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Behavior of rock salt in uniaxial compression at medium
and high strain rates

J. R. KLEPACZKO (METZ), G. GARY and P. BARBERIS (PALAISEAU)

THIS PAPER presents results of experiments on the rock salt. The overall objective of this research
was to determine the crushing stress, crushing strain and crushing energy over a wide spectrum of

strain rates, 3 x 10=% s=! < ¢ <~ 4 x 1025~!, Three experimental setups have been used to cover
the whole spectrum: two testing machines and a split Hopkinson pressure bar. It has appeared
that the rate-dependence of the three quantities studied is a highly complicated function ofpgtrain

rate. At low strain rates, ¢ < 10~*s~!, plastic flow dominates. Within the low and medium strain

rates 10=4s=! < ¢ < 15! a more intense microcracking is su rin:jposed on plastic flow causing
rate-dependent damage. It has been found that the rate-dependent damage causes a negative rate
sensitivity of crushing stress, crushing strain and crushing energy, a very practical observation. The
last part of the paper concentrates on general discussion of one-dimensional constitutive relations
which include intrinsic rate cffects and rate-dependent damage. Finally, the region of the highest
strain rate is discussed trom the point of view of pressure dependence and inertia of microcracking.
In all cases the quantitative estimations of the rate sensitivities are provided.

1. Introduction

IN RECENT YEARS mechanical behavior of halite, in the pure form or as the natural
rock, has attracted a lot of attention. This has been caused by the rock salt relevance
in connection with nuclear waste repositories. Long-term repository performance must
be predicted and it provides an engineering challenge. It is important to collect for this
purpose as many as possible experimental data on mechanical properties of halite tested
in the form of single crystals as well as polycrystalline natural or artificial material. A
lot of effort has been devoted so far to creep tests at different temperatures, for both
irradiated and non-irradiated halite. Since the long-term repository performance must
be rather predicted than determined directly from the in-situ behavior, a valid predictive
model or a set of models must be developed. Those models must represent physical
phenomena like strain hardening, microstructural evolution, effects of irradiation, effect
of hydrostatic pressure and, finally, temperature and rate sensivity.

Because during plastic deformation halite is highly rate sensitive, it has been de-
cided to test the natural rock salt over a wide range of strain rates. Although rela-
tively numerous literature is available on creep of halite and rock salt, very limited data
can be found on mechanical behavior of those materials at medium and high strain
rates.

It is important to mention that relatively ample literature exists on rate sensitivity
of rocks tested at medium strain rates, for example early papers by SERDENGECTI and
BOOZER [1], CHEATHAM [2], and at high strain rates HAKALEHTO [3], LINDHOLM et al. [4],
CHRISTENSEN et al. [5] and PERKINS et al. [6].

Another type of dynamic test performed on rocks is high strain-rate impulse loading,
for example GRADY and Kirp |7], and FORRESTAL et al. [8]. At those very high rates of
loading description of dynamic damage and fragmentation is of great importance. Fracture



500 J. KLEPACZKO, G. GARY AND P. BARBERIS

and fragmentation data for rocks obtained at high loading rates clearly demonstrate the
rate dependence of fracture strength and fragment size [7].

The problems like rate sensitive damage and fragmentation along with dynamic frac-
ture can be adressed for halite and natural rock salt. It is clear that question concerning
all aspects of the influence of rate effects in mechanical behavior of halite and natural
rock salt have not been extensively explored. Besides of practical importance of dynam-
ics in the nuclear waste repositories, like the effects of earthquakes and explosions, it is
necessary to compare mechanical behavior of this material with another kinds of rocks.
Such studies are crucial in constitutive modeling. It is believed that the present study will
provide a more rational approach to rate sensitivity and fragmentation of rock salt via
interpretation and discussion of experimental evidence.

2. Quasi-static tests in compression

It is the purpose of this study to apply the unified stress-strain approach in determining
crushing stress, crushing strain and crushing energy in uniaxial stress compression for
the rock salt. It was intended to perform compression tests over the widest possible
range of strain rates, quasi-static, medium and high. In order to complete the whole
strain rate spectrum, several strain rates are usually applied. Part of the spectrum can
be obtained using standard closed-loop testing machines. However, higher strain rates,
usually in excess of ¢ = 1s~!, can be obtained only with the aid of specially designed
setups.

Since it is desirable to use always the same specimen geometry, designed for quasi-static
as well as for impact testing, a short disc shape has been accepted. Rock salt specimens
of initial diameter dj = 36 mm and initial height /) = 40 mm were used throughout the
testing. For such specimen geometry the height to diameter ratio is equal ly/dy = 1.11.
This aspect ratio is a compromise between value of 2 recommended in quasi-static tests
and value of ~ 1/2 recommended for impact tests with the split Hopkinson pressure bar,
KOLSKY [9], DAVIES and HUNTER [10], MALINOWSKI and KLEPACZKO [11].

