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ABSTRACT

An experimental study was made of influence of strain magnitude and
strain duration on dynamic fracture in uniaxial tension of low-strength gyp-
sum plaster, high-strength gypsum plaster, high early strength portland
cement mortar, and ordinary portland cement mortar. Dynamic test speci-
mens were circular cylindrical bars with diameters ranging from 0.9 to 1.2
inches and lengths ranging from 18 to 58 inches. Static test specimens 2
inches long were cut from the long bars., A special loading device, designed
and constructed by Melpar, generated a compressive pulse by longitudinal
impact of two metal bars and applied the pulse to one end of the dynamic
test specimens., The compressive pulse was reflected at the free end of
specimens as a tensile pulse and caused fracture in tension at a section
near the middle.

Time from zero strain to maximum tensile strain varied from 10 to
35 microseconds, and total duration of tensile strain varied from 20 to 430
microseconds with few exceptions. All materials withstood tensile strains
two to three times the static fracture strain for short periods, The strain-
ing time required to cause fracture varied with strain magnitude,
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SECTION 1

INTRODUCTION

In this investigaticn, experimental data have heen generated which
provide an improved unxderstanding of stress-strain time conditions neces-
sary to cause tensile fracture of gypsum plasters and concrete mortars
when the time of applying load 18 in the order of 20 microseconds, It is
hoped that research of this nature will eventually produce a simple mathe-
matical statement of conditions necessary for fracture of a broad class of
rock-like materials., Also, it is hoped that a simple test will he developed
for determining a property which is a measure of resistance to fracture of
these materials by very rapid tensile loading.

Dynamic tensile fractures are thought to occur in many important
practical cases, including the collapse of subsurface tunnels, cratering, and
percussion drilling, It is believed that dynamic fracture in tension is a very
important part of the complex phenomena of hehavior of rock under explo -
sive or impact loading. Improved understanding of the phenomenon has im-
portant application to model prediction of fracture. In addition, improved
understanding of dynamic tensile fracture may lead to significant improve-
ments in efficiency in drilling, blasting, and demolition and to better design
criteria for blast-resistant structures.

The basic reason usually advanced for the great importance of tensaile
fracture, as compared to compressive or shear fracture, 1s that the ratio of
compressive strength to tensile strength of rocks! varies from 10 to 20.
Since tensile strengths are so much lower than compressive strengths, rocks
will transmit intense compression stress pulses without damage; but when
tensile stress is produced by some means, such as reflection at a free sur-
face, the rock is readily fractured.

There i8 considerable evidence that fracture under rapidly applied
loading cannot be predicted by specifying a state of stress or strain, Speci-
fication of the conditions causing fracture must also include time.

Dynamic fracture in tension for loading durations in the range of 20 to
500 microseconds is an important part of the complex phenomena of hehavior
of rock under blast or impact loading. Load durations in this range have
been observed in instrumented laboratory scale model experiments 2,3 and
in field tests involving several pounds of explosive.“-5-6

Several investigators have discussed the importance of tensile frac-
ture in general"'8 and its particular importance in rock blasting.5'9'10



Reichmuth! concluded that the initial fracture and subsequent fractures
producing chips in percussion drilling were tensile fractures. He also noted
that the force required to produce a given penetration of a bit was higher for
dynamic loading than for static loading,

Martin and Murphyll performed dynamic tensile fracture experiments
with gypsum plaster bars, Their investigation was prompted by the follow-
ing observations:

8. Numerous observations4:® of strain wave propagation in rock
show ''cube root scaling'' to be valid over a considerable range of charge
size. '""Cube root scaling'' means scaling all linear dimensions (i.e,, travel
distance) by the cube root of the charge size. If the condition of fracture
can be specified as a state of stress or strain, dimensional analys!s leads
to the conclusion that cube root scaling should also be valid for predicting
fracture,

b. Data obtained from several sources3:3:10 {ndicated considerable
deviation from cube root scaling in fracture due tc explosions.

c. Reported values of dynamic tensile fracture stresses?:9: 710 ar¢
invariably higher than static fracture stresses for the same materials,
However, reported ratios of dynamic-to-static fracture stresses vary widely,

Among the conclusions reached by Martin and Murphy,11 the following
are considered especially significant:

a. The time required to complete fracture of plaster is significant,
and it varies with the level of stress. It follows that direct application of
cube root scaling is not valid in the range of load durations considered.

b, The condition of dynamic fracture of plaster cannot be specified
only in terms of stress or strain,

c. There should exist some function of stress such that the time
integral of the function of stress to completion of fracture is a constant
characteristic of the material, A form of this function applicable to plaster
was proposed.

In the present investigation, a considerable amount of experimental
data has been obtained for high-strength gypsum plaster, low-strength gyp-
sum plaster, high early strength portland cement mortar, and ordinary
portland cement mortar, Time from zero strain to maximum tensile strain
in specimens was between about 10 and 35 microseconds in most cases,



Duration of straining varied from about 20 to 430 microseconds -- more
than twice the range of load durations investigated by Martin and Murphy.11
A total of 321 dynamic tests was performed in addition to 256 static tensile
strength tests and numerous preliminary tests. A number of innovations in
instrumentation were made including a simple method of photographing the
specimens at two stages during dynamic fracture,

A simple mathematical statement of conditions necessary for fracture
of a broad class of rock-like materials, and a simple test for evaluating
resistance to dynamic fracture have not yet been evolved. However, it is
felt that significant progress has been made toward these ohjectives,
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SECTION 2

CONCEPT OF EXPERIMENTS

In these experiments it was desired that specimens bhe brought from a
state of either compression or zero strain to a state of high tensile strain
in the minimum possible time, and held at this high level of strain until
fracture was completed.

It is thought that cracks in rock-like materials originate at flaws or in
microcracks in the material and that thev grow whenever the stress or
strain exceeds a value called the static tensile strength, Crack growth is
thought to start slowly, to accelerate, and finally to reach an appreciable
fraction of the speed of sound in the material. If this is true, the vast
majority of area of the specimen is fractured in a very small percentage of
the time in which the material has been under load. Propagation of stress
pulses in the specimen would be little affected by fracture until crack propa-
gation velocity reached a high value, and then fracture would be completed
at a very high rate and in a very short time,

When rock-like materials are loaded by explosion or impact as in hlast-
ing, demolition, or percussion drilling, the duration of tensile stressing
may be comparable to or less than the time required for crack growth to
reach a high velocity. Consequently, it is necessary to investigate the vari-
ation of fracture time with intensity of straining in order to predict whether
rock-like materials will be fractured by stress pulses of short duration,

A schematic sketch of the loading method, idealized plots of strain vs,
time, and idealized plots of strain vs, distance are shown in figure 1. A
strain pulse is generated by longitudinal impact of a4 flat-ended metal bar
(referred to as the striker) on another flat-ended metal bar (referred to as
the anvil), The pulse propagates down the anvil to the joint between anvil
and specimen. At this joint, part of the energy of the pulse is reflected and
part transmitted into the specimen., The incident compressive pulse propa-
gates to the end of the specimen and is reflected as a tensile pulse, When
the head of the reflected tensile pulse passes the tail of the incident com-
pressive pulse, a section in the middle of the specimen is subjected to ten-
sion, which will cause it to fracture if the tensile pulse is sufficiently in-

tense and prolonged.

Propagation of pulses in cylindrical bars has heen discussed by a num-
ber of authors, for example, Timoshenko!?2 and Kolsky.l3 Two longitudinally
impacting bars will remain in contact until the pulse has traveled to the free
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Figure 1, Schematic of Loading Arrangement and Idealized
Loading Conditions

end of the shorter bar and back to the surface of contact. Consequently,
pulse duration is determined by length of the striker bar and is equal to
twice the length of the striker divided by the pulse velocity in the striker,
Intensity of the pulse in the metal bars is proportional to velocity of impact.
The ratio of stress in the specimen to stress in the anvil depends on the
acoustic impedance (density multiplied by pulse propagation velocity) of the
two materials,

To avoid undesirable effects from reflection of pulses, it is necessary
that the anvil be at least twice as long as the striker bar, Also, the speci-
men must be at least as long as the physical length of the strain pulse in
the specimen, e.g., specimen length must be greater than pulse duration
multiplied by pulse velocity in the specimen, If these conditions are satisfied,




a section in the middle of the specimen will remain in tension for the entire
pulse duration, or until fracture occurs,

The ideal condition for this type of loading is that the strain at some sec-
tion of the specimen goes instantly from zero to a high value of tension and
remains there until fracture occurs. In practice this cannot be exactly
achieved,

Pulse duration is limited by length of the specimen and metal bars, For
example, the pulse velocity in the steel bars used is 191,000 inches/sec, and
a 25-Inch long striker generates a pulse with a nominal duration of 262
microseconds. In high early strength portland cement mortar, pulse veloc-
ity was 158, 785 inches/sec, and, consequently, the minimum specimen
length is 41.6 inches if the specimen is to stay in tension for the entire 262
microsecond duration of the pulse generated by a 25-inch-long striker,
Duration of loading can be increased only by increasing the lengths of the
specimen, striker, and anvil bars, Obviously, there is a practical limit to
the length of specimens that can he handled.

