at the inner surface by a given stress o2. Instead of calculating o2 from the
applied axial load on the concrete, we take o,(a) = o as aboundary condition, where of
course o is so far unknown. Our goal will therefore be to expressit in terms of the mea-
sured quantities e,(b) and e(b).

Another boundary condition is zero radial stress at the outer surface, o(b) = 0. Further, a
natural boundary condition would be o = 0inthe steel cylinder. This means astress
free boundary and corresponds to a specific strain €. However, it turns out that the math-
ematics is not much more complicated if we assume something alittle more general,

namely a specific constant strain €. Physically this means that a certain axial stressis ap-

plied to the cylinder in order to achieve a specific strain 2. The special caseof o, = 0
can then later be obtained as a specia case.

4.2.2 Analytical solution
In cylindrical coordinates, the radial equilibrium equation takes the following form:

dor | 9t — %

or r
which on using Hooke's law and the symmetry considerations of Equation (4.6) gives the
following equation for the strains:

=0 (4.8

92u , 1ou U _

This equation has the following solution:
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u(r) = Ar +$ (4.10)

The constants A and B are determined according to the boundary conditions o,(a) = of

and o((b) = 0. Thisgivesus:

(@A +va- 21/)061 _

A = (b)z 2 — ve, (4.11)
45 _Q
s
B= o6 (g)2 — (4.12)

where E and v are the elastic constants of the steel cylinder (not the concrete). For the
stresses and strains, we thus have:

C L,
or(r) = of (9) -1 (4.13)
r r 2 .
(& -1
o,(r) = Ga”($)2 1 (4.14)
0 r 2 .
(& -1
e(h) = M((?)Z 14 21/) (4.15)
2
)
a 2
eyr) = %( - (?) 1+ 21/) (4.16)
- 1)

i

Using these equations, we eventually are able to express the radial stress at the inner
boundary as afunction of measured quantities at the outer boundary:

2 2
=6 = — %((g) - 1)00(b) _— %((g) - 1)%(69(@ +ve)  (4.17)

The radial stress must be continuous across the boundary, so o2 is also the radial stressin
the concrete (assumed the same everywhere).

Theradial strain at the boundary is given by:

(@2_1+@)

20 =) (eg(b) + vez) (4.18)

e(@d) = & = —vez —

Finally, we can calculate the axial stress g:
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\ F
07 = — ———; 4.19
g ma(l + €)? (4.19)

The expressions derived above are correct if the cylinder is sufficiently long to avoid edge

effects near the top and bottom. However, the strain gauges are placed in the middle and
should not be much affected by such effects.

Another assumption isthat friction is negligible. If thereisfriction between the specimen
and the cylinder, there will be shear stressesin the material and our calculated stress distri-
bution will not be correct.

A way of approximately taking these shear stresses into account is as follows. Let us assu-
me that the expression for axial stressis modified in the following way:

\ F+sS
- - _F+S 4.20
927 T a1 + &)2 (4.20)

where Sisthe total shear force on the concrete specimen.

The shear forceis balanced by axia stressesin the cylinder. If we assume the axial stress
to be independent of r, the shear stress becomes:

S= azﬂ((g)z - 1)09, (4.21)

The shear stressis given through o2 which is not a measured quantity. However, using
Hooke's law, it can be expressed as a function of the measured quantities:

of = 3 _Evz(e*g + ved). (4.22)

In anideal situation we of course have o, = 0 (even as aboundary condition), in which
case S= 0. Infact, putting o, = Owe find that our expressions simplify to:

2
of = — %((g) . 1)Eeg(b) (4.23)
2
€ — %((1 -+ v)(g) )ee(b) (4.24)
€2 = — ve,y(b) (4.25)

These expressions above relied on the assumption that the axial stress was constant inside
the cylinder, which is generally not correct. However, it is possible to account for this nu-
merically, asis donein the FFl Matlab GREAC cell toolbox using afinite element model.
Using this code, it can however be shown that there islittle difference in results between
the finite element and thick cylinder theory calculations, provided that the strain is mea-
sured in the middle of the cylinder.

4.3 Elastic constants
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In addition, the GREAC cell can also be used to obtain estimates for the elastic constants
of the concrete. To do this, we have to assume that the stress state is close to uniaxial
strain.

The shear modulus G is then found according to Equation (2.7) by measuring the slope of
ovm as afunction of €, during an elastic loading and unloading cycle.

The Bulk modulus K is found according to Equation (2.8) by measuring the slope of pasa
function of €, during an elastic loading and unloading cycle.

However, it must be noted that this method may not be well-defined, since in practise it
may be difficult to distinguish the elastic and plastic part of the loading/unloading process,
even for an ailmost ideal material. Alternative methods, for example involving measure-
ments of density and sound velocity, are likely to be more accurate for determining elastic
properties.

44 Double GREAC cdl

In atest with the GREAC cell, the maximum axial force that can be applied is determined
by either the power of the testing machine, the yield strength of the confining cylinder or
the yield strength of the pistons. Naturally, atougher material may be used for the critical
components, but as far as the cylinder is concerned, an even more clever approach can be
learned from gun tube manufacturing.

If the cylinder is constructed from two layers, it is possible to pre-stress the inner part by
machining the outer sleeve dlightly too small, heat it so that it expands until it can be fitted
and then do the final assembly. Asthe outer sleve cools, aradia stresswill beinduced in
the inner part. When the device isto be used in atest |ater, the expanding pressure from the
specimen first has to overcome the negative elastic pre-stress in the confining material. In
principle, the acceptable load may be doubled by this approach. The two parts of the cyl-
inder can be of the same material, but often the combined effect of both crimping and a
strong material in the inner part will be useful. The outer part, which does experience less
radial stress, will usually be of steel or similar.

FFI has designed and built such a*double GREAC cell”, using an inner cylinder of tung-
sten and the outer cylinder of steel. Since tungsten has a higher yield limit than steel, such
a GREAC cdll is ableto withstand larger stresses before yielding occurs and it thereby be-
comes possible to obtain concrete data at higher pressures than with a single steel GREAC
cell.

Let us now look briefly at the mathematical problem for a double GREAC cell. In princi-
plethisisrelatively easy to define. Denoting the inner boundary by a, the material inter-
face by b and the outer boundary by c, the boundary conditions are now given by:

o(@ =02 , o(c)=0 (4.26)
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or(b) = of(b) , u'(b) = u(b) (4.27)

In areal situation, the axial strain will be afunction of radius. The inner cylinder will
shrink in the axial direction and friction with the outer cylinder will tend to drag this one
along. However, we ignore this small effect and instead, for ssmplicity, assume that the
two cylinders stick together so that the (constant) axial strain isequal in both of them:

ez(b) = e2(b) (4.28)

This assumption implies that the corresponding axial stresses o2(b) and o2(b) must be dif-
ferent since the cylinders have different elastic properties. Actually the axia stress o, will
be afunction of radiusinstead of being constant on the two cylinders. However, as afirst

approximation we try two different types of boundary condition, namely o2 = 0 or
02 = 0, respectively.

Using either of these conditions, the problem is completely defined. However, although
the boundary conditions are simple, the mathematical expressions unfortunately become
much more complicated than for the single GREAC cell. Infact, the final expressions
take up at least one page, so we will not reproduce them here. Instead it is more conve-
nient to use a Matlab routine that has been developed for these calculations.