All specimens have been prepared from the salt mine in Alsace (France), Mines de
Potasse d’Alsace (MDPA). More exact characterization of the storage sites in France has
been published by BEREST and NGUYEN MINH, [12]. First, the bars of salt were drilled
out and next machined and cut to the final dimensions. Small flaws or cavities, if present,
were filled with special cement. The faces of specimens were treated in the same way
to assure parallelism better than 0.1 mm. Such procedure has eliminated random stress
concentrators and diminished the scatter of experimental results. The largest grains of
salt did not exceed the value of 10 mm. Thus, in the less favorable case, the specimen
could contain about 10 grains. Between the grains a sediment was clearly visible.

Since the order of maximum crushing strain ¢ for the rock salt specimen described
above, and tested in the quasi-static regime, is about 1 x 1072, it is important to have
a high resolution of strain reading. The displacement U, to crush the salt specimen is
about 0.4 mm and, consequently, an accurate determination of elastic properties and
stress-strain curve requires displacement resolution of the order AU &~ 4 x 10~* mm. The
required displacement resolution was obtained by adaptation of the technique for the
precision compression test. This method was described in detail elsewhere, KLEPACZKO
[13, 14]. Shortly, a disc specimen to be tested is inserted between the upper and lower
platens of a testing machine, and the relative displacement é between the platens is moni-
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tored by two displacement transducers (LVDT). After securing the electric signals from
both the load cell and two LVDT’s it is possible to obtain a record of force P vs. dis-
placement 4. An alternate configuration, applicable for short-time loading, consists of a
digital oscilloscope to record both P(t) and é(t) as a function of time.

Due to high resolution of the measuring system and the small displacement ¢; at the
crushing point, the compliance of the loading system must be taken into consideration.
The compliance is usually determined by using a dummy specimen of the same geometry
as specimen to be tested, made of hard aluminium alloy with known elastic properties.
Force-displacement record with the dummy specimen P(4). constitutes the calibration of
the loading system. The net displacement of the specimen faces is equal

2.1) Al = §(P) - 8.(P),

where é.(P) is the compliance. The compression strain can be calculated from the formula
1
(2.2) e(P) = {—“[6(P) - 6.(P)].-

The compliance once determined remains essentially constant for the same specimen
geometry and the loading setup. Since the procedure of o(c) calculation is usually per-
formed using computer, the analytic form of the compliance can be assumed with a good
approximation as

(23) b, = AyP + A P®

with three constants Ay, A; and o, a > 1.

The technique of the precission compression test enables one to determine the char-
acteristic points, besides Young’s modulus, as shown schematically in Fig. 1. A com-
plete o(c) curve for a rock or a rock-like material consists basically of three regions:
the elastic response, up to (cy,,¢y,), the nonlinear part, up to (ay,¢y), i.e. the crushing
point defined as P, or dP/dé = 0, and the post-critical part associated with catas-
trophic disintegration of specimen. If strain rate € is changed, the higher strain rate
produces the curve number 2 with a positive rate sensitivity. In some rock-like materials
like coal an increase of Young’s modulus is frequently observed at higher strain rates,
[13, 14].

The present analysis of experimental data will be limited to the point (o;,€;) as a
function of strain rate.

In order to cover the widest possible rate spectrum the compression tests were per-
formed using three different experimental setups. The lowest and medium-low strain rate
region was covered by the standard screw-driven testing machine 200 kN with computer
control (3.12 x 107%s~! < ¢ < 1.04 x 10~2s~!). The test data were stored in the diskettes
and later analysed.

The medium strain rates (3.2s~! < ¢ < 7.3s571), a narrow range, have been covered
with the closed-loop, fast hydraulic testing machine 100 kN. The electric signals from the
load cell and displacement gauges were recorded by 4-channel digital storage oscilloscope.
Next the data were stored in the diskettes and the hard copy of each record was produced.
Elimination of time allowed for construction of P(6) and o(¢) plots.

Finally, the highest strain rates were achieved by application of the Split Hopkinson
Pressure Bar (SHPB). This part of experimental program will be discussed later, (¢ =
5 x 10%s71).
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F1G. 1. Schematic stress vs. strain curves for rock and rock-like materials at two strain rates, é2 > £ (a,u, £f)
the point where the curvature is detectable, (o, y) the point of crushing.

In all cases of testing the same platen material was applied, i.e. a hard 2024 Al alloy,
from which the Hopkinson bars were made. Specimen faces were lubricated by grease
with MoS; base.

Within the range of the lowest and medium-low strain rates the following values of
strain rates were employed: 3.12 x 1073s~1; 1.04 x 10=%s~1; 1.04 x 10-3s~1;1.04 x
102s71;1.2 x 10~?s~!. The mean value of strain rate obtained with the closed-loop
hydraulic machine ¢ = 5.25s~! was specially chosen as the mean between 10~?s~! and
5 x 102s~1. For each strain rate five good tests have been completed.