Strain cannot go instantly from zero to a high value of tension hecause of
the finite rise time of the pulse. In practice, it is possible to generate
pulses which closely approximate those shown in figure 1. At some section,
a-a, remote from the free end of the specimen, the strain increases from
zero to a high value of compression during the rise time, tr; holds constant
for a time; and decreases to zero in a time approximately equal to t,. The
pulse propagates to the end of the specimen, is reflected with a change of
phase, and the strain pattern is repeated at section a-a but with tensile
strains rather than compressive strains,

If the rise time and fall time of the pulse are equal, there will exist some
time at which the tail of the compressive pulse coincides with the head of
the reflected tensile pulse, and the resultant strain in the specimen is
¢ rerywhere zero, An instant later, a zone of length cty (where c is the pulse
propagation velocity) will be subjected to tension., Section b-b in figure 1 is
taken to be at the :enter of this zone which first goes into tension. Note
that at section b-b the time from zero strain to maximum tensile strain is
only t;./2, Note also that when strain at section b-b first reaches its maxi-
mum value, tensile strains of lesser magnitude exist for a distance equal
to cty on either side of section b-b,

In practice, t, has a value of very near 20 microseconds in metal bars of
l1-inch diameter. In some cases, t,. was larger in the specimens, prohably
due to an imperfect joint between the anvil bar and specimen,



In actual experiments, the value of t. in the specimen varied from about
20 to 50 microseconds, and ¢ varied from about 112,500 to 158,800 inches/
sec, 8o that cty varied from 2.3 to 8.0 inches for various materials and test

conditions.

A good picture of the loading condition in the specimens is given by the
sketch of strain vs, time at section b-b and strain vs, distance from section
b-b at various times as shown in figure 1.



SECTION 3

EXPERIMENTAL METHODS

a. Method for Casting Dynamic Test Specimens from Low-strength
Gypsum Plaster

(1) Scope

This method covers the materials, mechanical mixing, molds,
placement in molds, and curing of low-strength plaster hars for dynamic
fracture tests,

(2) Apparatus

(a) Scales: The scale used in we!ghing materials for plaster
mixes was an Ohaus model 1119 having a capacity of 20 kg and a least-scale
division of 1 g.

(b) Specimen Molds: Specimen molds were made from l-inch
schedule 80 polyvinyl chloride pipe. Pipe was cut in 40-inch lengths, and
lengths with bends or imperfections were discarded. The select 40-inch
lengths were sliced lengthwise down one side so that they could be wedged
open and the specimen slid out of the mold, A T-shaped gasket was inserted
in the slot, and the mold clamped together with screw-type hose clamps at
3-inch intervals, so that the mold was water tight, One end of the mold was
closed by a rubber stopper. The inside diameter of the assembled mold
was about 0.95 inch. A rack was constructed to hold the molds in a nearly
vertical position during placing of the plaster mixture,

(c) Mixing Apparatus: The mixing container was a rectangular
polyethylene pan about 11 by 13 by 6 inches deep. Plaster was sifted into the
mixing pan with a sieve having a rotating blade above the screen, Mixing
was done by hand with a rectangular steel trowel,

(3) Temperature and Humidity

(a) Temperature: Temperature of the air in the work area
varied from about 71 to 81 degrees F,

(b) Humidity: Relative humidity in the work area varied from
about 20 to 30 percent,



(4) Materials

(a) Plaster: Plaster used was Ultracal 60 gypsum plaster,
manufactured by United States Gypsum Company.

(b) Water: Mixing water was ordinary tap water,
(5) Batch Size

Each batch was made up of the following quantities of materials:

Ultracal 60 plaste: -- 3800 g.
Water -~ 1482 g.
(6) Mixing

Great care was exercised in keeping mixing equipment clean
and free of dried plaster,

Water was placed in the pan and then plaster was sifted over the sur-
face as rapidly as it would sink into the water without building up a dry
layer on the surface. Sifting plaster into the water required 17 minutes.
After the plaster was added, it was allowed to stand undisturbed for 4
minutes,

Gentle niixing with a rectangular steel trowel was done for 20 minutes,
Great care was exercised to avoid splaslking or other action that might
cause entrapment of air,

(7) Placing in Molds

Polyvinyl chloride forms were thoroughly cleaned by forcing a
cheese-cloth pad through the mold with a metal rod., A smooth coat of sili-
aone grease was applied by the same technique after replacing the cleaning
cloth with one saturated with grease. Molds were made completely water
tight,

Molds were held in a rack with a slight incline from the vertical. The
mixture was poured down the side of the mold, with great care to avoid
splashing or other action that might entrap air,

10



(8) Curing

Molds were not moved from the casting position for 30 minutes,
Specimens were removed from the molds 4 hours after casting. Molds were
spread and wedged apart so that specimens would slide out without heing
forced. Specimens were pushed out with a rcd, never pulled out,

After removal from forms, specimens were placed in a rack and air
dried until tested.

b, Method for Casting Dynamic Test Specimen from High-Strength Gypsum
Plaster

(1) Scope

This method covers the materials, mechanical mixing, molds,
placement in molds and curing of high-strength plaster bars for dynamic
fracture tests.

(2) Apparatus

(a) Scales: The scale used in weighing materials was the same
as previously described for low strength gypsum plaster,

(b) Specimen Molds: Specimen molds were of similar construc-
tion to those used for low-strength gypsum plaster. The only variations
were greater length (60 inches) for some molds and the widening of the slot
at one end of the mold to permit the pouring of the plaster mixture into the
molds. The rack for holding these molds was of such construction to hold
the molds in a nearly horizontal position,

(c) Mixing Apparatus: A unique apparatus was constructed for
degassing water and combining plaster with water at a low pressure -~ just
above the vapor pressure of water, The apparatus is shown schematically
in figure 2, and a photograph is shown in figure 3,

(3) Mixing Procedure

Water and plaster were weighed and placed in their rcspective
flasks. The vacuum pump was conrected through the filter and moisture
trap to the water flask, The system was evacuated until air bubbles ceased
to rise to the surface of the water., After completion of degassing, vacuum
was slowly released. The vacuum pump was then connected through the fil-
ter to the flask containing plaster, the pressure was reduced to 0.25 psi, and

11
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Figure 2, Schematic of Apparatus for Mixing High-Strength Gypsum Placter

the connection between the pump and plaster flask was closed, The vibrator
was operated only during evacuation of the plaster flask, It was a 110-volt,
2.5-amp dental vibrator made by the Buffalo Dental Manufacturing Company.
The stopcock between the water flask and the plaster flask was then opened,
and water was allowed to run into the plaster flask, A few drops of water
were left in the water flask so that a vacuum was maintained in the plaster
flask, Injection of water required 1 minute. After injection of water, the
clamp on the hose leading to the plaster flask was closed, and the plaster
flask was removed from the system,

Mixing was accomplished by vigorously shaking the flask for 1l minutes,
after which the vacuum was slowly released, and the mixture was rapidly

poured into the molds,

(4) Temperature and Humidity

(a) Temperature: Temperature of the air in the work area
varied from about 71 to 81 degrees F,

12



Figure 3. Equipment for Mixing High Strength Gypsum Plaster
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(b) Humidity: Relative humidity in the work area varied from
about 20 to 30 percent,

(5) Materials

(a) Plaster: Plaster used was Hydrostone gypsum plaster,
manufactured by United States Gypsum Company.

(b) Water: Mixing water was ordinary tap water,

(6) Batch Size

Each batch was made up of the following quantities of materials:
Hydrostone plaster -- 2700 g.
Water -- 900 g.