On using the Matlab routine with realistic data for the FFI double GREAC cell, it was seen
that for o0 = 0, weobtain 02 = 0.170,(b) . Inthecaseof ¢2 = 0, wefind avalue of

0% = 0.290,(b). The*“true’ vauewill probably lie somewhere in between. On consider-
ing the friction between two metals, it is seen that the ratios cal culated above are reason-
able, so that the cylinders will stick together and the assumption of continous axial strainis

okay.

The concrete properties can now be calculated in asimilar way as for aregular (single)
GREAC cell.

45 GREAC cell data example

In this section we present data from areal GREAC cell test performed at FFI. In Figure
4.2 we have plotted results for the stress difference o, — o, asafunction of pressure p.

Because of symmetry, the stress difference is equal to the Mises stress. We note that the
concrete approaches ayield limit of approximately 250 MPafor higher pressures. There
are some oscillations especially early in the process due to noise from the experimental
set—up and the combination of signals.

It isinteresting to examine the unloading part of the curve. By plotting the Mises stress
(absolute value of the stress difference), we notice that the Mises stress does not quite
reach as high as during loading. A possible interpretation could be that the yield limit has
been reduced as aresult of damage, but thisis not the case since during re-loading, we
reach the “old” yield limit again.
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Figure 4.2: GREAC cell stress difference data froma real test.

Instead, this indicates what we mentioned in Chapter 2.3, namely that the concrete is de-
scribed by a complicated yield surface which is a function of more variables than just pres-
sure. During compression the loading is said to be on the “compressive meridian” since
0z > 0y = 0y, Whereas during (the final part of) unloading we have o, < oy = o, which
iscaled the “tensile meridian”. Thus, a GREAC cell test gives us information about the
yield limit under both these types of |oading.

In the pressure range for this specific case, we further note that the loading—unloading
loops show more and more hysteresis with time. Thisis due to dissipation of energy as a
results of increased damage during loading.

5 HOEK CELL

Unfortunately, thereis a problem with the GREAC cell approach that we have not men-
tioned yet. So far we have been concerned with determining the yield stress Y as afunc-
tion of pressure, Y(p). However, for concrete the yield stress turns out to depend on
another variable called damage D aswell, i.e. Y=Y(p,D). Damageisusualy defined asa
variable that lies in the range between 0 and 1, where D=0 means that no damage has been
inflicted on the material, whereas D=1 means that it has been completely destroyed.
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Figure 4.3: Possible yield curves for various values of the damage parameter.

What is this damage thing? It depends on the material in question. During loading of con-
crete, which we are particularly interested in, internal microcraking will degrade the load—
carrying capacity. However, we will not be concerned with the actual physical mecha-
nisms on amicroscopic level in thisreport. Instead we will assume that, although the
exact relationship is unknown, the yield stress will decrease in some way as the damage
parameter increases. Thisisillustrated in Figure 4.3, where we have plotted how the yield
strength could depend on the pressure for various values of the damage parameter.

In the mathematical description, damage is usually assumed to be an increasing function of
the accumulated plastic strain in the concrete. Thus, for constant plastic strain, the dam-
age should be constant. Thisiswhere the problem with the GREAC cell occurs. Asthe
load increases, the plastic strain is not constant, and consequently the damage D is not
constant either. In fact, the damage isincreasing, and we appear to be recording the yield
stress for a concrete that becomes more and more damaged. This means that during a
GREAC cell test we are not obtaining ayield curve at constant damage, but actually a
curve for asteadily increasing (but unknown) value of the damage parameter. Thisisillus-
trated in Figure 4.4.

Does this mean that al the GREAC cell results are invalid and the GREAC cell test point-
less? Not necessarily, because the HOEK cell comes to the rescue!
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Figure 4.4: During a GREAC cell test the damage may not be constant and thus the yield
curve obtained is not for constant D=0. (Thisisa theoretical plot not based on any exper-
imental data).

A HOEK cell can be described as a more advanced version of the GREAC cell, where the
confining pressure can be controlled independently of the axia pressure. Inthe HOEK
cell, the test specimen is instead surrounded by a rubber sleeve and a hydraulic liquid
whose pressure can be adjusted. The rubber sleeve may be stabilized by metal ribs or simi-
lar devices.

The ability of aHOEK cell setup to control the pressure independently makes it possible to
investigate different stress paths during testing, for instance a pure hydrostatic compression
followed by shear. This can be exploited to eliminate the problem described for the
GREAC cell. Instead of moving along the yield curve and increasing the damage while
testing, we may instead follow a different path in stress space by first increasing the pres-
sure and then the shear stress. In thisway we reach the D=0 yield curve at a different
pressure.

Thereisamagor drawback with the HOEK cell, though. When the concrete specimen fails
globally, the oil / rubber confinement does not offer sufficient support to prevent a (partial)
collapse. For thisreason, only one data point for the maximum failure, or shear strength
can be generated with each test sample, unlike the GREAC cell where we (before we real-
ised that damage was not constant) could generate alarge part of the yield curve.
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Figure 4.5: By performing various Hoek Cell tests we can obtain different points on the
D=0vyield curve.

To obtain more data points, it is therefore necessary to test more concrete samples. This
processisillustrated in Figure 4.5.

It isinconvenient to obtain al of the D=0 yield curve from aHOEK cell test, as doing this
requires alot of testing on different concrete samples. However, a possible short—cut isto
first perform a GREAC cell test to find most of the yield curve (for unknown values of the
damage parameter), and then afterwards performing aHOEK cell test to find one point
(preferably for large pressure) on the D=0 yield curve. If we then normalise the curve ob-
tained from the GREAC cell so that it fits with the one point obtained from the HOEK cell,
the result for the other normalised points might possible not be far away from the actual
yield curve.

Note that even pure hydrostatic compression will induce some internal microcracking and
hence some damage, so the method is not perfect. However, in al real loading situations
where the yield limit is reached, the material will undergo a phase of “pre-damage”. The
HOEK—cell minimizes this and therefore represents the optimal situation of achievable
material strength.
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This concludes our review of static material testing. We have seen that it is possible to ex-
tract important material data by performing such tests. In the next chapters we will investi-
gate dynamic test methods.



23

6 DYNAMIC MATERIAL TESTING

We have seen that the static material properties can be measured by squeezing or stretching
the relevant piece of material. In penetration mechanics the load on the materials will not
be static, in fact it will be very dynamic, changing rapidly with time. An important ques-
tion is then whether the materials have the same properties under dynamic loading as under
static loading.

If the answer was yes, the world would have been much simpler. Unfortunately, for many
materials, the answer isno. For example, some materials may appear harder under dy-
namic loading. The congtitutive laws for such a material will be more complicated and
will haveto involve the strain rate tensor €;;.

Unfortunately, measuring such dynamic material propertiesis quite difficult. Still, we
shall here attempt to describe some of the techniques that are available.

6.1 Dynamic loading

Dynamic loading of a material is a much more complicated process than static loading.
Whereas in a quasi—static process, the material isloaded so slowly that a static stress state
isachieved inside at all times, a dynamic process is characterised by wave propagation.

To first get afeeling of what goes on inside a dynamically loaded material, we will start
our discussion by performing a numerical simulation of such a situation, using the hydro-
code Autodyn. More precisely, we will examine a situation where a steel cylinder (" pro-
jectile”) impacts a “target” cylinder of the same diameter. The geometry, which is shown
in Figure 5.1, has been chosen for a specific purpose of illustration.

o 15 m/s
80 mm Projectile — Target

200 mm 400 mm

Figure6.1 Impact geometriesto be analysed.