Three representative curves: true stress vs. apparent strain (without elimination of
stiftness) for three strain rates are shown in Fig. 2. Their significance lies in the fact, as it
is discussed in the further section of this paper, that higher strain rate produces substantial
reduction of the crushing strain ¢;. Also, the crushing stress o; has been substantially
reduced when strain rate was increased. For small strains, €5, < ¢ < ¢y, a positive rate
sensitivity of stress is observed. Those results differ from the typical responses for rocks
at different strain rates and such behavior of MDPA salt will be discussed further on.
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FiG. 2. Three representative curves for MDPA salt for three strain rates: 1 — & = 3.12 x 10354,
2-¢=104x 10735713 - ¢ =5325"1

3. Dynamic compression tests

The high strain rate tests were performed with the SHPB apparatus specially con-
structed at Ecole Polytechnique (Paris) for testing rocks and rock-like materials. All de-
signing is similar to that implemented in the University of Manitoba, Canada,
KLEPACZKO [13]. The modern SHPB apparatus consists of an air gun, Hopkinson bars
and a shock absorber. The SHPB technique was developed initially for testing metals
at high strain rates (~ 10%s~!), Koisky [15], and later found application in the testing
of many materials, including rocks with or without confining the pressure, for example
LINDHOLM et al. [4]. The most popular version, with application of mechanical impact
instead of explosives, is due to LINDHOLM [16]. This version, where a short cylindrical
specimen, in the present case of the same geometry as that for the quasi-static tests, is
inserted between two slender bars of diameter D = 38 mim, is called the three-bar ar-
rangement. The third bar is simply a projectile of the same material and diameter as the
Hopkinson bars.

The loading stress pulse is initiated by the impact of the striker (third bar) against the
incident bar. The striker bar is accelerated to the impact velocity vy by the gas gun. The
amplitude ¢; of the incident pulse is proportional to the impact velocity vy. The duration
of the incident pulse is proportional to the length of the striker. Upon impact, an incident
compression pulse of amplitude ¢, is propagated at the elastic wave speed Cj &~ 5 mm/ps.
The incident pulse propagating along the incident bar reaches the specimen and is partly
reflected as a tension pulse —c(t) and is partly transmitted through the specimen into
the transmitter bar as a compression pulse ¢ (t). The relative magnitudes of the reflected
er and transmitted £y pulses depend upon the mechanical response of the specimen.
Since numerous internal wave reflections occur in the specimen during the loading time
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0 <t < ty, where t; is the instant of crushing (or time reading at the maximum force), the
specimen remains near the mechanical equilibrium. This is the fundamental assumption
of the SHPB method. The condition of mechanical equilibrium is approximately satisfied
when the number of internal wave reflections is larger than 7 to 10.

If the continuous elastic strain-time histories of the incident £;(t), reflected —cgr(t),
and transmitted ep(t) waves are recorded, then it is possible to determine the complete
deformation history of a specimen material, i.e. o(¢),£(¢) and other characteristics. In
the case of semi-brittle materials, including rock salt, it is difficult to satisfy the condition
of mechanical equilibrium, and frequently a more exact analysis of the ¢,(t) — ¢r(?) and
er(t) records must be employed.

Technical details of the SHPB apparatus used in the rock salt testing will be omitted
here. It may be important to describe some basic data of the SHPB. Impact velocity vy was
measured by three photodiodes and digital memories. The system of three photodiodes
allows for determination of the assumed constant acceleration or deceleration of the
projectile just before impact, and then an exact value of vy can be determined. The waves
er,¢r and g7 were measured by SR gauges with the gauge length 3 mm. The signals after
conditioning were stored in the memory of the digital oscilloscope and next the digital
data were stored on a disk for further computer analyses.

Due to the tendency found from the quasi-static tests that the crushing strain ¢;
substantially diminishes at increasing strain rates, the problem of mechanical equilibrium
and other effects associated with the interface friction, radial and longitudinal inertia
of specimen, Pochhamer-Chree vibrations (radial inertia of Hopkinson bars of diameter
38 mm) become more important in the analysis of oscillograms.

In order to improve oscillogram analysis and to determine the stress-strain character-
istics more exactly, the computer program DAVID has been specially prepared for this
purpose, GARY and KLEPACZKO [17]. If the three waves ¢y, cp and ¢y are stored in the
digital form and the impact velocity vy of the projectile is known, the data can be fully
analysed using the program DAVID. The effects of inertia and friction are included into
the program using the analytic formula derived in [11]. The following formula for the
elimination of the effects of friction and inertia has been implemented into the program
DAVID

6 o) =70 (1- 355) + 152 [20 - Ziew + 01+ 20 0:0,

where &, () is the calculated value of the mean true compression stress as a function of
time with the standard SHPB analysis of waves, KLEPACZKO [18,19]; s(t) = 1/d is the
current value of the aspect ratio, £(¢) and ¢ are, respectively, the current mean values
of strain rate and acceleration as calculated from SHPB formulas, u is the coeflicient
of friction, finally ¢ is the current value of the corrected stress. It is important to note
that during SHPB test the mean strain rate ¢ and the mean strain acceleration ¢ are not
constant and they must be determined during the data analysis with the SHPB procedures.

