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The failure behavior of mortar under dynamic impact loading is characterized through a series of
plate impact experiments. The analysis focuses on the spall strength and the shear stress carrying
capacity in different regions of the specimen under normal impact loading. Special attention is paid
to the possible existence of a failure wave phenomenon that has been widely recognized as an
important failure mechanism for glasses during plate impact. The experiments are designed to allow
the strengths of the medium at locations behind and ahead of a possible failure wave front to be
analyzed. The diagnostics used include velocity interferometer system for any refMISGaR)
recording of the free surface velocities of targets and monitoring of the internal stresses via
polyvinylidene fluoride(PVDF) gauges embedded in the specimen. Experiments conducted do not
provide evidence for the existence of a failure wave phenomenon for mortar under plate normal
impact loading. While the study suggests that a threshold impact stress must be exceeded for failure
to occur, a clearly defined failure wave that propagates behind the loading wave is not observed.
Instead, a gradual failure process that initiates upon the arrival of the loading wave and progresses
thereafter is observed. This gradual failure process in mortar is in contrast to the well-defined failure
front and complete loss of tensile strength associated with the failure wave phenomenon reported for
glasses. The study also indicates that, under impact involving high levels of input stresses,
attenuation of the loading wave occurs as it propagates through the failed mediu®001©
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I. INTRODUCTION the spall strength drops, the transverse stress increases, the
OIshear strength decreases, and the medium experiences a gen-
eral breakup within the region traversed by the failure wave.
ecently, analytical modeling and numerical simulation of
failure wave phenomenon has received growing

The “failure wave” phenomenon has been reported an
analyzed extensively for glass&s.This phenomenon occurs
during normal impact of planar specimens. Once a threshol
impact stress is exceeded, a well-defined failure wave propa- € 7_8

; - ; - gttention:
gates behind the compressive loading wave from the impa Raiset? and Cliftor? ted that a oh ¢ ’
face toward the interior of the stressed specimen. The re- aiser-an Iftor suggested that a phase transtorma-

ported threshold impact stress is near but below the Hugonicyto.n to a crystalline structure is the most likely cause of the
elastic limit (HEL) and the failure wave propagates at afa_ulure wave phenomenon. Howeve_r, other researchers hgve
speed lower than the longitudinal wave speed of the materiafNce obtalngd resultﬁs that contradict this argument. For in-
The failure wave front separates the intact material ahead of.ance: Espinoset al.” presented two possible causes that
the failure wave and the comminuted material behind it. Thd@y e responsible for the phenomenon. The first is the ini-
process involves a total loss of spall strength and a signifiti@tion of microcracks at the surface subjected to compres-

cant drop in shear strength of material traversed by the failSIVe traction and their propagation into the interior of the
ure wave. material along planes of maximum shear stress. The second

Brar et al! and Kanelet al? reported the failure wave involves shear-induced plastic flow surfaces punched into the

phenomenon in a series of impact experiments with glasgUIk of the material. Their analysis of postimpact samples
plates and bars. Investigations by Begral® and Brar and  Yi€lded no evidence supporting a phase change in the mate-
Bles$? suggested that a threshold impact stress must be eXi@l- There is currently no consensus on thf actual cause of
ceeded for a failure wave to occur. Before the existence oféilure behind the failure wave. Espinostal.” noted, how-

the failure wave was confirmed, Rosenbetal ! noticed a ~ €Ver, that microcracking is mainly responsible for the pro-
sharp drop in spall strength relative to the HEL after thedressive decay_behlnd the failure wave front. There is a con-
failure wave passes the point of observation. Rai&er, SENSUS that microcracking plays an important role in this

through his experiments on aluminosilicate glass, found thalffOC€ss. _ _
Although the failure wave phenomenon has widely been

recognized for glasses, the same has not been reported to
dCurrent address: U.S. Federal Highway Administration, TFHRC, McLean,date for geologic materials under shock or impact

Virginia 22101. iy 13-16 ;
YAuthor to whom all correspondence should be addressed, 404—894—32919_ad|n9- Chen and Xirf b_as_ed on the concept of |OC.a| _
Electronic mail: min.zhou@me.gatech.edu dilatation, suggested that a similar phenomenon may exist in
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TABLE I. Composition of the fly ash used in mortar specimens.