In order to make the problem easier to analyse, the material model for the target is com-
pletely elastic. For the elastic parameters we have chosen values roughly similar to one
particular type of High Performance Concrete (HPC). Thus, we have:

Density: 3000 kg/m3
E—modulus: 36.7 GPa
Poisson ratio: 0.222

For the projectile, atraditional Mises steel model has been used. The impact velocity was
15 m/s. This should generate a square pulse in the target on impact.



24

T T T T T T T T

— o, (r=0.5 cm)
150 __o, (r=30.5 cm) -
__ o, (r=0.5cm)

__o, (r=30.5 cm)
100 —

50

Stress (MPa)
o

|
a1
o

-100

-150

—200 n

T

_250 I I I I I I I I
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time (ms)

Figure 5.2: Axial and radial stress as a function of time at two points inside the target.

Our main interest was monitoring the stresses inside the target. We therefore defined “tar-
get points’ at varius distances from the cylinder axis, all located 25 mm from the impact
surface of the target but at different distances from the symmetry axis.

In Figure 5.2 we have plotted the axial stress (o) and radial stress (o) as afunction of
time at two different target points.

On afirst glance at Figure 5.2, perhaps the most apparent thing is that o, appears to oscil-
late around zero, while the axial stress oy oscillates around some finite value. In particular,
thisistrue for the target point further away from the symmetry axis. If the oscillasions had
not been present, this would have very much looked like a state of uniaxial stress. In fact
by averaging the stress over alonger period of time, one would expect to obtain roughly
such a stress state.

However, let uslook more closely at the stress state right after impact, i.e. roughly

t < 0.12 ms, and concentrate on the target point close to the axis. In this (short) period of
time, both the radial and axial stress appearsto be “in phase” and roughly constant. This
isdifferent from later times where there appears to be little correlation between o, and o.
Apparantly something special is going on there. To investigate further, in Figure 5.3 we

have zoomed in on thistime period and plotted the ratio g—’r‘ for three different target points.
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Figure 5.3: Ratio of axial and radial stress for several targets points located at different
distance from the symmetry axis.

Theresult isvery interesting. It appearsthat theinitial ratio is around 3.50 for all the tar-
get points. Especialy the two target points furthest away from the symmetry axis show a
ratio that is very constant for awhile until it suddenly increases. For the target point near
the axis, there are some low amplitude oscillations around the same value, but the state
lasts for somewhat longer.

But what is this mysterious ratio of 3.50? Where does this number come from? Why is the
ratio constant early in the process? A clue to this can be found in the description of a static
uniaxial strain state in Chapter 2. In Equation (2.5) we had an expression for the stresses
asafunction of the strain. Using this to calculate the ratio between the components, we
obtain:

Ox_1-v (6.1)

Oy v

Now, inserting the value of v = 0.222 for the target material givesus aratio of 3.50 for a
static uniaxial strain test, which is exactly the same which was obtained during the dynam-
ic loading process.
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Figure 5.4: Radial velocity for the same three target points.

Thus, apparently the dynamic stress state is very similar to static uniaxial strain in the be-
ginning, but later on it more resembles a state of uniaxial stress. Moreover, the points
which are closer to the axis experiences the uniaxial strain conditions for alonger period of
time. How can we explain al of this?

Let usfirst check out one thing. If the dynamic stress state isreally uniaxial strain, the tar-
get material should be confined in some way, which means it should have no radial veloc-
ity. In Figure 5.4 we have plotted the radial velocity for the same period of time, and we
see that thisisindeed the case. The graphsin Figure 5.3 and 5.4 are seen to be have very
similar characteristics, implying a strong connection between zero radial velocity and
constant stress ratio. It seemsthat aslong as the material is not moving radidly (i.e. is
confined in the radial direction), the stress state is uniaxial strain.

The following physical picture then emerges: When the impact wave travels through the
material, the material wants to expand radially. However, thisis not immediately possible
because it is kept in place (confined) by material outside. However, the material on the
boundary is free to move, and does so, releasing the material inside to move, and so on.
Thus, akind of “release” wave starts at the boundary and propagates inwards. Those parts
of the target which have not yet been reached by this release wave, experiences uniaxial
strain. This also explains why the target point near the cylinder axis experiences uniaxial
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strain condtions for alonger period of time than the other points, as the release wave takes
longer time to get there.

Let ustry to find the velocity of thiswave. On comparing the two outer target pointsin
Figure 5.3, we find that the wave has travelled the 15 centimeters separating them in
roughly 0.045 ms. Thisgives awave velocity of 3330 m/s, which isin the same range as
the sound velocity of the target.

What happens after the wave has finally propagated through to the symmetry axis? Well,
since there is no energy dissipation the wave does not stop, but instead it continues going
back and forth in the radial direction. Thisisthe cause of the oscillations observed in Fig-
ure5.2. Again we emphasize that if we average over alarger period of time, the stress
state becomes very similar to static uniaxial stress, i.e. zero radial stress and constant axial
stress.

So, clearly the dynamic loading process is much more complex than the static counterpart.
Depending on the time and position, we can have either uniaxial stress states or uniaxial
strain, and in addition we have waves going back and forth. However, the knowledge de-
rived above can be exploited to create experiments that are particularly suited to what we
want to measure.

Say that our interest isin the material behaviour under a state of uniaxial stress. Then, we
have seen that after the short initial uniaxial strain phase, a state of uniaxial stressis
reached in the material, except that release waves are going back and forth and disturbing
the overall picture. If we could find away of getting rid of the release waves, we would
have achieved our goal.

Some thought shows us that this can be achieved by reducing the diameter of the target.
This accomplishes two things: Firstly the waves last for a short period of time, and second-
ly their amplitude is smaller. A particular version of this test, to be described shortly, is
called a Split Hopkinson Bar.

On the contrary, say we are interested in studying the material behaviour under conditions
of uniaxial strain. In that case we are only interested in the first phase before the release
waves have returned. To make this phase last aslong as possible, we therefore need to
have atarget with alarge diameter. A particular version of such atest is the so—called
“Flyer Plate impact test”, which will be described later.

7 SPLIT HOPKINSON BAR

One of the most popular tools for dynamic testing is the Split Hopkinson Bar (SHB). It
can be used to find the dynamic yield strength of amaterial. Thetest issaid to work al-
right for strain rates in the range (10> — 10%)/s. In this chapter we examine the SHB test
method closely.
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7.1 Introduction

A Split Hopkinson Bar (SHB) isillustrated in Figure 7.1, which shows a little piece of un-
known material, hereafter called the specimen, sandwiched between two bars of a material
whose properties are well known to us. This apparatus can now be used for obtaining in-
formation about the properties of the unknown material.

Siiker Incidentbar  Specimen  Transmitied bar
I || i = 2 |
—> | |
| Strain gages 1 and 2 |
|

Gans bndges,
slrain amplifiers

Digital osciloscope,
PC

Specimen siress, sirain
and sirain rats

M‘ﬂ
W

Refiected pulze !

- \,..:'J-'.'-’,\‘\ Time,
\ j Transmitted puise
Yewnd  Incident pulse

Figure 7.1: Illustration of a Split Hopkinson Bar. (Figure created by University of
Tampere, Finland).