In addition to the standard SHPB procedures, the program DAVID allows for the
complete analysis of the energy absorption in the specimen volume. The energy formulas
have been discussed by KLEPACZKO [18]. A more simple analysis of this kind was reported
by LUNDBERG [20]. The energy analysis enabled computer calculations of the energy of
crushing W, as a function of the mean strain rate .

Generally, the program DAVID enables one to calculate 30 different functions, includ-

30(1‘(1)
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ing the corrected mean stress, the forces and displacements at both faces of the specimen.
Such procedure can be used [or evaluation of the test as well as for the complete de-
termination of stress or strain errors due to temporary loss of mechanical equilibrium.
Among others, the following functions can be calculated and displayed: o(t), (), o(c),
£(c), Wi (), et

4. Experimental results for the whole rate spectrum

Having completed experiments with three setups which cover the wide rate spectrum,
it was possible to construct the following three plots:
i. crushing stress o, vs. logarithm of strain rate, logé, shown in Fig. 3;
ii. crushing strain ¢; vs. logarithm of strain rate, log¢, shown in Fig. 4;
ii. crushing energy 1V, vs. logarithm of strain rate, log ¢, shown in Fig. 5.

50
rock salt
1=293 K -

S
Q<
by
—~
-
)
]
5
19}
2
R _
% 20 o
S

r A 1 L 1 1 1 e

0—5 -4 o) 2 -1 0 ! 2 3

log strain rate log £ [s™']

Fic. 3. Rate spectrum of crushing stress oy for MDPA rock salt: o — experimental data of Metz University,
e — experimental data of Ecole Polytechnique, o — mean values.

Figure 3 reveals rather complicated and non-typical changes of the crushing stress as
a function of log <.

The strain rate sensitivity of halite and natural rock salts has been determined many
times from creep tests, [or example in a review paper by CARTER and HANSES [21]. If the
following definition of rate sensitivity of uniaxial stress (p = 1/3¢) is introduced, where p
is the hydrostatic component of the stress tensor, p = 1/30y,

1) 1= ()
dloge /4,

then up to the strain rate ¢ & 10~*s~! the rate sensitivity of crushing stress 3; is positive.
Consequently Eq. (4.2) defines 3,

_ ([ 9oy
(4.2) 3 = (alogs_)”.
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FiG. 5. Rate spectrum of crushing energy Wy, for MDPA rock salt; o — experimental data,
o — mean values.

For example, the order of 2 determined from the experimental data for rock salt
reported by FARMER and GILBERT [22], where constant strain rate tests were performed
within the range 2x 10~7s7! < ¢ < 5x 1073571, is 3 = 5.5 MPa for deformation ¢ = 0.04.
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Similar positive values of 3 were determined fore = 0.02 and ¢ = 0.10 using data of Fig. 14
published by FARMER and GILBERT [22]. The slope Aay/Aloge of Fig. 3 fits the value
of 3 = 6 MPa at strain rates lower than 1 x 10~*s~!. This is the creep region in Fig. 3.
The next part of the plot oy (log¢), between the strain rates 1 x 1074571 < ¢ <~ 1571,
is characterized by the negative rate sensitivity 3; of crushing stress. The lowest rate
sensitivity of J; occurs at ¢ &~ 3 x 107¢s~! and its value is (8 )min = —4.48 MPa. It is
believed that the negative values of 3; within this strain rate region are due to enhanced
microcracking superimposed on plastic deformation. Such point of view that the effect of
increased strain rate is to make the rock salt specimens appear more brittle was deduced
from the state of the tested specimens by FARMER and GILBERT [22].

The minimum of o is observed approximately at strain rate ¢ = 2.0s~!. Finally,
within the region of high strain rates 50s~! < ¢ < 10*s™!, oy rises again. The positive
eftect of high strain rates on ¢; is due to microcracking inertia superimposed on the
increased hydrostatic component p of the stress tensor developed by the radial inertia of
the specimen material, KIrp er al. [23], KLEPACZKO [24], JANACH [25].

The role of microcracking, microcracking inertia and an increase of the hydrostatic
component of the stress tensor at high strain rates will be discussed further in the next
part of this paper.