(7) Placing in Molds

Slotted polyvinyl chloride molds were thoroughly cleaned by
forcing a cheese-cloth pad through the mold with a metal rod. A smooth
coat of silicone grease was applied by the same technique after replacing
the cleaning cloth with one saturated with grease,

Molds were held in a rack with a slight incline from the horizontal,
Plaster poured through a funnel into an opening at one end flowed down the
mold and overflowed through the slot along the top of the mold so that no air
was trapped.

(8) Curing

Molds were not moved from the casting position for 30 minutes,
Specimens were removed from the molds 4 hours after casting. Molds were
spread and wedged apart so that specimens would slide out without being
forced. Specimens were pushed out with a rod, never pulled out,

After removal from forms, specimens were placed in a rack and air
dried until tested.

14



C. Method for Casting Dynamic Test Specimens from Portland Cement
Mortars

(1) Scope

This method covers the materials, mechanical mixing, molds,
placing in molds, and curing of portland cement mortar hars for dynamic
fracture tests,

(2) Apparatus

(a) Scales: The scale previously described was used in weigh-
ing materials for mortar mixes,

(b) Specimen Molds: Specimen molds were made from 1-1/4-
inch, schedule 80 polyvinyl chloride pipe. Pipe was cut in 50-inch lengths,
and lengths with bends or surface imperfections were discarded. The se-
lect 50-inch pieces were sliced lengthwise, and each half was marked so
that it could be matched with its mating half, When assembhled, the two
halves of the mold were held together by 11 screw-type hose clamps, The
bottom of the mold was closed by a rubber stopper. The inside diameter of
an assembled mold was about 1,2 inches. Each half of the mold was lubri-
cated with silicone grease before assembly,

(¢) Mixer, Bowl, and Paddle: The mixer was a Hobhart model
C-100, electrically driven, 3-speed mechanical mixer shown i{n figure 4,
This mixer is similar to that described in ASTM designation C30514 but s
larger, the bowl diameter being about 10 inches and the bowl height about 9
inches,

(d) Tamper: The tamper was an aluminum bar of 50 inches in
length and 1.00 inch in diameter. A thin rubber cap covered the end.

(3) Temperature and Humidity

(a) Temperature: Temperature of the air in the work area
varied from about 71 to 81 degress F.

(b) Humidity: Relative humidity in the work area varied from
about 20 to 30 percent,

(4) Materials

(a) Cement: Portland cement was purchas~? from a local sup-
plier, All specimens in one series were made from a single bag of highs

15



Figure 4. Equipment for Mixing Portland Cement Mortars
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early strength portland cement, All specimens In the other series were
made from a single bag of ordinary portland cement,

(b) Aggregate: The aggregate used was Ottawa sand conform-
Ing to ASTM designation C109.15

(c) Water: Mixing water was ordinary tap water,
(5) Batch Size
Each batch was made up of the following quantities of materials:

Portland Cement -- 2936 g.

Sand -- 7376 g.
Water -- 1735 g.
(6) Mix!ng
Mixing was done as specified in ASTM designation C305, part
6. 14
(7) Placing in Molds

Molds were placed in a vertical position, Mortar was added to
the mold in 1ifts of about 1 inch, Each lift was tamped three times with the
50 inch long aluminum tamping rod.

(8) Curing

After molds were filled, they were placed in a tank and kept
covered by water, Specimens made with high early strength cement were
cured under water for 7 days, air-dried on a rack for 14 days, and tested
21 days after casting, Specimens made with ordinary portland cement were
cured under water for 14 days, air dried on a rack for 14 days, and tested
28 days after casting.

In most cases, molds were left on specimens until the under-water
cure was completed, In all cases, molds were removed before the start of

the air drying period.
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d. Method for Determining Static Tensile Strength and Density

(1) Scope

This method covers the procedure for determing static tensile
strength of 2-inch-long specimens cut from plaster ana cement mortar bars
by the cylinder splitting test and determining density.

(2) Apparatus

(a) Testing Machine: The testing machine used was a Tinius
Olsen Super ''L'' with full-scale ranges of 1200, 12,000, and 60,000 1b,

(b) Bearing Block: A Tinius Olsen spherical bearing block with
a bearing face diameter of 2.5 inches was positioned hetween the lower sur-
face of the test specimen and the bed of the testing machine.

(c) Bearing Strips: Two bearing strips of thick blotting paper,
approximately 1/2 inch wide, 2-1/4 inches long, and 0.022 inch thick were
cut for each specimen. Bearing strips were placed between the specimen
and both the upper and lower bearing block of the testing machine. Bearing
strips were not reused.

(d) Scales: Specimens were weighed in an Ohaus triple-beam
balance, model CG 311, with a least-scale division of 0.0] g.

(3) Test Specimens

Test specimens were 2,0-inch-long segments cut from long bars
cast for dynamic test specimens., Cutting was done with the Felker DiMet
Model 11-B saw equipped with a diamond blade, shown in figure 5. Diameter
of plaster specimens was about 0,95 inch. Diameter of mortar specimens
was about 1.2 inches,

(4) Procedure

(a) Measurements: Diameter of the specimen was measured to
0.001 inch along the diameter which contacted the heads of the testing ma-
chine. Length of the specimen was measured to the nearest 0,001 inch; the
weight of specimens was measured to the nearest 0.01 g, and the breaking
load was recorded to the nearest 10 pounds.

(b) Rate of Loading: Load was applied continuously and with-
out shock at a rate of about 500 psi per minute,
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Figure 5.

Equipment for Cutting Test Specimens



(c) Density: Density was calculated from the length, diameter,
and welght of specimens taken before testing.

(d) Tensile Strength: Splitting tensile strength was calculated
as follows:

2P
S =
#LD

where
S = splitting tensile strength in psi

P = maximum applied load indicated by the testing machines in
pounds

L = length in inches
D = diameter in inches

(e) Age at Test: Mortar static specimens were tested on the
same day as corresponding dynamic specimens,

Ultracal 60 static test specimens were tested after air drying for 13 to
19 days.

Hydrostone static test specimens were tested after air drying for 41 to
55 days with three exceptions at 15, 16, and 24 days,

e. Method for Cutting Test Specimens and Applying Gages and Conductive

Strips
(1) Scope

This method covers cutting of plaster and mortar bars, finishing
of ends, application of conductive strips, and application of strain gages.

(2) Apparatus

(a) Cutting Machine: Bars were cut with a Felker DiMet Model
11-B saw, shown in figure 6., This saw was equipped with a dilamond blade.
No lubrication was required for cutting plaster bars, The blade was lubri-
cated with water for cutting cement mortar bars,
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(h) Finishing of Ends: A standard machinists V-block and file
were used for finishing the ends of plaster bars,

(3) Materials

(a) Conductive Strips: Conductive strips were painted on bars
with silver print No. 21-2 printed circuit paint, made by G. C. Electronics
Company,

(b) Glue: Strain gages were applied with Duco cement made hy
duPont,

(c) Strain Gages: Strain gages used were SR-4, types C-8 and
A-14, made by Baldwin Lima Hamilton Corp. Gages, type A-14, were used
on all specimens made of Hydrostone and high early streugth cement, and
for most specimens made of ordinary portland cement, Gages, type C-8,
were used on all specimens made of Ultracal £0 plaster and a few specimens
made of ordinary portland cement.

(4) Location of Gages and Conductive Strips

Location of strain gages and conductive strips is given in table I,
(5) Procedure

Specimens were not handled for cutting until they had air dried
for at least 4 days, Care was taken to avoid impacts that might cause inter-
nal cracks in the specimens, In many cases, a long bar was cut in half to
make two shorter specimens for dynamic tests,

Specimens for determining static tensile strength were 2-inch-long sec-
tions cut from the long bars used in dynamic tests, Static specimens were
cut from both upper and lower ends of long bars and marked to indicate lo-
cation from which taken, Two static specimens were taken from the upper
ends of bars and two from lower ends of bars for each hatch of Ultracal 60,
One static specimen was taken from the upper end and one from the lower
end {in most batches of Hydrostone. In no case was the difference hetween
strength of specimens from the upper and lower ends of hars significant,

Static test specimens were cut from plaster bars before dynamic tests
were made on the long bars, Static test specimens were cut from long bars
after the long hars had been broken in dynamic tests, Mortar static test
specimens were cut from the eud of the har which had heen placed against
the loading machine anvil, These results were compared to several static
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TABLE 1

LOCATION OF STRAIN GAGES AND CONDUCTIVE STRIPS

Nominal Loading Distance Distance Distance Distance

Specimen Pulse Free End Free End Free End Free End

Length Duration to Start to End to Strain to First

Material Series nm Conductive | Conductive Gage Tension
Strip Strip Q~ Qu

-6

(in.) (10 sec) (in.) (in.) (in.) (in.)
Ultracal 60 1 19 100 3 8 9 5.7
30 250 8 19 20 14.3
55 500 16 35 36 27.6
Ultracal 60 2 19 105 3 8 6 5.9
30 262 8 19 14.5 14.8
Hydrostone 3 19 105 2 11 6.5 6.5
36 262 S 21 16 16.2
58 524 10 36 30 32.4
High Early 4 24 105 3 14 10 5.8
Strength Mortar 48 262 6 30 24 20,7
Ordinary 5 24 105 3 14 10 8.1
48 262 6 30 24 20.1
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test samples which had not been fractured dynamically, and the average
stress as well as the scatter were approximately equal for each type.