Slrain

Now the experiment works thisway: Thefirst thing we do is, in some way, to create an
elastic stress wave (rectangular pulse) in the left (incident) bar, for example by hitting it
with a hammer, or by firing a projectile at it, or whatever. Thistypically generates arec-
tangular stress pulse in the left bar, which then travelsinto the specimen. There will then
be a process of reflection and transmission through to the right (transmitter) bar.

From Chapter 6 we recall that when such a specimen isloaded dynamically by a stress
pulse, the stress state will be close to uniaxial stress. There we examined the situation
when the specimen itself was impacted, whereas in the SHB experiment things are allittle
bit more complicated by the presence of the two side bars.

The reason for this complication is that it enables usto stay in better control of the proper-
ties of the incoming stress wave in the specimen. Thisis done by measuring the strain in
the left bar, and since the material properties are known, we can cal cul ate the incoming
stress amplitude. Similarly, the purpose of the right bar isto measure the outgoing stress
wave from the specimen.
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For measuring the strains, we have strain gauges of a suitable type attached to both the side
bars, asisindicated in Figure 7.2. There might also be a strain gauge at the specimen it-
self. These instruments will measure the strain at their respective locations for us at all
times throughout the process.

If we are to measure the strain in the left bar, it isimportant that the incoming and reflected
pulse from the bar—specimen interface do not interfere with eachother at the point of mea-
surement. This puts some restrictions on the initial pulse, which should be of relatively
short duration compared to the length of the side bars, but of long duration compared to the
test specimen (to have along period of uniaxial stress). This means that the side bars
must be much longer than the specimen, asisindicated in Figure 7.1.

We will first go through in detail what happens with reflection and transmission of waves
at interfaces in one dimensional wave theory (disregarding complications such as disper-
sion).

If the the bars are sufficiently thin and the frequencies not too high, dispersion can be ne-
glected, in which case the pul se can be assumed to propagate at avelocity of ¢, = /Ey/p
without changing its shape.

Assuming this, we shall see how the SHB apparatus can be used for measuring material
data. Finally, we discuss certain practical “rea—world” problemsthat arise in an SHB test.

7.2  Wave propagation and reflection

So, what happens when the pulse in Bar 1 eventually reaches the specimen? We shall ook
at thisin detail. For completeness we treat both the cases of the specimen remaining elas-
ticand when it turns plastic. It is of course the latter case which is relevant to the Split
Hopkinson Bar experiment.

7.21  Elastic specimen

In Teland (1), reflection of elastic waves at the interface between two materials was dis-
cussed. It was shown that some part of the incoming wave would be reflected while the
rest would be transmitted. The magnitude of the reflected and transmitted amplitudes de-
pended on the surface area and relative impedance pc of the two materials. The exact ex-
pressions were given by:

1+R

O_T_ﬁ( 2R) IR (1—R) R = 2220 (7.1)
7 O"O 1 -

0o A\T+R B ~ ApqCy

So, Equation (7.1) answers the question of what happens at the interface between Bar 1
and the specimen. The transmitted pulse now travels through the specimen until it reaches
the interface with Bar 2, where some of it is transmitted while the rest is reflected back
through the specimen. The expressions for the reflected and transmitted amplitudes are
the same as given by Equation (7.1), except that material 1 and 2 are now interchanged.
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But we are not yet finished: The reflected pulse now travels back to the interface with Bar
1 whereit is partly reflected and transmitted, and so on.... Inthe end we can calculate the
asymptotic stress state inside the specimen by summing the following geometric series,
containing contributions from infinitely many reflections at the boundaries with Bar 1 and
Bar 2.

ao A
O pecimen = aao(l +b+b%2+b3+ ... ) =1T-p = (—Az)ao (7.2)
_ A 2R _R-1
a=2(Fr)  v=RF (7:3)

After performing similar calculations for Bar 1 and Bar 2, the final results are seen to be:

A
Og =0 ,  Otans =0y O specimen = A_;OO (7.4)

So, after awhile there is apparently no reflected wave and the transmitted amplitude is
equal to the incoming amplitude. The stress amplitude in the specimen is larger than the
incoming amplitude (since A; > A, usualy).
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Figure 7.2: Stress amplitude as a function of time for an incoming stress pulse of amplitude
0o = — 1. Oneunit on thetime scaleisthetime it takes the wave to travel through the
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One may wonder why asymptotically nothing appearsto be reflected into Bar 1. Therea-
son isthat the initially reflected tensile wave is (asymptotically) exactly cancelled by the
transmitted compressive stress waves that have gone through the specimen various times.

In Figure 7.2 we have shown how the stress eventually reaches its asymptotic state. Note
that the total stress at a specific location in Bar 1 will be the sum of the reflected wave
from the specimen and the incoming wave.

However, above it has been assumed that everything remains elastic. Since the stressis
much higher in the specimen during the SHB—test, and it also probably has lower yield
limit than the side bars, it isthe yield limit of the specimen which determines the validity
range of the calculations above.

7.2.2 Plastic specimen

Inareal SHB experiment the specimen turns plastic which means that Equation (7.4) isno
longer valid. Let ustherefore first examine the general case of an incoming wave reaching
the interface between two different materials.

In fact, this turns out to be much simpler than the elastic case. At the interface we still
have the conditions of force equilibrium and velocity continuity. However, in contrast to
the elastic case, we must have o, = Y in the specimen since thisis the highest possible
uniaxial stressin aplastic material. The equations then become:

Aog+07) =AY |, Vog— V=V (7.5)

The solution is as follows:

A
ar=A—2Y—ao L o =Y (7.6)
1
205 — R2Y 0o — R2Y
Vi - vy = : (7.7)
P1C1 P1C1

Finally we must examine the opposite case of a plastic stress wave travelling from a mate-
rial with low yield limit to a material with high yield limit. Assuming that the impedance
in the second material is greater than in the first material, we realize that there can be no
reflection at all because the plastic stress would then increase above the yield limit. Con-
sequently, we have:

A
or=0 , o= A_zY (7.8)
Returning to the SHB—experiment, we see that when the wave goes from Bar 1 to the spec-
imen, reflection and transmission will be according to Equation (7.6) and when the wave
goes from the specimen to Bar 2 there will be complete transmission as in Equation (7.8).

This means that after the front of the square pul se has propagated through the specimen,
and until the rear end of the pulse reaches the specimen, we have a uniform stress equal to
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the yield stress throughout the specimen. Obvioudly thisis very different from the elastic
caseillustrated in Figure 7.2.

7.2.3  Brittle specimen

In the preceeding sections we looked at the SHB for both an (ideally) elastic and an (ideal-
ly) plastic specimen. However, brittle materials such as concrete present us with new chal-
lenges. Thisisaresult of such materials exhibiting complex plastic behavior including
damage evolution, pressure—-dependent yield strength and time—dependent internal micro-
cracking. Further, often (like for concrete) the material is not homogenous.

In an elastic specimen, we saw that there had to be huge amount of reflections to obtain a
steady state in the specimen, whereas for an ideal plastic material, this happened very
quickly. For abrittle material, practical experience shows that there will be some reflec-
tion at the interface between the specimen and Bar 2, but that after afew reflections the
stressis almost uniform.

7.3  Interpretation of the SHB experiment

L et us assume that we have managed to set up an SHB experiment. Using the knowledge
gained about wave reflection and transmission from the previous chapter, we shall now see
how strain measurements in the two side bars can be used to generate material datafor the
specimen.