Even more dramatic changes of the crushing strain ¢; as a function of logé&, in com-
parison to oy, are shown in Fig. 4. Those results demonstrate a substancial reduction of
plasticity and enhanced damage due to microcracking when strain rate is increased. The
increase of ¢ from 1 x 10~%s~! to 10°s~!, i.e. six decimal orders, reduces the crushing
strain from ~ 4 x 1072 to ~ 2 x 1073, Specimens tested with the SHPB at ¢ ~ 102s~!
showed almost brittle fracture with small values of ¢; (of the order ~ 2 x 10-3). An
increase of the hydrostatic component of the stress tensor and microcracking inertia at
the highest strain rate ¢ ~ 5 x 10*s™! produced increase of ¢; up to ~ 1 x 1072,

Because at the medium strain rates an increase of strain rate reduces both ¢; and ¢/,
it was obvious that the crushing energy will also show substantial changes as a function
of strain rate. The integration procedures and the program DAVID have been used to
calculate IV, (log¢), and the results are shown in Fig. 5. Again, a deep minimum of W,
is clearly visible at # ~ 1.0s~'. At the highest strain rates the scatter of both quantities
oy and ¢y enhanced the scatter of W,,. However, the two mean values of W, show a
substantial increase.

Since the reported results obtained within a wide spectrum of strain rates for the
MDPA rock salt demonstrate new features, not reported in the open literature so far, a
more complete discussion is attempted in the next part of this paper.

5. Discussion of experimental results, quasi-static and medium rates

It is obvious that the observed changes of ¢,<; and W, stem from the physical phe-
nomena present at different strain rates. Diffusion, plasticity (motion of dislocations),
microcracking, inertia of microcracking and effects of hydrostatic pressure are usually su-
perimposed in difterent proportions depending on conditions of loading, i.e. temperature,
strain rate, stress (creep), strain (stress relaxation) and confining pressure. Those factors
will influence not only the flow stress and rate sensitivity but also the mode of failure.
Analysis of the available experimental data for rocks and rock-like materials reveals two
typical schemes as shown in Fig. 6a and 6b, after MROZ and ANGELILLO [26]. When
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plasticity dominates during specimen deformation at increased strain rates, the result of
uniaxial compression tests will be as shown in Fig. 6a, where ¢; < €; < €3. The increase of
both the crushing stress o, and crushing strain <; is observed, the loci of points (oy,<y)
constitute the failure envelope. The rate sensitivity of stress 5 and the rate sensitivity of
crushing stress 3y are both positive. The arrow shows direction of changes of the envelope
when strain rate is increased.
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FiG. 6. Three possibilities of specimen behaviour loaded at different rates in uniaxal compression
for rock or rock-likc materials: (o, <) denotes the failure loci (dashed lines); £; < €2 < é3.

For the second case, shown in Fig. 6b, the crushing stress o increases when the strain
rate is increased, but at the same time the crushing strain e; decreases at increased strain
rates. Such behavior indicates an embrittlement of material due to increased strain rate.
Both strain rate sensitivities /3 and ; are positive.
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Finally, the case shown in Fig. 6¢ depicts the behavior of the MDPA rock salt in
the domain of small and medium strain rates. For this case an enhanced embrittlement
reduces not only =; but also o leading to a deep minimum of the crushing energy W,,.
Moreover, the rate sensitivity 3, of crushing stress is negative.

It is important to note, looking at all schematic figures a, b and ¢, that in the case of
small strains of the order ~ ¢, the rate sensitivity 3 of the current stress is always positive.

6. Remarks on constitutive modeling

The next part of this paper will be briefly focussed on constitutive modeling of the
phenomena which have lead to the material response shown in Fig. 6c.

Although natural aggregates ol the rock salt contain appreciable concentration of
impurities in the form ol silt and clay layers, the dominant bulk material is halite. Thus,
it is reasonable to study the constitutive laws formulated [or single crystals or polycrystals
of pure halite.

At moderately low temperatures, ¢ ~ (0.4, where @ is homologous temperature, (6 =
T/ Ty, T, is the melting temperature in [K]) and strain rates higher than ~ 10-5s-1,
the plastic deformation in halite occurs by dislocation glide. If motion of dislocation is
thermally activated, then the general Arrhenius relation defines the shear strain rate I,
for example KLEPACZKO |27].

(6.1) I* = vi(s;) exp [_ _M"f(f*,sj)] |

kT

where v; is the [requency (actor and A, is the [ree energy of activation, k is Boltz-
mann constant and T the absolute temperature. The subscript i indicates the i-th, so far
unspecified, thermally activated micro-mechanism of plastic deformation. Since plastic
deformation is associated with generation and annihilation of defects (dislocations), both
the frequency factor »; and [ree energy A(; must depend on microstructure character-
ized by s; structural variables, KLEPACZKO, [29]. Generally, AG depends on the effective
shear stress 7 in a nonlinear manner, where 7 = 7 — 1, 7 is the applied stress and 7, is
the internal stress, for example KOCKS et ar. [28]. The free energy of activation AG can
be written in the linear case as lollows:

(62) AG; = AH; — o™ 1™,

where AG is the activation energy for the particular case of dislocation glide. The co-
efficient v, having the dimension of volume, is called the activation volume; also from
Eq. (6.2) v* = —d(/dr™. The activation volume v~ is a critical parameter in the thermal
activation strain rate analysis. The rate sensitivity 3, is directly related to the activation
volume ©*