Conductive strips consisted of four thin strips of paint spaced at 90
degrees around the specimen. Thin layers of printed circuit silver paint
were terminated in tinned bare copper wires wrapped tightly around the
specimens, The surface of the specimens was sanded to remove fiber, etc,,
before applying silver paint.

Locations at which strain gages were to be applied were sanded to re-
move surface irregularities and were cleaned with acetone. A coat of Duco
cement was applied to the surface and allowed to dry. A second coat of
Duco cement was applied, and the gage was pushed down so as to leave no
voids in the glue line. A layer of waxed paper was placed over the gage and
was followed by a rubber pad, Pressure was applied by rubber bands
stretched around the bar. The gage factor was written on the specimen near
the gage. Gage factor {s the dimensionless relationship between the change
of length and change of resistance of an electrical strain gage and is expres-
sed mathematically as

o AR/R

AL/L

Cement and silver paint were dried for at least 24 hours before testing.
Portland cement mortar dynamic specimens before and after testing are
shown in figure 6,

After cutting specimens to length, applying gages, and applying conduc-
tive strips, the ends of plaster bars which were to fit against the anvil were
filed flat and square using a machinists V-block as a guide, Flatness of
ends was checked by pressing the end of the bar against the flat surface of
the V-block,

Due to the hardness of concrete, the ends of the concrete bars were not
finished further after being cut square with the diamond saw blade,

£ Method for Determining Moisture Content at Time of Dynamic Test

(1) Scope

This method covers determination of percent moisture content,
by weight, of dynamic test specimens at time of testing,

(2) Apparatus

The scale used was on Ohaus triple-beam balance, Model CG
311, with a least-division of 0.0] g.

Specimens were dried in a thermostatically controlled oven,
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(3) Procedure

Immediately after dynamic testing, a fragment of suitahle size
(25 g to 300 g) was weighed and marked with its weight to the nearest 0.0l g.
Specimens were placed in an oven at 200°F and weighed each day until the
weight change in 24 hours was negligible. In all cases, weight change was
negligible after 7 days.

Percent moisture at test was computed as

100 (weight at dynamic test - weight after baking)
Weight at dynamic test

g. Method for Dynamic Fracture Testing

1 Scope

This method covers the loading apparatus, measuring equipment,
and procedure for dynamic fracture tests of plaster and portland cement
mortar bars,

(2) Loading Apparatus

A special purpose loading apparatus was constructed by Melpar
specifically for this experimental investigation.

The loading apparatus is shown schematically in figure 7, Note that the
loading apparatus passes through a wall, so that the specimen holder is in a
dark room, but the rest of the apparatus is in a lighted laboratory,

Details of the metal bars are shown in figure S, An end view of the
loading apparatus is shown in figure 9,

Figure 10 is a photograph of the loading apparatus and measuring
equipment in the lighted laboratory. Figure 1l is a photograph of the dark-
room showing a specimen in the specimen-holding fixture ready for test.

In essence the loading device provides: (1) a fixture of very low acous-
tic impedance for holding a specimen in intimate contact and accurate align-
ment with the anvil bar, (2) supports of low acoustic impedance and low co-
efficient of friction for the anvil and strik=r bars, (3) a rigid and accurate
guide to maintain alignment of the anvil and striker bars, and (4) a latching
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mechanism and a compressed air propulsion system for the striker. The
loading apparatus operated very well at plenum pressures between 5 and 30
psi, with stress in the steel bars varying from 1500 psi to 21,000 psi, Con-
trol was better at high pressures than at low pressures. For operation below
5-psi plenum pressure (necessary in tests of concrete mortars), the 0-ring
was removed, Below 5 psi, friction in the barrel due to dust, etc., was sig-
nificant, and control of velocity became difficult.

The entire guidance and support apparatus was made quite heavy, The
barrel which controls alignment of the striker and anvil bars has an inside
diameter of 2,00 inches and a wall thickness of 1/4 inch, The bed of the ap-
paratus is a 20 ft long, 12-inch by 3-inch steel channel, weighing 20.7 1b per
ft, or a total of 414 1b, Teflon rings supporting the anvil and striker bars
were fitted to the bars and tube so that no lateral movement could be detected,
but bars would slide smoothly and freely in the barrel,

The angle-iron framework, visible in figure 12, was made to slide along
the bed of the loading apparatus and could be raised or lowered to adjust the
field of view of the camera. In addition to supporting the camera, this frame-
work supported the outer end of some test specimens, All concrete speci-
mens of 48-inch nominal length and all plaster specimens of 50- to 6-inch
lengths were partially supported by a cord extending from the outer end of
the specimen vertically to the top horizontal member of the angle~-iron
frame,

(3) First Instrumentation Setup

(a) Electronic Equipment: A block diagram of instrumentation
used in the first series of tests is shown in figure 12, This setup was used
for the first series of tests, Ultracal 60 Series |, but was not used further
because it was found that the break of the silver conductive strip on the spec-
imen was not a sufficiently accurate measure of time of completing fracture
of the specimen.

'n the strike: bar contacted the anvil bar, a trigger pulse was deliv-
ered: ‘e Tektronix 535 Oscilloscope, starting its sweep, and causing gen-
eration of a delayed trigger pulse to the Tektronix 502 Oscilloscope.

When the conductive strip on the specimen was broken, a pulse was
delivered to one channel of the 502 Oscilloscope and also to the first Dumont
404 pulse gererator. This generator delivered a trigger pulse to the remain-
ing pulse generators after a delay of a few microseconds, and triggered the
first strobe light after a delay of up to 100 microseconds, The Teletronics
pulse generator fired the second strobe light after a delay of up to 1 milli-
second,
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Figure 10. Photograph of Loading Apparatus Outside Darkroom



‘[T 8andy g

I30304d

1

yde

J(

apisu] snjearddy SuipBOT]

WOOJINIB(]




te

STROBE L1GHT

SPECIME ?l.f

ﬂnczucn?cm STRIP SILVER PAINT

Ay Bag

PULSE —|
ouTPUT

ETRIKER BAR

SPRING

CONTACT

BR

TELETRONICS /

PG00 AA STRAIN GAGES

wWIiTH

PGII0

EXTENDER
SYNG
]
—] BREax |a\
CIRCWIT
TEST
N e
GR STROBE
_ 5304 LIGHT
EXT TRIGGER
PLL E OUT
EVENT *
[ A=1
CIRCUT
P— DU T
neon a04
TMGdY
i L
s
TRIGGER OUTPUT
DUMONT
A04

_l PULSE DUT

EXT TRIGGES

DEL AYE!

" TRIGGER TC
i

I YERT CaL
SIGNA
QUTHEJT

MTEMSITY MOl AT

DM AT REAR OF SCOPES

L |

TRIGGER QUTPUT

SYMG PuL SE
DURING CHECXOUT OF

Y TRIGGER

SCOPES

GHTS ETC,

Figure 12, First Test Equipment Block Diagram



When the first Dumont 404 pulse generator or either strohe light fired,
the secor.l Dumont 404 pulse generator was triggered and immediately gen-
erated a pulse which produced an intensity-modulated event mark on both
oscilloscopes.