L et us denote the amplitude of the incoming, transmitted (through to the right bar) and re-
flected stresswave (in the left bar) by o;, oy, 0. The corresponding strains are called

€ ,€r, €t

Our objectiveisto find arelation between stress and strain in the test material. The strain
there can either be measured directly, or calculated indirectly. For practical reasons, most
people calculate the stress indirectly through strain measurements in the side bars. How-
ever, TNO has been able to build a set—up for measuring the strain directly from the speci-
men.

Here we will examine the theory based on indirect strain measurements in the transmitter
bars, and see how the corresponding stress o and strain in the specimen can be found.

To find this we need to assume that the test material isin equilibrium with the side bars.
Ac+Ac =200 =F +F, (7.9)

where F, and F, are given by:

F.(t) = AEqle + ) (7.10)
Fo(t) = AgEet (7.12)



33

Since F, = F, because of the equilibrium assumption, we have finally:

A
o(t) = EOKOEt(t) (7.12)

If, for some reason, we do not measure the strain in the test material directly, this quantity
can also be estimated from measurements on the side bars. Let V4(t) and V,(t) be the ve-
locity of the interfaces. Then the (assumed uniform) strain rate in the test materia is given

by:

de _ Vi~ Vo
dt L
The velocities are aso calculated indirectly from strain measurements in the side bars.
From Equation (4.26) in (1) we have:

(7.13)

V = cge (7.14)
and thus:
giving us:
C o
% = Lle—er—e) = - 2% (7.16)

where we have used the equilibrium condition to obtain the second equality. Now the
strain rate can be integrated over time to give us the strain itself.

7.4  Tensile behaviour

There are variations of the SHB—test with which we can measure tensile behaviour as well.
We won't go into detail s about this, except to draw the attention to some of the possible
experimental set—ups which are shown in Figure 7.23

In one of these set—ups, a*“collar” letsthe initial compressive pulse bypass the specimen
before it reflects at the free surface and returns as atensile pulse. Yet another method is
shown in (d) where a striker tube is used instead of a striker bar.
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Figure 7.2: Various set—ups for tensile tests using the SHB technique. Figure taken from
().

75 Resultsfrom a Split Hopkinson Bar test

Ideally, amaterial test should provide us with complete data for all stress components o;;
as functions of the strains e;; and strain rates de;;/dt. We see that the output from Split
Hopkinson Bar experimentsis the stress oy as afunction of the strain ey and the strain rate

dey/dt, so it is not quite everything we want. The question is whether thisinformation is
of any useto us.

L et us assume that the stress state in the specimen during an SHB experiment can be re-
garded as pure uniaxia stress. If the specimen has ayield limit which isindependent of
pressure (like avon Mises or Tresca material), we can easily read the yield limit from the
one—dimensional stress-strain curve obtained from the experiment.

By performing several experiments with different amplitudes on the initial stress waves,
we can vary the strain rate and examine whether the yield limit is strain rate dependent.
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Such information can not be obtained from quasi—static experiments (although the yield
limit could easily be found from such an experiment), so thisis one use of the Split Hop-
kinson Bar.

However, we are primarily interested in testing materials like concrete where the yield lim-
it depends on the pressure (Mohr—Coulomb, Drucker—Prager type). In thiscaseyielding is
described by ayield curve (surface) and not asingle point (yield limit). The SHB—test can
only provide data for one point on this curve since the specimen is always loaded in uniax-
ial stress (at least we are assuming this to be the case).

For this point on the yield curve, the same conclusion holds that we can investigate the
strain rate dependence by varying theinitial stress. If we know the quasi—statical yield
curve from other experiments we can aso make the assumption that all other points on the
curve have the same strain rate dependence (or some other assumption) and estimate the
strain rate dependence of the whole yield curve.

By using very small specimens of around 1 mm, strain rates up 10000 have been achieved.
However, to use such small specimens the material has to be very homogenous, which can
not be said about concrete. A concrete specimen would at least have to be several centi-
meters for the test to have any meaning, and this again limits the achievable strain ratesin
such atest. Therefore, the maximum strain rate for concrete will be much lower.

75.1 Possibleimprovements on the SHB test

More information could be obtained from the SHB—test if the specimen was confined in
some way. If the confinement pressure could be varied, the specimen might follow differ-
ent pathsin stress space and provide us with data for more than one point on the yield
curve.

There are, however, mgjor practical problems with getting useful data from a confined
Split Hopkinson Bar. DERA tried this but had problems with waves in the confining mate-
rial. However, Gary et. a (9) apparently have aworking version of the confined SHB,
though.

Bhushan/Jahsman (10) almost achieved a state of uniaxial strain in asimilar setup, but had
problems with the yield limit being much higher in uniaxial strain than in uniaxial stress.
However, these guys were testing metals and not concrete, and it is unlikely that the yield
stress would ever be higher in concrete than in steel (or whatever material the side bars are
made of ) no matter what confinement we have.

The advantage of the SHB experiment seems to be that we can obtain information about
the effect of strain rate on the yield limit of the material. Apparently we can not use the
SHB to obtain the constitutive relations at higher stresses than in quasi—static tests. We are
limited by the yield limit of the material in the side bars.
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7.6  Practical problemswith the SHB

So far we have described an “ideal” Split Hopkinson Bar test. However, in the real world,
several practical problems arise. Here we will briefly describe some of these problems and
how they can be dealt with.

7.6.1  Friction

Our first problem isfriction at the interface between the specimen and the two side bars.
Asaresult of thisfriction, there will be aforce preventing the specimen from expanding
radially. However, thisforce works only at the interface and not inside the specimen, so
theinside is able to expand freely. This results in the specimen obtaining a socalled “ bar-
rel” shaped form.

This effect will have influence on the wave propagation in the specimen, as the wave will
now pass through a bar with non—constant cross-section area. The amplitude of the wave
will then be reduced where the radius is large compared to where the specimen radius is
small.

It istherefore very important to eliminate/reduce friction between the bars. By applying a
thin film of lubricant at the interfaces, thisfrictional constraint can be greatly reduced,
however.

7.6.2 Dispersion

Another potensial problem with the SHB is dispersion of the wavepulse. So far we have
assumed the incoming pulse to propagate through the bars without changing shape, but this
is actually only an approximation.

Asdescribed in Teland (1), on solving the equations for wave propagation in abar it is
found that the propagation velocity depends slightly on the frequency of the wave. Conse-
guently, a pulse consisting of waves with many different velocities, will not be able to re-
tain its original shape. Obviously this might lead to problems with measurements in the
SHB experiment. Dispersion is, in particular, a problem for rectangular pulses which we
know are composed of waves at infinitely many frequencies at different amplitudes.

It is beyond the scope of this report to look at dispersion in detail. However, the reason
that dispersion appears is that the Poisson effect makes the bars expand/contract radially,
altering the stress distribution so that the stressis not constant over a cross section of the
bar. The amount of dispersion depends on the frequency of the waves and the radius of the
bar. For agiven radiusthiswill put an upper limit on the allowable frequencies before the
pulse becomes too distorted. Since the strain rate is directly related to the frequency, this
implies that there is a maximum strain rate as well.

There are several ways to deal with the problem of dispersion.
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One method is to theoretically account for that the measured strain as a function of time
has been dlightly distorted by dispersion. If the dispersion characteristics of the material is
known, it it possible to mathematically process the measured results to find what the mea-
surements would have been like if no dispersion had been present. It is probably a good
idea to experimentally determine the dispersion characteristics of the transmitter bars,
instead of only performing theoretical calculations. More details about such an experimen-
tal procedure can be found in (11).