Volume ASTM C618 AASHTO M295

Components (%) Spec.(Class B Spec.(Class B
Silicon dioxide (SiQ) 50.7
Aluminum oxide (ALOs) 24.9
Iron oxide (FgOs) 13.8
Sum of SiQ, Al,O;, and FgO; 89.4 70.0% Min. 70.0% Min.
Calcium oxide(CaO 3.1 30.0% Max.
Magnesium oxidgMgO) 1 5.0% Max.
Sulfur trioxide (SQ) 0.5 5.0% Max. 5.0% Max.
Moisture content 0.2 3.0% Max. 3.0% Max.
Loss on ignition 3.6 6.0% Max. 5.0% Max.
Amount retained on 22 34.0% Max. 34.0% Max.
No. 325 sieve
Specific gravity 2.31

geologic materials because their mechanical properties arelocity for the experiments conducted are summarized in
pressure dependent. Indeed, the significant proportion cfable Ill. A gap between the flyer and the projectile tube is

sand(or glass in the compositions of concrete and mortar provided to ensure a traction-free end condition at the back
suggests there is a possibility that a failure mechanism simisurface of the flyer during the impact process. All plate im-

lar to the failure wave phenomenon may exist in these mapact experiments were carried out in the High Strain Rate
terials. Laboratory at Georgia Institute of Technology.

The current study focuses on the failure behavior of  Two different types of diagnostics are employed. The
mortar under the uniaxial strain conditions of normal platefirst one uses a VISAR to monitor particle velocity histories
impact. Mortar is selected over concrete mainly because ddt the rear surface of impacted specimens. The VISAR unit
its enhanced homogeneity in microstructure compared witthas an accuracy of 2 ms . The second type of diagnostics
concrete. The experiments are designed to allow the tensileses PVDF stress gauges to measure the histories of longi-
and shear strengths of the specimen material at locations basdinal and transverse stresses in the interior of the speci-
hind and ahead of a possible failure wave to be analyzednens. The stress gauges have an accuracy of 0.2% for lon-
The diagnostics used include velocity interferometer systengitudinal stress measurement. So far, no application of such
for any recorder(VISAR) recording of the free surface ve- gauges for transverse stress measurement has been reported.
locities of targets and monitoring of internal stresses viaAn elastic impact experiment was conducted in this study to
polyvinylidene fluoride (PVDF) gauges embedded in the calibrate the gauges for such transverse stress measurement.
specimens. Experiments conducted are expected to reveal thds found that the error associated with transverse measure-
characteristics of the failure process under the conditions aihent is approximately 11% for the peak stress. This is con-
uniaxial strain induced by normal plate impact. sidered quite good since the error for transverse measure-

Il. MATERIALS

The material analyzed is a G-mix mortar provided by
Wright Laboratory at Tyndall Air Force Base. The mortar
has a nominal density of 2100 kgrhand a longitudinal
wave speed of 4031 m&. All samples were water cured for
28 days. Fly ash is used to facilitate the mixing of wet mor-
tar, allowing a decrease in the level of moisture. This process
allows the mix to possess the ideal moisture level for highest
strength. The composition of the fly ash used in mortar speci-
mens is given in Table I. Figure 1 shows a representative
cross section of a mortar specimen. An inspection of the
specimen revealed the presence of voids on its surfaces with
a maximum size on the order of 0.5 mm. Table Il lists
the material constants for mortar and polymethylmethacry-
late (PMMA) used in the experiment.

IIl. EXPERIMENTS

A schematic illustration of the impact configuration is
shown in Fig. 2. The impact involves a PMMA flyer and a 10 mm
mortar target, with projectile velocities between 54 an_d 482G, 1. Cross section of a mortar specimen before experifiameter:
ms L. The thicknesses of the flyer and target and the impact6.2 mm.
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TABLE Il. Material constants.