The camera in the darkroom (see figure 1l) recorded an image of the
specimen when each strobe light was fired. Each light illuminated only one
side of the specimen, The first light was timed to produce a picture as soon
as the first fracture had opened enough to be visible, The second light was
timed to produce a picture as soon as all fractures were opened enough to be
visible. Intensity-modulated event marks on records from the two oscillo-
scopes showed the exact time at which pictures were taken,

The single-channel 535 oscilloscope recorded strains in the anvil bar,
time of break of conductive strip, and time of firing of each strobe light,
The 502 oscilloscope recorded strains in the specimen, time of hreak of the
conductive strip, and time of firing of the first strobe light. Sweep time on
the 502 was usually too short to record firing of the second strobe light,

(b) Measurement: Original data consisted of a photograph
showing two stages in the fracture of the specimen, a photograph of the
screen of the 502 oscilloscope showing strain history at a gage on the spec-
imen, the time of break of the conductive strip, the time of firing of the first
strobe light, a photograph of the screen of the 535 oscilloscope showing
strain history in the anvil bar, the time of break of the conductive strip, and
the time of firing of both strobe lights,

A sketch of a typical record from the 502 oscilloscope is shown in figure
13. Lines were scribed on the original photograph through the center of the
traces, and measurements were taken between the scribed lines, Values
could be estimated to the nearest 0.02 cm,

Values of momentum in fragments outboard of the first fracture were
computed from the photograph of two stages in the fracture of the specimen
ard from known times of taking photographs, as indicated in figure 14, Meas-
urements of crack width on the photograph were made with a zoom micro-
scope having a calibrated graticule and reading directly to 0.00] inch,

(4) Second Instrumentation Setup

(a) Electronic equipment: A block dilagram of instrumentation,
used in all testing except the first series, Ultracal 60, series I, is shown in
figure 15. Circuit diagrams for the trigger circuit, the event mark circuit,
and the break circuit and bridge circuits are shown in figure 16, A photo-
graph of the recording equipment i{s shown in figure 17,
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Figure 13, Sketch of Data from First Series of Tests with Notation

This instrumentation setup differs from the first setup in that the time
of breaking the conductive strips and firing of the strobe lights was not
recorded, Time between firing of the strobe lights was calih-ated, but was
not recorded for each shot,

When the striker bar contacted the anvil bar, a trigger pulse was gener-
ated which started the sweep on the 502 oscilloscopres after an appropriate
delay. This oscilloscope subsequently recorded strains measured by gages
on the anvil and specimen,

When the conductive strip was broken, a pulse was generated which,
after appropriate delays, caused pulse generators to trigger the strobe
lights., The 535 oscilloscope was used to record time between the firing of

the two strobe lights,

The camera in the darkroom (see figure 11) recorded an image of the
specimen when each light fired. Each light illuminated only one side of the
specimen, so that an image of first one side and later the other side was
recorded on the film. The first light was timed to produce a picture «@s soon
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as the first fracture had opened cnough to be visible, The second light was
timed to produce a picture as soon as all fractures were opened enough to
be visible,

(b) Measurement: Original data consisted of a photograph
showing two stages in the fracture of the specimen and a photograph of the
screen of the 502 cscilloscope showing records of strain on the anvil and
specimen,

A sketch of a typical record from the 502 oscilloscope is shown in
figure 18, Lines were scribed through centers of traces on the original
photographs, and measurements were taken between the scribed lines,
Photographs of original data are shown in figure 19,

(5) Test Specimens

Dynamic test specimens were slender bars having diameters
between 0.9 and 1.2 inches and lengths between 18 and 60 inches, Figure 6
shows typical portland cement mortar specimens ready for testing and after
testing. Figure 1l shows a specimen in place for test.

TYPICAL RECORD FROM 502 SCOPE
TENSION ULTRACAL 60 SERIES 2, HYDROSTONE AND MORTAR
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l

COMPRESSION

Figure 18, Sketch of Data from Tests Excepting First Series
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(6) Procedure

Specimens were prepared as described in Method for Cutting
Test Specimens and Applying Gages and Conductive Strips.

The specimen was placed in the holding fixture and aligned so that its
end fitted squarely against the end of the anvil bar. The holding fixture was
then moved back so that there was a clearance of about 1/4 inch between the
anvil bar and the specimen, All wire connections were then made to the
strain gage and the conductive strip, Care was taken to insure that wires
would neither imnpede the motion of fragments of the bar during fracture nor
cast undesirable shadows in photographs,

Checkout of loading and measuring equipment was done according to a
detailed two-page checklist. Checkout included the operation of the loading
machine, the triggering circuitry, strobe lights, calibration checking of the
strain-gage circuitry, film checking in the cameras, and the setting of con-
trols on oscilloscopes and cameras, A data sheet was filled out which in-
cluded a dimensional sketch of the specimen, the specimen number, the gage
factor, the calibration date, and the setting of all controls,

Grease was applied to the end of the anvil bar, and the specimen-holding
fixture was moved so as to bring the specimen squarely against the end of
the anvil bar and press out most of the grease so as to leave the thinnest
possible layer.

The test was carried out, again following a check list to insure that each
component of equipment was properly set, After the specimen was bhroken,
the pieces were recovered and reassembled in a tray. Trays of broken
specimens are visible in figure 10, A piece of the specimen was weighed for
later determination of percent moisture at test, Photographs from the
nscilloscope camera and the specimen camera were labeled and attached to
the data sheet having calibration data and so forth,

Lines were scribed on the photographs and initial measurements taken
soon after the specimen was tested.
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SECTION 4

RESULTS

A summary of material properties is contained in tahle II, and tabhulated
data for each of 321 dynamic tests are contained in tables III to VII. These
tabulated data make it possible to reconstruct a good approximation of the
tensile phase strain history for each dynamic test specimen, Also, 2 num-
ber of calculated quantities are tabulated.

Table Il contains mean values and standard deviations for measurements
of pulse velocity, density, and static tensile strength: the percent of mois-
ture at test and the parameter, K, defined by Martin and Murph‘v:11 and aver-
age values of some other calculated parameters, It should be recalled that
if a variable is normally distributed the mean plus or minus one standard
deviation includes 68,3 percent of the population, and the mean plus or minus
two standard deviation includes 95.4 percent of the population,

Standard deviation of measurements of pulse velocity, density, and per-
cent moisture at test are small percentages of mean values, or small in ab-
solute value. It appeers from these measurements that test specimens had
a good degree of uniformity, Standard deviation in static tensile strength
measurements ranged from 18,5 to 22,9 percent of the mean values, This is
higher than is usually found in concrete testing; but concrete test specimens
customarily have a high moisture content, whereas all specimens in this in-
vestigation had quite low moisture contents., Scatter of this magnitude is not
unusual in impact tests of metals below their transition temperature,

It will be seen in figures 20 through 23 that scatter of data in dynamic
tests was little greater than in static tests,

Some idea of the degree of scatter anticipated by the writers of the
standard '"'Test for Tensile Strength of Hydraulic Cement Mortars,'' ASTM
C 190-63,16 can he had by examining criteria for faulty briquets and retests,
The mirimum number of test specimens to be made for a given curing con-
dition is three., The minimum number of test specimens to be used as a
valid measure of strength is two. Strength values differing from the mean
by more than 15 percent are to be discarded.

Testing technique would still be considered acceptable if as many as
one-third of the test specimens deviated from the mean by more than 15 per-
cent., This implies a standard deviation slightly above 15 percent of the
mean. Also, ASTM C-190-63 specifies testing specimens saturated with
moisture, which probably results in less scatter than if they were dry,
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No data was taken to determine the deviation of materials tested in this
investigation, if any, from Hooke's law for loading up to fracture in tension,
It s thought that this deviation is negligible. It should be noted that strain
was measured directly in dynamic tests, Young's Modulus was calculated
from density and pulse propagation velocity, and static tensile stress was
calculated according to ASTM Designation C496-64T!7 from force required
to split a cylinder, If there was any deviation from Hooke's law, it i{s more
valid to compare calculated dynamic stress to static stress than to compare
measured dynamic strain to calculated static strain.

Dynamic tests employed three striker bars, producing loading pulse
duration of about 100, 250, and 500 microseconds. In each series of tests an
attempt was made to find the maximum strain at which specimens were not
fractured by pulses of each duration, Specimens which did not fracture dur-
ing the first tensile phase are so designated in tables III to VII and plots of
these data in figures 21 through 24,

A strain pulse, once in a bar, continues to travel up and down the bar
until {ts energy is absorbed in the material, transmitted to supports and air,
or until fracture occurs, Consequently, some specimens fractured as a re-
sult of the first loading pulse but not during the first tensile phase,

Some specimens were not fractured by the first dynamic load applied.
In most cases, these specimens were retested at a higher load intensity.
When a specimen was loaded dynamically more than one time, the first test
is designated in the tables by a specimen number with a suffix, T-1, the sec-
ond test by the same specimen number with a suffix,T-2, etc.