In Forrestal (3) the dispersion effects were reduced by increasing the rise time of the pulse,
so that the the stress increased (approximately) linearly as afunction of time. In practice
this was achieved by placing a small piece of material between the striker and input bar, in
this case athin copper disk. A gradual build—up of stress from stress components that are
transmitted after reflections at the copper—bar interface, just as described earlier for the
Bar 2—specimen interface, is then obtained.

An even more sophisticated method is to generate a pulse consisting of only one frequen-
cy. Thiscan be accomplished by having a projectile that has been carefully shaped. It has
been shown in (7) that a half sine wave may be generated by this approach. We shall soon
see that there are other advantages to creating such an impact pulse, as well.

7.6.3  Fracturing of the specimen

Another potensial problem arises for brittle materials. If the incoming wave gets dis-
persed, the low frequency components will arrive at the specimen first. If the amplitude of
these components is comparable to the strength of the specimen, the specimen might frac-
ture before the main part of the pulse has entered it. The measurements will then subse-
quently not provide any useful information.

Again, this problem can be solved by creating an incoming pulse which does not disperse.

7.6.4 Pulseaignment

Yet another, more technical, problem involves the simultaneous measurement of strainin
the two transmitter bars. Obviously, it isimportant that these two quantities are really
measured at the same time. Apparently, it isnot trivial to determine the “first point” in a
pulse. However, there exist special numerical techniques for aligning the first point in
both pulses, without needing assumptions like perfect bar—specimen interface and known
velocity in the specimen.

7.7 Conclusions

We have now seen how the Split Hopkinson Bar experiment works. The specimen is
loaded in (roughly) uniaxial stressfor a (relatively) long period of time, and material data
are generated from measurements on the transmitter bars.

In the next chapter we shall examine the Flyer plate test, which is more similar to the im-
pact situations described in Chapter 6. It isof shorter duration so that the material proper-
ties are measured in uniaxial strain.
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8 FLYERPLATETEST

In this chapter we will describe the Flyer plate test. However, in order to understand the
theory behind thistest, it is necessary to look more in detail at the impact process.

8.1 Impact

Let us re—examine the familiar situation from Chapter 6, where one plate impacted another
plate of adifferent material. Because of symmetry we will work in cylindrical coordinates
with our coordinate system oriented so that impact isin the x—direction.

We have learned that right after impact a rel ease wave starts propagating in from the
boundary, enabling the material to start expanding radially. However, those parts of the
material which have not yet been reached by this wave will bein a state of uniaxial strain.
Obviously the material along the symmetry axis will retain this state for the longest dura-
tion of time, and will therefore be of special interest to us.

The particlesin this part of the material will have obtained some velocity in the x—direc-
tion, which we denote by U, (the index indicates that thisis the particle velocity and not
the wave velocity). By studying elastic impact, in Chapter 5 we showed that the stress
state was of uniaxia strain, but we made no attempt at determining U, or the stress com-
ponents oy and o, asafunction of impact velocity. Thisisthe subject of the current sec-
tion.

Whereas we in Chapter 5, for illustration purposes, only looked at a purely elastic situa-
tion, this time we will consider an elastic—plastic problem. However, we add the assump-
tion that conditions are so that a plastic shock wave is generated in both the projectile and
the target. Aswas shown in Teland (1), for thisto happen, it is necessary that materials
have a stress—strain curve whose slope (which determines the wave velocity) increases
with stress.

For a sufficiently high stress, the slope may even become larger than the elastic slope, so
that no elastic precursor wave is generated and only a single shock wave isformed. This
simplifies the problem because we do not need to deal with a complicated two—wave elas-
tic and plastic wave structure.

8.2 Equation of state

Before continuing we have to say afew words about the concept of Equation of State
(EOS). Usualy an EOS means an equation relating the pressure to the density and possi-
bly other “state variables’ such as temperature etc.

However, in shock physics/dynamic experiments, people usually mean arelation between
the shock velocity Usand the particle velocity U, when they talk about an EOS. Thisis
(probably) because these are the quantities which are measured in such experiments. Such
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arelation can, however, be used to derive arelation between the pressure and density so
that everything looks familiar.

Let usimagine that a shock wave is propagating with some given velocity Ugin our mate-
rial. The relationship between the materia state behind and in front of the shock wave is
given by the shock equations, which are basically the conservation equations across the
shock front. Ignoring temperature effects, we only need the equations for conservation of
mass and momentum to describe the system:

poUs = p(Us = Up) (8.1)

Here we have used that the pressure in front of the shock front is zero. Notice the product
poUswhich appears in both equations. This quantity is referred to as the (shock) “imped-
ance’ of the material, often denoted by Z. It isanalogous to the elastic impedance which is
given by p,c. However, whereas the elastic impedance is constant, the shock impedance
will turn out to be afunction of particle velocity.

The density p in the “shocked region” can also be expressed as afunction of the strains.
In our case, there are only strains in the x—direction, so we have:

_ Po
P =T+ (8.3)

The two equations (8.1)«8.2) have three unknowns: oy , p and Up. Thus, one equation is
missing if we want to find a solution. However, thisis not surprising since we have not
said anything about the properties of the material, but only assumed conservation of mass
and momentum.

The missing equation therefore has to be the constitutive law which tells us how the mate-
rial behaves. Typically, thisisarelation between stresses and strains. However, mathe-
matically arelation between the shock velocity and particle velocity Us = Ug(Up) will
turn out to be equivalent.

Let us assume that for our material such arelation is measured experimentally to be linear
on the following form (which is typical for metals):

where ¢, isthe elastic wave velocity and Sis a positive constant. The velocity of the

shock wave is thus greater than the elastic velocity, as was assumed initially.

Now, Equations (8.1)—8.4) can easily be solved and the pressure as afunction of density
can be found:

pOCSGX (K + %G)ex
KT A+ )2 L+ Sp)2

(8.5)
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where we have used that the elastic wave velocity is calculated in uniaxial strain. Equation
(8.5) isthe conventional form of an equation of state, but it is now clear that an expression
on the form of Equation (8.4) isjust as good. Note that for a compressive wave, both the
stress oy and the strain ey are negative, resulting in increased stress for large strains.

In Figure 10.2 we have plotted Equation (8.5) for various values of the parameter S. It is
seen that as Sgrows larger, the stress corresponding to a particular value of strain increases
aswell. Thisis consistent with the increase of the shock velocity for growing S, as follows
from Equation (8.4). Note that for S=0, the shock velocity is equal to the elastic wave ve-
locity and Equation (8.5) consequently reduces to the elastic uniaxial strain expression.
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Figure 8.1: Stress—strain relationship for different values of the parameter Sin the (linear)

EOSEquation (8.4). Note that the stressis divided by ,o002 and that actually the negative

of stress/strain has been plotted (thus, positive values in the figure corresponds to compres-
sion).

Finally, we can calculate the radial stress o, . Since the material is plastic, it can be found
from the yield condition after we have found oy. Assuming aMisesor Trescayield condi-
tion, we have:

Ox — Oy = Y (86)

Note that if the stress components are much larger than the yield limit Y, they have to be
almost equal according to Equation (8.6). In this case, the materia behaves approximately
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as afluid, where all stress components are the same and there are consequently no shear
stresses.