(6.3) o = (“) : or-u*=(kl) ,
e S mt /.,

where 3, and m, are the rate sensitivities, [27]

(6.4) Iy = ( or ) and m = (‘dlog‘t.') g
dlog!' /1, dlogl' /1,

When Tresca yield condition is assumed, ie. ¢ = 27, the activation volume v* can be
calculated at room temperature using the value of 3, = 5.5 MPa and the value of kT at
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T =300K, kT = 4.134x 1072 J, v= = 1.51x 10~% m*. The ratio to Burgers displacement
b =4 x 10" m gives finally the following value v* /b* = 23.5. This relatively small value
of v~ suggests that the intrinsic lattice resistance to dislocation glide participates in plastic
deformation of halite at RT. It must be, however, remembered that the value v* /b3 = 23.5
has been determined for the natural rock salt. ARIELI et al., [30] determined the activation
volumes for annealed polycrystalline pure halite at temperatures 296K < T' < 673K and
strain rates 107%s~! < ¢ < 10-!s~!. The values of v*/b* found within the temperature
range 296K < T' < 423K were strain-independent and they changed from v* /b = 3.5 at
T = 296K to v~ /b* = 6.0 at T = 423K.

A more general analysis of available dislocation mechanisms which control plastic
deformation of halite at different temperatures is possible via deformation mechanism
maps, FROST and ASHBY [31], MUNSONand DAWSON, [32]; BLUM and FLEISCHMANN [33].
Two dislocation mechanisms which can contribute to plastic flow, in addition to the Peierls
one, are dislocation climb and dislocation cross-slip. It is expected that the climb will
dominate at medium-high homologous temperatures and the cross-slip will prevail at
high stresses and relatively low homologous temperatures, SKROTZKI and HAASEN, [34].
Unfortunately, both mechanisms lead to the similar constitutive relation

oy H/m B
(6.5) M= /'[);(:—l) exp [— #}(Q
where AH, is the stress-independent activation energy for /-th mechanism (climb or cross-
slip), p is the elastic shear modulus, 7= is the eflective stress and Iy is a constant. The
logarithmic rate sensitivity m is defined at constant 7" and p by Eq. (6.5). When Eq. (6.5) is
inverted and Tresca yield condition is assumed, i.e. 7 = ¢*/2, I' = 2¢, one can determine
the flow stress

9z B T m
(6.6) 0=0#+Z;1(;exp(w)) .
T k1
Introduction of the Zener-Hollomon parameter 7, where
. AH;
(6.7) Z = :Zexp ( T )
yields
7 m .
(68) o =0y, + 2,[1(%) 5 f(),‘ ] F[],‘/2.
£0i

Since the logarithmic rate sensitivity m is related to the rate sensitivity of stress 3, by
the following relation, KLEPACZKO [27], my = 3, /@, value of my can be found for the
MDPA rock salt using value 3, = 5.5 MPa and 0y = 34.2 MPa at € = 3 x 1073s71; the
value is my = 0.161 or mJTl = 6.22. This value correlates well with the values given in
literature, for example NEVILLE et al. [34], m~! = 7.

Equation (6.6) is an ample source ol phenomenological constitutive modeling. It is
usually assumed that ¢, = 0 and A/ = const, then

2\ mAH
6.9 o= Bs™ B =32 1(—:—> ex| (——~;—-) :
(6.9) "\ P\ %7
Of course, strain hardening is eliminated due to assumption of the steady state (no evo-
lution of microstructure).
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Fundamental assumption in phenomenology of constitutive modeling for rock salt is
the concept of mechanical equation of state

(6.10) (0,6,6,7) =0,

where all four quantities constitute the four-dimensional surface and stress o follows any
path on the surface. There is no evolution of microstructure in the model and strain
acts as an independent variable. Strain rate and temperature may be related by physical
relations. The specific case of the constitutive surface is in the form

(6.11) o = i) L()(T).  p = const.

This uncoupled form is used frequently for many materials. A more specific form is as
follows:

(6.12) o= fi(g)™ exp (%) , p = const,

where fi(¢) represents the effect of strain hardening, m is defined above and Q is a
constant. Relation (6.12) can be rewritten with the Zener—Hollomon parameter

(6.13) a= f(z)Z™, p=const.
The empirical power law for transient creep of the form
(6.14) g, = Atfo"TY

applied for two rock salts by NEVILLE et al. [21] with s; = 0.45; 7 = 3.3 and ¢ = 11.4
and s; = 0.3 and ¢; = 9.5, can be rearranged into

(6.15) o = Be"emT !

where n = (1 —s)/r; m = s/r; | = ¢/r and ny = 0.167; m; = 0.136; [} = 3.45, for the
second case: n; = 0.233; m; = 0.100; [; = 3.17.

Another form of the mechanical equation of state of the power form has been applied
for the rock salt by RUSSEL et al. [35]. The form of Eq. (6.12) was applied with f,(c) =
Be™. It has been concluded that the strain hardening index n remains constant only at
medium strains and the steady-state cannot be predicted. Those authors finally introduced,
as fi(e) in Eq. (6.11), a combination of exponential functions. The total number of
constants in that equation of state was five.