Density Young’'s Modulus Longitudinal wave  Rayleigh wave
Material ~ (kg-m9) (GPa Poisson’s Ratio speedms™?) speedms™)
Mortar 2100 30.7 0.20 4031 2242
PMMA 1190 3.10 0.35 2045 918

ment comes from two sources. The first is due to thespall process provides a free surface, allowing the tensile
compressive strain in the impact direction and the second iwave to be reflected as a compressive wave and propagate
due to the time it takes for stress waves to traverse the finitioward the back surface of the target. Consequently, an in-
width of the active gauge area in the direction of impact.crease in surface velocity will be observed at point B in Fig.
More details for this calibration are provided in the Appen-3(a). If there is no failure wave, the material at A would
dix. retain its original strength and no pull-ba¢ér recompres-

This analysis is carried out in a way that the failure sion) signal would be registered at B. FigurébBrepresents
behavior of the material at hand is compared with the charthe case in which the spall plane lies ahead of the failure
acteristics of the failure wave phenomenon in glasses. Tavave. The spall strength, in this case, would not be affected
this end, the experiments focus on the tensile and sheday the presence of a failure wave. It is to be noted that the
strengths at different locations within the specimen duringcylindrical release waves disrupt the one-dimensional nature
impact loading. Three sets of experiments are conducted iaf loading in the specimen and limit the time window of
order to confirm or rule out the existence of a failure wavevalid data acquisition. In these two configurations, the cylin-
phenomenon in the mortar analyzed. drical release waves arrive at the location of velocity mea-

The first set of experiments focuses on the spall strengtsurement at the center of specimen surface approximately
of mortar as the postulated failure wave propagates through.73 and 10.4%s after impact, respectively.
the specimen. Time—distance diagrams for the experiments The second set of experiments focuses on the analysis of
conducted are shown in Figs(a® and 3b). Longitudinal the shear strength of impacted specimens. PVDF stress
wave fronts are represented by solid lines while the postugauges are imbedded in the specimens to measure the longi-
lated failure wave fronts are represented by dashed linesudinal and transverse stress histories during impiasete
These fronts are predicted using the Rayleigh wave speefig. 4@)]. The PVDF gauges allow the direct measurement
(cR) listed in Table II. The failure wave speed is assumed taof stresses inside the specimen or on the impact face. These
be c,=cg/y/2. This assumption is proposed by Ratder gauges make use of the piezoelectric effect of ferroelectric
based on the experimental observation of Biaal® Specifi-  polymeric thin films!’~1° The experiments use the fact that
cally, it assumes that cracks associated with a failure wavéhe material loses part of its shear strength upon failure. This
front propagate at the limiting speed@f in directions=45°  reduction in shear strength is reflected as a reduction in the
relative to the direction of wave propagation. The location ofdifference between the longitudinal and transverse stresses.
the spall plane, denoted by point A, differs in the two con-A sharp rise in the transverse stress during impact would
figurations illustrated schematically in FiggaBand 3b). In  indicate that the material at the gauge location has undergone
Fig. 3(@), tensile loading occurs behind the failure wavefailure under compression. The center of the transverse
front, allowing the tensiléor spal) strength of the damaged gauge is positioned approximately 6 mm from the impact
material to be probed. In Fig.(8), tensile loading occurs face, and the longitudinal gauge is placed 1.5 mm behind the
ahead of the failure wave front, allowing the spall strength oftransverse gaugéarther away from the impact fare
the undamaged material to be analyzed.

If the loading is of sufficiently large amplitude to initiate
failure and if a failure wave indeed exists, the failed materialTABLE 1Il. Summary of impact conditions.
would have essentially zero spall strength, allowing the ma

. - . Projectile
terial to open up(or spal) under the tensile stresses. This PMMA flyer Mortar target  velocity
Shot ID  thickness(mm)  thickness(mm) (ms™ Remarks
PMMA 101 2.7 9.3 89 Spall
Projectile Elyer  Mortar 102 2.7 9.3 290 Spall
; \ 103 2.7 9.3 408 Spall
Laser ontical 104 2.8 18 415 No Spall
Probe TR 105 2.8 18 54 No Spall
o 106 12.45 22.50 167 6.00/7%0
s 107 12.50 23.26 391 6.14/7%4
* 108 12.45 22.52 482 6.02/7%2
109 12.50 22.50 411 0/6.00/7%50
110 12.50 22.50 111 0/6.00/7'50
Gap—l ®Distances of transverse/longitudinal PVDF gauges from the impact face
(mm).
FIG. 2. Schematic configuration of plate impact experiment. PDistances of longitudinal PVDF gauges from the impact fanen).
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FIG. 3. Time—distance diagrams for plate impact experiméatsvhen the 0 5 10 15

spall plane is behind the assumed failure wave @avhen the spall plane

is ahead of the assumed failure wave. Time (ps)