Equation (8.5) was derived on the assumption of alinear relation between shock velocity
and particle velocity. For amore general relation Us = Ug(Up), this equation does not
hold, but a relation between pressure and density will always be possible to derive.

Our problem of experimentally finding the EOS of an unknown material is then reduced to
measuring the relationship between particle and shock velocity for that particular material.
L et us now see how oy and U, can be calculated for an impact situation.

8.3 Calculating pressures and particle velocities

Now we want to find out exactly what happens inside the two materials after impact, but
before the release wave arrives. The situation in the plates/bars right areillustrated in Fig-
ure 8.2. Plate 1 has comein from the left with an impact velocity denoted by V. After

colliding with plate 2, shock waves have started propagating inside both plates.

Ifaterial 1 I aterial 2

Lab coordinate system
-

™~ Shock front

7
Felease wave

Figure 8.2: Illustration of the impact dynamics of a Flyer plate test.

The stress and particle velocities have to be continuous across the material interface, which
implies that the pressures/stresses and particle velocities behind the shock waves have to
be identical in both materials.
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Thus, in the region behind the shock wave, the velocity isequal to Uy and the stressis

equal to ox. However, the shock wave is moving at different speeds in the two materials,
and the difference in velocity between the disturbed and undisturbed materials are there-
fore Vy — Up for the projectile and U, — 0 = U for the target.

Using Equation (8.2) in both plates, we have:

0y = PotYUaUp 8.7)

Oy = PeUsUp, (8.8)
where U,;; and U, are the particle velocities in the respective rest frame of the plates, i.e.

the frame in which the unshocked material isat rest. It isvery important to realize that two
plates are not at rest in the same reference frame.

For simplicity, we assume that the EOS for the two materials are linear:

Inserting the EOS into the shock conditions yields

0y = Porl(Cor + SpUp)Upm (8.11)
0xo = PoACoz + SppUp)Upo (8.12)

0,4 and o, have to be equal, as mentioned earlier. But now we have to be careful: Re-
member that U, and U, are measured in different rest frames. Let us do our calcula-
tionsin the laboratory frame, which is the same as the rest frame for plate 2.

In this fixed coordinate system, we will designate the particle velocities as Upa and Ups,
reserving the subscripts 1 and 2 for Equations (8.7) and (8.8).

a) Target

The particle velocity U g in the compressed region is equal to the interface velocity (and

of course, in planar impact situations the particle velocity relative the interface is always
zero for both materials). The material ahead of the shock is at rest. Thus, U, = U g

b) Projectile

The particle velocity U pA in the compressed region is also equal to the interface velocity.
However, the particle velocity Uy to be used in Equation (8.11) should be measured rela-

tive the undisturbed projectile material, which is moving at velocity V. Consequently, we



43

This gives us the following relations:

Ox1 = p1C1(V - UpA) + Sl(v - UpA)2 (8-13)

2
Furthermore, we have U,y = Ug = Up sothat

p1C1(V — Up) + S,V — Up)? = p,CUp + SUp° (8.15)

Thisis nothing more than a simple algebraic equation of second degree for Up,. The solu-
tion is rather ugly, though, and is given on page 112 in Meyers (8) (beware of the two mis-
prints and note that the explanation of the coordinate relation Uy, = V — U, iserro-
neous in Meyers).

After the particle velocity U, has been found, Equations (8.13) or (8.14) can be used to
determine the stress oy at the impact interface.

It isimportant to be aware that Equation (8.15) was derived on the assumed linear relation-
ship (8.9)—8.10) between shock and particle velocity. Although thiskind of relationship is
typical for materials such as metals, it is not true in general that the EOSislinear in this
way. For many materias the functional relationship between Usand Up might be quite
different and needs in general not be linear. However, thisis not really a problem for us.
Although the equivalent of Equation (8.15) will ook slightly different it will still only be
an algebraic equation. In the worst case, where no analytic solution exists, the equation
can easily be solved numerically.

This brings us to the subject of flyer plate tests, where only the properties of one of the ma-
terialsis known in advance. The purpose of thetest is, of course, to determine the proper-
ties of the other material.

84  SimpleFlyer Plate experiment

There are several versions of the Flyer plate experiment, al having in common that they
involve a collision between (at least) two plates, one with known properties and one whose
properties are to be found.

In the simplest version of the test, a plate with known properties (the projectile) is simply
impacted onto atarget plate with unknown properties. This test can be used to determine
the EOS of thetarget plate. By performing several experiments at different impact veloci-
ties, we can find out whether the EOS depends on the strain rate.

L et us see how such data can be derived from the actual measurements. The only datawe
have at our disposal isthe particle velocity at the rear end of the target, which is measured
using VISAR equipment (or similar).
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Assuming that the boundary remains stress free, we find that the velocity which is mea-
sured by the VISAR is twice the particle velocity Uy behind the shock front. By measur-
ing the time the wave needs to travel through the target plate we can determine the shock
velocity Us. By performing the experiment at different impact velocities, we can deter-
mine the relationship between the shock velocity and particle velocity. Using the method-
ology outlined in Chapter 8.2, we can then determine the EOS of the target plate.

This method works well for ductile materials, but unfortunately not for brittle materials.
The reason has to do with inelastic behaviour during loading and unloading, which means
that the particle velocity can not so easily be calculated from the measured rear velocity.
More details are given in (4).

Further, for ductile materials we can also determine the dynamic tensile strength using this
method. Because of the free boundary, atensile pulseis reflected into the plate, cancelling
the incoming square compressive pulse. The incoming pulseis of finite duration and even-
tually the material will experience atensile stress. If this stressis above the tensile
strength, we obtain tensile failure at a specific point inside the target plate. Thisis eventu-
ally seen asadip in the measured rear end velocity. The dynamic tensile stress can then be
determined through analysis of the dip in velocity.

841 Strainrates

It is often said that Flyer plate tests are performed at very high strain rates. Thisistrue,
but it isimportant to realize that, in fact, the strain rate is very small for most of the time,
except when the pulse arrives, at which time it becomes extremely large for avery short
period of time. Averaged over this period of time, it can be said that the strain rate isrela-
tively large, though, but this average is not an interesting quantity.

If we are to measure the strain rate properly, it can also be derived from the VISAR mea-
surements. By measuring U(t), and assuming that the pulse does not change shape (at
least not drastically over short distances, which is a reasonable assumption), we can apply
the following identity:

v Up(X + 4% 1) — Up(x,1)
€T ax AX
However, a measurement at a point a distance Ax away will (assuming no change of pulse

shape) give the same result as a measurement at the same point, but At = %( later. Thus,
S

(8.16)

we have:

i T U (817)

o Up(x,t + 4t) — Up(x,t) (Up(x,t + At) — Up(x,t)) IUp(t)
€= - Us = =%

Thus, the strain rate depends on the shock velocity and the rise time of the pulse. If the
pulseis perfectly square, the strain rate will be infinite for an infinitessmally short time and
then zero. A real pulse will not be exactly square, but during the rise time, strain rates can

reach as high as 107/s.
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85 InverseFlyer platetest

As explained in Chapter 8.4, the regular flyer plate test does not work for brittle materials.
For such materials, the Inverse flyer plate test can instead be used for deriving the EOS.
Thistest isvery similar to the normal flyer plate test, but the specimen is used as a projec-
tileinstead of asatarget. In addition, the specimen is supported by athin Aluminum plate
(or similar) at it'srear end. The VISAR measurements are now made on the back face of
the (well known) target instead of at the unknown specimen material.