It can be shown that for many materials the most general form of the mechanical
equation of state in the power form obeys the relation, KLEPACZKO [36, 37],

(6.16) o = B(T)e"®¢m¥) . p=const,
where B(T), n(T) and m(T) are, respectively, the plasticity modulus, strain hardening

index, logarithmic rate sensitivity. The final form of the constitutive relation (6.16) has
been analysed in [36] and the result is the set of Eqgs. (6.17) to (6.21)

i o AH m(#)
(6.17) e [LEP(_A—;I{))] ,
(5.18] = COy+ 1@,
(6.19) C(0) = [1 - (0 - p)exp(q(1 - 0))],

(6.20) m(f) =anl, 0<6<0S5,
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(6.21) n(@) = no(1-0), 0<<l,

where @ = T'/T,, and T,, is the melting temperature, & is Boltzmann constant; AH, I,
T, Ps ¢, v and ng are material constants. This constitutive set can be applied to the
modeling of strain rate and temperature eflects in pure polycrystalline halite within wide
range of homologous temperatures, 0 < 0 < 0.5. In addition, it is recommended to use
the inelastic strain =;; in all equations of the power form, £; = ¢/F — <.

All constitutive relation discussed above are related to the time-dependent plasticity
and they are not capable of taking into account the effect of microcracking on ¢ and oy.
It is possible to introduce in Eq. (6.1) the function of damage

(6.22) o = file. D) f2(. T)3(T) fa( D, €) .

The first two schematic diagrams of Fig. 6 indicate the negative rate-dependence of the
crushing stress. MROZ and ANGELILLO [26] assumed a damage rule due to deformation
degradation and stress degradation. However, in the present case a different approach
will be pursued. It has been assumed that the probability of damage D can represent
strain and rate-dependent material deterioration, 0 < > < 1, and a less general form of
fu(D) is

(6.23) JiD,e)=1-D(.8), p=0.

Since it has been found that the MDPA salt deteriorates in proportion to logé, as it is
shown in Fig. 3, the following explicit formula for D(<, £) is proposed

(6.24) D(s,¢) = (Dl>(g - ]) + Dz log (-551") ’ {

>0,
>z,

oo

where Dy, D;, <y and £ are material constants. The physical meaning of Eq. (6.24) stems
from the experimental observation that the rate-dependent deterioration begins at the
strain rate ) and, at the same time, the strain-dependent deterioration is triggered at <.
Because the strain-dependent damage starts at ¢y, the operator () has been introduced:
() = 0for = < zgand () = Dy for £ > <. The quasi-static limit of (¢, — ), can be,
for example, determined from Fig. 2 for strain rate ¢ = 3 x 10798715 (s, — g9) = 0.12,
where <. is maximum strain where D = 1. Since the minimum of =, can be estimated
from Fig. 4 as being close to the yield strain ¢, &~ 2.5 x 10~?, then it is assumed that
€0 = €. and the constant Dy in Eq. (6.24) has the value D; = 2.13 x 10~2. Similarly,
the constant [, can be determined from Fig. 3. When it is assumed that ¢y = 10~*s~!,
the negative slope of oy (log <) extrapolated to o; = 0 gives the value of ¢, ~ 10~3s~!
and D; = [log(s./¢y)]~"; D, = 0.11. Thus, within the domain of strain rates 10~ %s~! <
¢ < 10s71, the tenfold increase of ¢ increases the rate-dependent damage by ~ 11%.
Of course, this simple determination of constants bears some errors and is understood
as preliminary. The simple phenomenological formulas (6.23) and (6.24) can take into
account in the linear form the strain- and strain-rate dependent damage in Eq. (6.22).
The eflect of confining pressure is neglected in this approach by assuming p = 0. Of
course, application ol confining pressure will substantially increase ¢, and will reduce the
value of Dy. It is not clear, though, whether the rate-dependent damage will remain
unchanged at increasing values of p. Some preliminary data for rock salt seem to indicate
that the maximum of o, is shifted from ¢ &~ 107*s~ ' at p = 0 to 10~3s~! at p = SM Pa,
HUNSCHE [38].
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7. Discussion of experimental results, high strain rates

It has been recognized for some time that rocks and ceramics show a sudden increase
in the crushing stress oy at strain rates above 10*s~'. For example, tests performed on
coal for the strain rate range 10~*s~! < ¢ < 2 x 10*s~! have shown such a behavior,
KLEPACZKO [13]. A similar behavior has been found in the MDPA salt, where the crushing
stress starts to increase at strain rates above 10s~'. At the highest strain rates, achieved by
means of the SHPB, the salt tested has shown the highest strength and relatively high rate
sensitivity. It is known that within the high strain-rate domain, above ~ 10 s=! the rate
sensitivity 4 or /3; is not a constant lor rocks and rock-like materials, but increases very
fast when strain rate is increased, for example GREEN et al. [6.40], KLEPACZKO et al. [13,
14, 39].