A few dynamic specimens of ordinary portland cement mortar were
broken, glued back together, and hroken again. Each hroken end which was
to be reglued was coated with Eas'man 910 primer and air dried for about 5
minutes., One of the two ends which were to make contact was coated with
Eastman 910 adhesive., The two ends were pressed together by hand for
about 20 seconds to form a bond., After gluing, specimens were allowed to
set undisturbed for about 4 hours,

Specimens numbered 97C, 105C, 106C, 107C, 109C and 119C were broken,
glued together with Eastman 910 adhesive, and broken again. In only one case
did a fracture in the second testing occur in a glue line, Specimens 106C and
167C were instrumented on both the first and second tests, In both cases, the
peak strain was higher in the second test than in the first,

It is believed that there is a good chance that natural rock cores, frac-

cured in extraction, can be glue. in this fashion to make the long-har speci-
mens required for this type of dynamic test on natnral rocks.
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TABLE 11

PRGPERTIES OF MATERIALS

Modulus of Moisture K Maximum Pulse]Calculated |
Pulse Denasity Static Tensile Acoustic Elasticity st test Duratton Stratn
Veloctty [ Strength Impedance :
2 for K S
-4 2 2E re Ly pcl
c 10 lb-sec S Ib-sec . . 10-6
Material (in./sec) :..a (psi.) in,3 (10 ~ peil.) (weight) (10 ~ sec) (10-6 aec) tn./tn.
Utracal 60
__Series | _
No. of Readings 14 50 50 17.01 1.950 325
Mean 114,571 1.485 634 _ _ 64
Standard Deviation 3,580 0.0285 124
Std. Dev. % of Mean 3.12 1.92 19.6 - B
Utracal 60
__Series 2
No. of Readings 39 14 40 - - 10 19
Mean 112,533 1.468 570 16.52 1.858 18,09 4.5] 80 307
Standard Deviation 3,950 0.0213 117 - - 0.23 0.87 63
Std. Dev. % of Mean 3.s1 1.45 20.5 - - 1.27 19.3
Hydrostone
No. of Readings 42 15 43 - = 10 59
Mean 123,428 1.577 980.7 19.46 2.402 18.74 3.12 80 498
Standara Deviation 3,190 0.0269 181 - - 0.20 1.32 5
Std. Dev.” of Mean 2.58 1.71 18.5 - - 1.07 42.3
S
High Early Strength
Portland Cement Mortar
No. of Readings 47 24 61 - - 18 14
Mean 158,785 2.147 654 34.09 5.413 5.27 2.87 &5 121
Standard Deviation 8,420 0 .0516 128 - - 0.62 1.04 24
Std. Dev.” of Mean 5.3 2.40 19.6 - - 11.8 36.4
Ordinary Portland
Cement Mortar
No. of Readings 60 24 62 - - 10 14
Mean 153,100 2.104 546 32.21 4.932 4.00 2.34 50 111
Standard Deviation 9,360 0.0514 125 - - 0.37 1.22 25
Std, Dev.” of Mean 6.1 2,44 22.9 - - 9.25 52.3
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a, Ultracal 60 Series 1

In this series of experiments, the strain gage was placed further from
the free end of the specimen than the section at which the first tension was
expected so that the entire compressive pulse could be recorded without in-
terference from the reflected tensile pulse, Location of strain gages, nomi-
nal specimen lengths, pulse durations and average distance from the free end
to the section first subjected to maximum tension are given in table I. Ex-
periments were planned to test the validity of strain gage measurements,
time of photographing the specimen during fracture, and time of fracture in-
dicated by the break of conductive silver strip painted on the specimen,

Momentum of particles in the specimen was calculated from the measure-
surements and equations given in figures 14 and 15, and are presented in table

III,

Calculation of the total particle momentum per unit area of specimen in
the incident compressive pulse, Mj], and total particle momentum per unit
area of specimen in the reflected tensile pulse reaching the strain gage, My,
depended on accuracy of strain gage measurements and time calibration of
the oscilloscope.

Calculation of the total particle momentum per unit area of specimen in
fragments between the first fracture and free end (using break strip data),
My, depended on strain gage measurements, time calibration of the oscillo-
scope, and time of first fracture indicated by the break of a conductive silver
strip painted on the specimen,

Calculation of total particle momentum per unit area of specimen be-
tween the free end and first fracture (using photographic data), Mg, depended
on measurements of displacement of fragments on pictures of the specimen
taken during fracture and time calibration of the oscilloscope.

It was found that My was always smaller than M3, the average ratio of
M2 to M3 being 0.73, whereas if all measurements were valid M, should
equal M3, It was concluded that time of breaking the conductive silver strip
was not a satisfactory measure of time of completing fracture of the speci-
men, Evidently the silver paint exhibited some ductility and did not fracture
until after fracture of the specimen was completed. Time of breaking the
silver paint strip was not used as a measure of time of fracturing the speci-
men in subsequent tests,

The average ratio of M; - M4 to M5 was 1.07, or if one questionable value
was omitted, 1,04, This was taken as strong evidence that strain measure-
ments during fracture were valid. The average ratio of M; - M, to M,

50
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TABLE 1

DATA FROM DYNAMIC TFSTS OF ULTRACAL 60 SERIES 1

plat . . t t t
Fractured 1 2 2 4 8 c K— lu ‘u I¢ l_ -M
Specimen First T | 5 5 > ™
Number Tensile -8 -6 -6 -6 -6 2 2 2 2 3
Phase (10 ~ in./in.) in./in.) sec) sec) (10  sec) {in./sec) {in.” /sec) (1n.” /sec) (1n.” /sec) {(In." /sec)
42 839 608 494 240 186 118,000 4180 2180 2495 1710 0.99
59 581 528 471 328 171 118,000 3620 1421 2310 1470 0.97
83 1900 243 104 9 0 107,000 2260 1610 2068 13 1.09
48 775 723 100 b1} 0 114,800 1025 53 1761 181 1.11
29 551 468 242 76 40 113,700 1762 1078 1408 349 1.00
34 881 ™ 246 t 13 64 116,600 2928 1228 1811 825 1.39
27 1155 523 240 a6 [} 119,500 3960 3370 3730 29 1.04
45 178 535 254 as 6 112,500 3780 2980 3486 102 1.06
23 1220 608 248 30 1 117,000 4140 3550 3710 173 1.07
39 1378 650 926 25 0 112,800 1680 43 1615 101 1.10
54 1430 441 91 17 1] 110,000 1665 1007 1630 45 0.93
31 1500 §81 96 19 (] 117,000 1977 1017 1660 72 1.15
55 935 871 96 30 /] 119,000 1280 538 1092 144 1.04
37 938 718 98 30 0 111,800 1148 597 983 134 1.03
60 ™ 447 447 242 280 319
3o - 507 441 248 288 221
47 . 724 895 8s 104 80
40 - 729 634 92 118 8l
56 8170 83§ 100 78.8 37.8
43 1080 750 94.5 30.4 ]
36 1287 420 98.3 18.9 [+]
49 782 620 241 60.5 4
33 835 642 244 37.8 15.1
48 Bl4 716 246 58.7 11.3
25 606 578 241 64.3 23.6
61 551 408 248 219 189

————— . eoe e e TR
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TABLE Il

DATA FROM DYNAMIC TESTS OF ULTRACAL 60, SERIES 1 (Cont.)