So, this time we must find the EOS without performing any measurements on the unknown
material. How can we do this?

WEell, the particle velocity U is quite simple to determine because we know that it must be

equal in both materials (because of continuity conditions), so it does not matter in which
material we measure.
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Figure 8.3: Back face velocity in an inverse flyer plate experiment with an elastic—plastic
Mises material.

Further, when the wave going through the specimen (projectile) reaches the supporting
Aluminium plate, it will be partly reflected as a compressive wave since Aluminium has a
higher impedance. (Some of the wave will be transmitted into the Al—plate aswell). The
shock velocity Ug can now be measured by observing how long time it takes before the
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wave reflected into the projectile (specimen) is returned to the back face of the (well
known) target material. Thisis seen asajump in the velocity measurement at the back
face.

When the reflected wave in the steel plate is reflected as atensile wave, it travels back un-
til it reaches the interface with the brittle specimen, where some of it is reflected and some
of itistransmitted. The part that is transmitted, travels back through the steel plate and
when it reaches the boundary it results in an increase in measured particle velocity. By ob-
serving this increase we can determine how much of the wave was reflected and trans-
mitted at the material interface, and thereby determine the concrete impedance.

Let usillustrate this procedure with the results from some Autodyn simulations of an in-
verse flyer plate test. First, let the specimen be a perfectly plastic Mises material, while
the back plate is made of 4340 Steel. The specimen plate was 8 mm thick while the target
steel plate had a thickness of 3.3 mm. Finally, the supporting Aluminium plate was 2 mm
thick.

A target point was placed in the center of the rear end of the steel plate, and the velocity
measured as a function of timeis shown in Figure 8.3 for three different impact velocities.
We notice that the velocity increasesin “jumps’. The small jumps are due to the wave be-
ing reflected at the specimen interface and returning to the rear end, where it again reflects
at the free surface. However, more importantly, after awhile there is a much larger jump

in velocity and this comes from the wave which went into the specimen and reflected at the
supporting plate before travelling back through the specimen and transmitting at the inter-
face with the back plate.

From this we can measure the shock velocity. It isalittle difficult to pinpoint exactly the
arrival time of the wave, but we go for somewhere around 50 us, which has been illus-
trated by acirclein thefigure. Appropriate error limits must of course always be included
in datalike this, but we will not go into this here. We note that the arrival time appears to
be independent of the impact velocity of the concrete plate.

Knowing the velocity in 4340 Steel to be 5843 m/s, we find that 5.6 msis spent in the 3.3
mm steel plate, which means that approximately 44.4 usis spent going through 16 mm
concrete. Thisgivesa*“shock” velocity of 3610 m/s, which compares well with the
theoretical value of 3730 m/s, taking into consideration the difficulties with pinpointing
exactly when the wave returns.

As aready noted, the shock velocity seems to be independent of the impact velocity and

thus the particle velocity. Consequently we conclude that the shock velocity isjust equal
to a constant, namely the sound velocity under uniaxial strain for this material, and S=0.

Putting this into Equation (8.5) we find that this corresponds to a linear pressure—density
EOS, as was expected (since the material actually has such alinear relationship).

However, let us now see what happens when the material has a different EOS. The results-
from such asimulation are displayed in Figure 8.4. Again it isdifficult to pinpoint exactly
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when the reflected wave actually arrives, but some reasonabl e estimates have been indi-
cated in the figure.
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Figure 8.4: \Elocity at the back face of the target plate for a material with a linear shock
EOS

However, as can be seen from Figure 8.4 there is no doubt that the arrival time is depen-
dent on the impact velocity. Using the datafor the arrival time at different impact veloci-
ties, it is now possible to calculate the EOS of the specimen.

8.6 Even moreadvanced flyer plate test

A problem with the inverse flyer plate test is that it does not enable you to achieve high
enough pressures inside the concrete. To enable this, yet another version of the flyer plate
test has been developed.

The new set—up is similar to the original flyer plate test, except that the (thin) target is
backed up by another (thick) plate made of (well known) material with higher impedance.
The ideaisto make the pressure build up inside the specimen by having a thin specimen
sandwiched between two thicker plates of higher impedance.

Now, let us closely investigate what happens after impact. Right after impact there must
be continuity in velocity and stress at the interface, which leads to a shock wave going
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through the target and the projectile at a specific velocity U ol- Further, until the wave

reaches the interface with the supporting plate, it does not yet know that the target is
backed up by a support plate, so everything is exactly similar to the original flyer plate test.
If we know the EOS of the target for the impact velocity (for example from doing inverse
flyer plate tests), we can determine Un.

When the shock wave reaches the interface between the specimen and the supporting ma-
terial, instead of reflecting completely asfor afree surface, some of it will be reflected and
some of it will be transmitted, depending on the impedances of the two materials. The
supporting plate has a higher impedance than the target, which implies that the reflected
wave will be compressive and will thus increase the stress inside the target. Thisisthe
smart thing about this approach, as it enables us to generate higher stresses by multiple re-
flections without increasing the impact velocity of the projectile plate.

What we need to figure out then is the shock velocity and particle velocity in the target af-
ter reflection.

The impedance of both materials are known (for the specimen, these were measured in the
inverse flyer plate test), so we are able to predict the amount of reflection and transmis-
sion.

Further, since the impedance of the supporting plate is higher than for the specimen, the
stress wave will be reflected as a compressive wave, thus increasing the stress inside the
specimen. The same happens when the wave reaches the projectile, so after afew reflec-
tions we are able to reach very high stresses inside the specimen. As we see, the whole
processisvery similar to the SHB except for the geometry and time duration which makes
sure that the stress state is one of uniaxia strain instead of uniaxial stress.

We can use the VISAR to measure the particle velocity, but again we are not measuring
directly at the specimen. From the first pulse, we find the particle velocity in the specimen
after interaction with the supporting plate. However, since we know the impedance for
both materials, we can use this to calculate the stress state in the specimen right after im-
pact. Further, knowing the impedance for each reflection/transmission we can interpret the
measured back face velocity to find both the various shock velocities and particles vel oci-
ties (for each reflection). Thus, we can obtain the EOS for very high pressures.

9 SUMMARY

We have now examined the theory behind the most important material tests. It is seen that
by having accessto all the various testing equipment, it will be possible to deduct quite a
bit of information about a particular material. In Figure 9.1 isasummary of the informa
tion which can be obtained from the various tests. There are of course much more that
could be said on the subject of material testing, but thisis beyond the scope of the present
report. For more details, the reader is referred to the references.
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Much of the material testing equipment is very expensive and for most research institutes it
isnot practical to invest in all kinds of equipment. For example, the only equipment for
concrete testing at FFl isa GREAC cell for static triaxial tests. During Project 766 it was
decided that it would be more cost—efficient to co—operate with other institutions for dy-
namic tests, rather than make huge investments in Split Hopkinson Bar and Flyer Plate

set—ups.
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Figure 9.1: Summary of material data which can be derived from various static and

dynamic material tests.

Red datapoints:
Red curve:

Yellow datapoints:
Green datapoints:
Blue curve:

Sandard uniaxial compression and tensile tests
GREAC cell measurements

Strain rate dependent uniaxial stress tests (SHB)
Triaxial compression test (HOEK—cell)

Actual yield curve of the material
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