FIG. 5. VISAR measurements of free surface velocitigswhen the spall
plane is behind the assumed failure wave @mdwhen the spall plane is
The third set of experiments is designed to investigateihead of the assumed failure wave.
the attenuation of the longitudinal stress waves as they
propagate through the specimen during impact. To this end,
PVDF gauges are positioned at three different locations fronfinm into the mortar specimen, and the third one is placed 1.5
the impact face as indicated in Fig(b4 The first gauge is mm farther into the interior of the specimen. All the gauges

placed directly at the impact face, the second one is placed ®easure longitudinal stress histories at their respective loca-
tions. By analyzing the stress histories at different locations,

a better understanding can be obtained of how the stress

Multiple wave attenuates while it passes through the material under-
Longitudinally Longitudinal going damage and failure.
Mounted PVDF PVDF Gauges
Gauge
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Spall strength of impacted specimens
Impact
Direction \ M]3 Figure 3a) shows the free surface velocity profiles ob-
S I —t’ tained from a set of experiments in which the spall plane lies
7 mpact behind the postulated failure wave as in Figg)3The three
Direction . s -

/ experiments are conducted with impact velociy= 389,
Transverse 290, and 408 ms', respectively. The two lower profilg$or
Gauge V=89 and 290 ms") show distinct drops in the free sur-

>l ’ 1.5 face velocity after the initial peak, followed by pull-back
<> increases. The top profile exhibits a slight decrease of veloc-
75 15 mm i Th fil hibi light d f vel
6 15mm ity after the initial peak. The decreases in velocity Aré
() (b) =10ms !, 8 ms?, and 3 ms?, respectively, for the three

experiments. Since the velocity drop is related to the spall

FIG. 4. Location of PVDF gauges embedded in the mortar targatsa  strength througt?
longitudinal and a transverse gauge for shear strength investigatiotband N
three longitudinal gauges for stress wave attenuation investigation. o= 3pCAV, D

Downloaded 29 Aug 2001 to 130.207.128.182. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 Grote, Park, and Zhou 2119

where these values correspond to spall strengths of 42@asse$:?> However, in the experiments on glasses, much
MPa, 33.9 MPa, and 12.7 MPa, respectively. In the abovehorter rising times are involved compared with those in ex-
expressiongy, p, ¢, andAV denote, respectively, the spall periments on mortar or concrete.

strength, mass density, longitudinal wave speed, and pull-  Figure 5b) shows the velocity profiles obtained from

back velocity of the mortar specimen. Clearly, there is ayyg experiments in which the spall plane lies ahead of the

strong dependence of spall strength on impact velocity, indiyostjated failure wave front, as illustrated in Fighi3 One

cating the occurrence of damgge caused by the initial Coméxperiment has an impact velocity of 54 Thsnd the other
pressive wave. The observations made here are somewhat_ impact velocity of 415 mé Both profiles show over-

similar to those made from spall experiments on gla8ses. . . .
all continuous decrease in surface velocity after the peak.

However, the lack of total loss of strength seen here for h file forVa—54ms L sh I signal that indi

mortar is in sharp contrast to what has been reported fO-Ir e profile forVo=>54ms = shows a spall signal that indi-