Not
M M M M -M
Practured ‘1 ‘3 '3 te ty ¢ My 2 3 . 1
Specimen First 4 4 4 ’ lu
Number | Tensile -. -. -8 -8 -6 2 2 2 2
Phase (10 "~ in./in.) (10  in./1n.) (10  sec) (10 ~ sec) (10  sec) (1n./sec) (in.” /sec) (in.” /sec) (in.” /sec) (in. /wec)

52 504 49¢ 238 77.5 56.7

3 706 $78 259 106 75.6

44 782 638 94.5 98.4 73.8

24 1970 408 100 24.6 1]

58 671 430 498 87.5 68.5

57 861 441 490 217 190

50 606 806 494 274 190

$1 606 441 810 4.6 34.2

32 484 441 802 103 68.4

41 467 311 494 121 76




would be expected to be slightly larger than unity, because Mj - M4 includes
momentum of fragments broken off between the first fracture and strain
gage, whereas Mg does not,

Since time of breaking the silver strip was not a valld measure of time
of fracture, it was decided that strain gages would be placed as close as
possible to the section which first reached maximum tension and at which
the first fracture was most likely to occur in all following series of tests.

b. Ultracal 60 Series 2

Data from this series of experiments are presented in table IV, A plot
of strain magnitude vs, strain duration is presented in figure 2i. The plaster
mixture and method of preparing specimens were identical to the previous
series except that an attempt was made to place strain gages at the section
which would first be subjected to maximum tension,

Maximum tensile stress observed in the specimens was ahout 3,75 times
the mean static tensile strength, and about 2,65 times the highest observed
static tensile strength,

At a tensile struin of 433 microinches per inch (the mean static ulti-
mate strain plus two standard deviations), 97.7 percent of specimens would
be fractured in static tests, but no specimens were fractured in dynamic
tests in which duration of load was less than 100 microseconds,

The longest duration of loading in this series of experiments was about
260 microseconds. Note that for an appreciable number of specimens, as
seen in figure 20, fracture did not occur during the first tensile phase, In
these cases, the strain putlse continued to travel back and forth in the speci-
men for an unknown number of cycles before fracture actually was com-

pleted.

Martin and Murphyll defined a quantity, K, which in the notation of this
report can be written as

-

t4 € - e
K = dt
0 ‘s

Values of K were computed for tests in which average pulse duration
was less than 80 microseconds., For this series, the standard deviation of
K was 19.3 percent of the mean, whereas standard deviation of static tensile
strength was 20.5 percent of the mean, However, values of K for average
pulse durations greater than 80 microseconds were more variahle, It




appears that K is a good measure of resistance to dynamic fracture of this
material for pulse durations below 80 microseconds, but much less good for
pulses of longer duration.

¢. Hydrostone

Data for experiments with Hydrestone are presented in table V, A plot
of strain magnitude vs. strain duration is presented in figure 21,

The highest tensile stress in Hydrostone was about 2,65 times the static
mean value and about 1,94 times the highest static value. At these values of
stress, specimens were breaking befcre the tensile stress could reach its
maximum value, that is, the magnitude of the incident compressive pulse.
When pulse durations were as long as 400 microseconds, stress required to
break specimons was still significantly above the static value,

Hydrostone was mixed in a vacuum, with degassed water, and had virtu-
ally no voids visible to the unaided eye, Ultracal 60, on the other hand, was
mixed in a flat pan with a trowel, and under 10 power magnification showed
many evenly distributed small voids. The hydrostone exhibits appreciably
more scatter in data, particularly at the higher loading intensities an4i
shorter load durations.

d. Portland Cement Mortars

Data from tests on specimens of portland cement mortar are presented
in tables VI and VII, A plot of strain magnitude vs. strain duration is pre-
sented in figures 22 and 23.

The highest tensile stress recorded in dynamic tests was about 2,57
times the static mean tensile strength and about 1,77 times the highest ob-
served static tensile strength,

It appears that these dry portland cement mortars, made with Ottawa
sand, will fracture at essentially the static fracture stress if load duration
is in excess of 200 microseconds, When load duration is as short as 30
microseconds, stress must be about twice the static tensile strength if

fracture is to occur,

Strain gages were placed somewhat further from the free end of speci-
mens than the ideal location, i.e,, the section first subjected to maximum
tensile strain., As a consequence, it was necessary to adjust the values for
strain duration (t4+t8)/2, which occurred in the section which was first sub-
jected to maximum tensile strain, to compensate for the gage location.
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TABLE 1V

DATA FROM DYNAMIC TESTS OF ULTRACAL 60, SERIES 2

Age at Not c d . t t t t +t t KS
Test Fractured 2 J : ‘4 8 LI ’ Hu
Batch | Specimen First 2
Number Tensile -6 -6 -6 -6 - 4T -9
(days) Phase (in./sec) (in,) (10  tn./in.) (10  sec) (10  sec) (10  sec) (10  sec) (10  sec) | (10  sec)
23 62 38 114,700 5.8 1180 18 18 10 14 8 1.0
63 39 113,2v0 8.7 1188 114 22 14 18 8 14.6
24 (1 a9 113,800 6.6 903 114 60 44 52 8 29.2
.1 3 118,000 7.4 722 116 44 34 39 12 15.4
67 33 - - 560 280 164 132 148 24 35.2
25 68 a7 113,000 17.3 593 a7eé 156 120 138 20 37.0
69 35 113,800 6.1 621 120 54 44 49 10 14.8
70T1 3¢ - 113,600 - 508 118 120 64 92 16 -
70T2 36 - - - 565 118 121 82 102 14 23.4
711T! 30 » 110,500 - 517 260 280 212 246 a4 47.4
71T2 30 . - 17.2 539 268 282 21¢ 249 20 53.3
26 72T1 30 e - - 345 280 280 200 240 20 7.75
72T2 30 O 108,600 - 432 276 280 224 252 8 29.0
73T1 29 . - - 410 240 280 220 250 as 23.5
13T2 29 - 118,000 8.1 485 217¢ 280 240 260 12 44.0
74 24 114,400 1.8 572 276 186 120 138 20 33.9
27 78 31 108,300 16.6 (11 268 52 42 47 8 15.2
77 30 118,000 - 518 aze 224 172 198 16 38.6
79 34 121,000 7.0 6325 120 40 28 34 8 9.9
80ATI as - 114,800 - 442 112 120 80 100 10 -
80AT2 35 - - 4885 112 96 76 86 10 14.2
80B 35 113,600 7.0 485 114 114 80 97 14 15.3
28 82 29 - 192,500 - 478 278 260 224 242 24 38.6
83A 35 - 111,000 - 476 116 120 80 100 14 14.7
84 36 112,200 7.4 608 120 52 32 42 16 11.1
29 86 30 108,300 5.8 680 276 128 88 108 20 36.9
87 a0 108,300 16.9 593 27¢ 104 76 90 20 23.8
ss 36 116,200 - 618 e 126 90 108 12 30.8
88A 36 114,200 - 654 118 104 80 92 10 29.8
89 37 110,500 11.8 $53 204 148 116 132 10 30.2
90 36 113,200 6.6 700 118 50 30 40 10 14.2
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TABLE V

DATA FROM DYNAMIC TESTS OF HYDROSTONE

Age at Not c d . t t t t + t t KS
Test Fractured 2 2 8 4 & . . ’ T2
Batch | Specimen Pirst 2 pc
Number Tensile -6 -8 . -8 -6 -6 -9
(days) Phase (in./sec) (n) | (19 " in./tn) {10 "~ sec) (10 " sec) (10~ sec) (10~ sec) (10~ sec)| (10 ~ sec)
2 2HA 56 114,000 6.0 619 nz 21 9 15 9
aHB s6 6.2 946 119 39 17 29 10 12.5
3 4H 40 - 506 272 3 60 76 19 6.3
SH 40 118,400 9.7 662 282 100 74 87 16 -
4 SH 37 17.7 765 270 L1 3e 52 20 15.6
H a7 124,200 n.2 560 278 199 170 188 18 -
5 8HT! 36 P - 600 276 as 220 249 18 =
SHT2 36 F: - 638 276 a4 237 260 i8 =,
9H a7 . 123,200 1.7 623 275 283 224 353 12 -
6 10HA 36 6.9 874 na 51 20 35 14 12.6
1°HB 36 - 808 12 35 13 24 10 7.4
11H 41 122,400 3.8 548 516 244 206 215 10 -
7 13ATI 41 . - 623 519 414 322 368 16 =
12HT2 41 30.2 646 512 80 5¢ 67 10 -
13HATI 37 - - 710 120 120 82 101 12 =
13HAT2 37 x - 710 120 120 82 101 12 =
139B 37 - 124,000 3.6 670 118 118 82 100 10 =
s 14HA 37 4.6 749 18 80 se 68 12 21.0
14HB 37 . 9.3 630 ns 120 78 99 14 -
15SH 41 7.8 584 270 230 184 207 22 s
16H 41 125,200 18.6 587 272 132 76 104 40 -
] 17H 25 - 804 260 64 20 43 32 12.3
18H 34 7.1 746 278 a27e 212 244 20 -
19K 42 ~ 124,200 - n7 282 23¢ 210 223 16 =
10 0N 41 14.4 n7 266 209 164 106 24 -
21H 33 - 763 ile 140 L] ] 114 24 -
232H 33 121,800 5.9 678 280 204 164 18¢ 20 -
12 23H 41 . 13.8 642 269 264 224 244 18 =
24H n 119,000 - 5320 s10 3s2 32e 339 24 S
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TABLE IV

DATA PROM DYNAMIC TESTS OF ULTRACAL 60, SERIES 2 (Cont.)