As there is a considerable practical interest in the high strain-rate sensitivity of rock
salt under impact loading, a further discussion of this eflect will be pursued. Generally,
two material factors contribute to the enhancement of the rate sensitivity at high strain
rates. The first one, which develops the apparent strengthening, is a direct consequence
of the pressure sensitivity of the failure stress. Since the intrinsic rate sensitivity of stress
increases as a [unction ol strain rate, so it develops an increase of the mean stress oy =
o1/3, and in turn, an increase of the mean stress increases oy. In addition the effect
is amplified by radial inertia of the specimen material, JANACH [25]. The pure quasi-
static eflect of the mean pressure on the lailure stress of the rock salt has recently been
demonstrated by HUNSCHE, [41]. Tt was shown that the strength of rock salt increases
non-linearly with increasing mean stress p.

The second factor is the effect of the inertia controlled growth of Mode I micro-
cracks, GRADY er al. |23, 42], LANKFORD [43]. At the early stages of fast loading, the
crack (or microcrack) response exhibits a delayed time-dependence due to material inertia
near the crack tip. Thus, higher dynamic fracture stress in region of high strain rates
are of consequence of microstructural inertia effects, leading to an excessive strain rate
sensitivity.

It is clear that both factors contribute at the same time, however, in different propor-
tions depending upon the conditions of loading. A more exact discussion and derivation of
constitutive relations which include both effects is published elsewhere, KLEPACZKO [24].

The total increment of crushing stress o, determined from experiments can be split into
lwo components

(7.1 (Ao )rorar = (Ao p)pressure + (Ao )RATE -
The first component is a function of the first invariant of the stress tensor, i.e. the mean
pressure, whereas the second shows a cube root dependence of ¢; on strain rate, if the
model proposed by GRADY et al. is true.

In the double logarithmic coordinates (logoy.log<) the model with inertia of micro-

cracking should provide a straight line with the logarithmic rate sensitivity m; = 1/3.
Such a plot has been constructed and is shown in Fig. 7. The linear regression

(7.2) loga; = A+ myloge

is represented by the straight line with A = 1.293 and m; = 0.108 if o is in MPa and ¢ in
s~ 1, the regression coeflicient »? = 0.508. The dashed line represents the microcracking
inertia model with m = 1/3. Itis probable that the evolution of damage can supress some
part of the rate sensitivity.
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FiG. 7. Plot of log 7 ¢ vs. log ¢ for MDPA rock salt; x — experimental points,
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FIG. 8. Plot of o vs. ¢ tor MDPA rock salt, x — experimental points, o — mean values from Fig. 3,
the solid line is the linear regression analysis, 7 is pseudo-viscosity.

The second possibility to analyse the region of high strain rates is to introduce the
notion of pseudo-viscosity, KLEPACZKO et al. |13, 14, 24, 39]. In such case the following
linear relation holds

(7.3) op =ap+ e

with pseudo-viscosity = (doy/d¢); the dimension of n is in Pas, or in Poise. The
linear regression analysis has been applied for experimental results on MDPA salt and
the result is shown in Fig. 8. Indeed, the linear regression provides a relatively good fit
to experimental points with o7y = 24.85 MPa, 5 = 4.34 x 10* Pass and »? = 0.57. Thus,
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the pseudo-viscosity approach gives even better »* than the case of Eq. (7.2). The order
of pseudo-viscosity 5 is the same as the mean values determined for example for coal
n = 3.66 x 10" Pa.s and mortars = 4.27 x 10* Pa.s aged 28 days, and n = 5.95 x 10* Pa.s
for mortar aged 6 months, KLEPACZKO [39].

8. Conclusions

Evidence has been presented for strain-rate dependent failure of the MDPA salt in
compression without confining pressure. Certainly, the experimental results show that the
crushing stress o, the crushing strain ¢; and the crushing energy W,, are complicated
functions of the strain rate . The maximum of the crushing stress o, is observed at
¢ & 107*s~!. At low strain rates, £ < 107*s~1, plasticity dominates over the damage
processes. But at higher strain rates, 10~*s~! < ¢ < 157!, the damage dominates over
intrinsic rate sensitivity, and the crushing stress o, the crushing strain £; and the crushing
energy IV, exhibit negative rate sensitivity, a very important engineering problem. Finally,
at high strain rates, ¢ > 10s™!, the eflect of mean pressure and microcracking inertia are
the main factors which make the rate sensitivities of oy, ¢; and W,, positive. However,
the logarithmic rate sensitivity m; is lower than that predicted by the microcracking
inertia model. Probably the rate sensitivity is supressed by some damage processes which
accompany the inertia of microcracking. Further studies are needed to combine intrinsic
rate sensitivity, rate-dependent damage and inertia of microcracking.
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