Age at Not c d . t t t t, ot t K8
Test FPractured 3 ¥ . ¢ . 4 2 8 * R ou
Batch | Specimen First
Number Tensile -s .8 -8 -6 -e -6 -9
(days) Phase (in./sec) (in.) (10 " ia./1n.) (10  sec) (10  sec) (10  eec) (10  sec) (10  sec)](10  sec)
30 ” 37 107,300 6.3 €11 200 180 148 164 20 49.0
"2 30 107,300 = 847 280 ” 60 74 20 23.8
31 94 29 114,500 16.4 658 260 o4 24 44 16 12.3
[ 1] 36 . 113,200 - 640 a7e 3032 200 241 32 73.8
6T 38 118,200 - 887 272 276 220 248 24 65.3
96T2 36 - - 8576 284 128 a8 108 24 36.0
9TA s 115,100 - a8 110 32 18 25 10 13.8
27B s 119,100 - 48 116 74 60 67 16 21.8
98 A 35 105,000 6.7 9203 112 b1 ] 18 28 i4 14.9
‘988 38 120,200 5.8 597 116 0 4 53 12 14.2
32 2 36 108,300 16.6 842 280 (1] 52 70 24 14.1
100 8 111,000 6.3 848 110 24 14 19 12 9.2
101 3 110,000 - £ 11 ] 110 30 20 25 10 12.7
102 33 113,000 7.5 722 110 49 30 3 [} 14.5
103 36 111,300 18.9 €77 268 200 140 170 32 $7.7
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DATA FROM DYNAMIC TESTS OF HYDROSTONE (Cont.)

TABLE V

Age at Not o d s nu t t t +t t KS
Test Praoctured 3 2 4 8 4 2 s ’ 2
Batok | Specimen Firet L
Number Teunaile -6 -6 -6 -8 - -9
\aye) Shase (in./sec) | (in.) 10°%1n./ 123 ] (107" sec) (10  sec) (10 ~ sec) (10 "~ sec) (10 " sec)| (10 ~ sec)
25 [3. 37 132,300 14.7 709 270 [T 62 79 18 20.8
S4HB 48 - 7889 110 48 26 37 10 11.9
SSHA 49 - 9
as SeN 38 - 680 270 178 144 160 18 -
STH 38 124,200 18.9 783 368 78 46 62 16 18.4
son as - 20.¢ 7 a6 273 223 249 16 -
27 (1) | 38 127,300 9.6 796 270 121 20 108 16 -
eon 1) 14.7 760 1. [ ] 50 (1] 12 20.5
30 [ H 38 = 18.7 eS8 267 a7 210 241 20 -
GIHT] 1) . 123,600 - 46 168 272 222 247 16 -
G3ET2 1 ™ - 776 268 272 218 248 20 -
63H 38 18.3 721 284 50 28 39 14 10.3
20 S4HTI 28 - - 638 516 432 364 398 24 -
C4AT2 28 a1.e 738 sle 322 166 194 e -
(111 a8 133,400 - 631 sle 100 44 72 a3 12.1
30 CTHTI 89 P 128,800 - 647 512 428 363 398 32 -
STHT2 [ 1) - - ¢80 512 436 364 400 40 -
CTHT3 [ 2] - 04 S13 37¢ 324 380 36 -
31 (1] 9 - - e70 504 438 380 409 24 -
SOMA 40 126,100 5.6 948 116 80 50 (1] a5 31.4
2 o0 2] . - 93 504 424 362 393 a8 -
7R [ 1) - 122,300 19.9 ¢70 504 420 368 389 24 -
33 728 [ 25.3 708 504 348 304 336 20 -
30 [ 1] 124,000 - 618 804 100 78 [ 1] 20 -
s 744 A 31 128,000 6.9 793 12 43 25 34 10 11.3
18H s4 = 32,7 710 504 438 374 406 a2 -
36 76H (1] 31.7 642 512 2 36 49 30 9.6
1TH 58 122,300 - (] ]] s12 312 172 192 24 -

Ty
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DATA FROM DYNAMIC TESTS OF HYDROSTONE (Cont.)

TABLE V

Age at Not c d, e, t, t, ty ty*ty s K3
Test Practured 2 von
Batch | Specimen Firet
Number ‘enslle o -8 -6 -6 _6 %6 -9
(daye) Phase (in./sec) (in.) (10 in./in.) (10 sec) (10 sec) (10 sec) (10 ~ sec) (10 ~ mec) (1 ~ sec!
14 326H 41 125,800 20.9 709 270 256 212 234 18 -
28H 41 19.4 804 379 208 172 190 18 -
15 29H 41 9.0 674 267 157 123 140 18 =
20R 4] 125,100 15.9 749 270 58 32 45 16 -
3N 40 19.2 697 268 99 57 78 18 19.1
16 33HTI 70 - - 543 506 436 368 402 32 =
32HT2 79 . - 583 516 430 388 k1 1] 28 -
32HT3 70 - - 630 516 432 k1.1 ] 395 32 -
33HA 50 116,800 7.8 776 118 35 17 26 10 7.8
17 S4H 41 8.7 631 272 132 118 125 18 -
3SH 70 116,300 16.8 650 810 256 a30 238 20 -
18 36H 41 17.7 725 268 60 30 45 18 10.7
37H 41 17.7 897 267 131 92 106 20 =
38H 41 123,700 - 846 272 172 60 116 5 -
19 39H 41 120,700 - 682 264 100 68 84 18 -
40H kI } 3.5 485 516 62 0 31 al -
20 1JH 40 - 121,900 - 129 270 270 218 244 18 S
42H4 35 14.3 6486 524 224 164 194 a0 =
21 43H 40 - 645 271 223 192 207 18 =
44HTI 40 L 122,800 - T41 269 278 2258 281 14 -
44HT2 40 - 623 3270 63 29 46 12 -
4SH 41 20.1 745 270 12 65 [ 1]} 18 S
22 46H 41 6.3 713 268 230 158 114 18 -
47TH 35 123,300 = 638 516 290 238 263 36 =
23 49H 35 = 812 516 200 142 171 a8 =
24 SOH 41 - - 728 268 32718 245 280 18 -
S1H al 9.8 728 272 170 132 151 20 =
52HB 48 8.8 790 112 60 39 50 10 17.2

ad e i i
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TABLE V

DATA PROM DYNAMIC TESTS OF HYDROSTONE (Cont.)

Age at Not c d [ t t t t ot t
Test Practured 3 2 g 4 L 4 8 2
Batch | Specimen Pirst a
Number Tenslile
-6 -8 -6 -6 -6 -6 -9
(days) Phase (in./sec) (in.) (10 " tn./tn.) (10  sec) (10  sec) (10  sec) (10  sec) (10 sec)] (10  sec)
46 99H 10 123,700 7.2 591 270 170 142 156 16 -~
100HA 31 6.9 950 11 30 1 20 10 8.5
101H 10 122,900 - 721 370 116 92 104 16 -
47 102H 9 . 7.8 6682 168 268 210 239 18 -
103R ] 127,800 18.2 6l4 268 76 42 59 18 9.8
104HA 16 10.3 (1 2] 116 84 38 60 34 13.1
104HB 30 - 977 111 a5 13 19 io 9.4
48 10SHA a8 1.2 749 109 31 17 a4 10 6.9
10SHB 28 8.7 9207 ii2 40 as 32 9 14.2
106HA 28 128,100 6.1 1088 114 3l 5 18 20 8.9
106HB 28 6.8 237 11! 30 10 a0 11 8.3
10THA 28 10.1 937 110 45 12 29 24 11.6
107HB 28 7.8 T41 109 k1 21 k1] 9 8.3
49 108HA 23 125,000 10.4 953 112 59 39 49 10 24.4
108HB a3 7.8 938 11 49 26 37 10 17.1
109HA a3 10.6 716 114 81 23 52 KH 10.9
109HB 23 $5.8 678 i14 58 26 42 34 8.8
110HA 23 7.8 733 112 4?2 a2 32 11 8.6
110RB 23 .1 773 112 48 32 35 11 10.5
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