glasses. In experiments on glasses, full tensile strength gates a tensile strength of the intact material. This is essen-
observed if the impact velocity is below a certain critical tially a fully elastic event without compressive damage, simi-
level and complete loss of strength occurs once this critical@r to the first experiment in Fig.(8) with Vo=89ms *. At
impact velocity is reached. Since there is no total loss oMo=415ms !, however, the input stress intensity is suffi-
spall strength and the spall strength decreases with increasient to cause damage as suggested by the results shown in
ing impact velocity, the damage and failure appear to be &ig. 5a), the free surface velocity decreases monotonically
gradual process distinctly different from the sudden andand no pull-back signal is observed. The impact velocities
complete loss of tensile strength associated with failurdor the two profiles shown in Fig.(b) are significantly dif-
waves in glasses. ferent, yet both suggest that the material is quite intact and
The spall strength of 42.3 MPa &, =89ms ' is very  possesses significant tensile strength in the region ahead of

close to or slightly lower than tgf initiacompressive  he damaged material. These results lead to two conclusions.
strength of the materiak5-47 MPa."" This indicates that e first s that a critical input stress level must be exceeded

the material possesses its initial tensile strength at this impagt order to induce compressive damage. The second is that
velocity. Consequently, it appears that no damage or failure '

" . ! . once the critical input stress level is exceeded there are in-
occurs under the conditions of this experiment. At a h|gherdeed o regions in the specimen. One of the regions is on
impact velocity ofV,=290ms !, the spall strength is 33.9 9 P ' 9

MPa, indicating the initiation of damage. It appears that athe side of the impact face and ShOW‘? onver Ievelslof spall
threshold impact velocity between 89 and 290 s strength due to damage. The other region is on the side of the
needed to initiate damage in the material. The correspondingf@r surface and has significant tensile strength. The falct that
input longitudinal and transverse stresses required can P9 spall is observed in the experiment wkf3=415ms

found through shows that once damage occurs there is significant dissipa-
tion in the material and the attenuation of the stress wave
o= (PC) mortar . may be sufficient to prevent further damage and spall in far
(PC)mortart (PC) PMMA regions of the specimen.
. The above results are significantly different from those
Tr=1, 0L 2 reported for glasses tested using a similar configur&tfén.

This behavior also points to a failure process different from
where (C)mortar aNd (pC)pyma are the longitudinal wave the failure wave phenomenon that has been observed in
impedances for mortar and PMMA respectively. Pdg  glasses. The transition between the damage zone and the
=89ms !, ¢,=69.13MPa; and forVy=290ms?!, o intact zone here in mortar may be gradual and continuous
=225.25MPa. These set the upper and lower limits for theather than abrupt as in glasses. At least two factors may
threshold input stress required for initiation of damage. Thesontribute to causing the differing behaviors. First, the more
top profile with Vo=408ms * does not show a significant inhomogeneous microstructure of mortaompared to glags
drop in surface velocity before the pull-back increase. Spegan |imit the speed of microcrack growth, causing damage
cifically, the drop is onlyAVvV=3 mlsf_l' corresponding t0 & g therefore, loss of strength over longer times rather than
tensile strength of 12.7 MPa. This is an indication of more,, earing to be instantaneous. Second, the attenuation and
significant damage in the material. dispersion of stress waves due to nonlinearity in mortar may

The curves in Fig. & show a slow rise of the velocity . .
: o : ._cause damage to be spatially nonuniform. The degree of
over time. When the target material is perfectly linear elastic,

the rise of the velocity should be instantaneous. Gebial 2 daf“age and IO.STC’ of strength.can decrgase ?'0”9 the direction
reported an almost instantaneous rear surface velocity ris%'c impact. Sufficient attenuatlon.and dispersion WOUld, even-
for plate impact experiments involving a mortar flyer and atua!ly preclude further propagatl'on of dqmage, allowing far
steel target. The initial rising portion of the curve shown in€gions of the specimen to retain the original spall strength
Fig. 5(a) indicates that the material analyzed has a nonlineafVen under high impact velocities that are sufficient to cause
stress—strain relation even at low impact velocities. At highdamage in regions close to the impact face. The experiments
impact velocities, the gradual compaction and damage in theonducted to characterize the attenuation and dispersion of
material also contribute to the nonlinearity. Similar observathe stress pulséo be discussed lateprovide support for
tions have been reported in experiments on contteted  this observation and the interpretation of the results here.

Downloaded 29 Aug 2001 to 130.207.128.182. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



2120 J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 Grote, Park, and Zhou

1.0 closure of this gap takes approximately 0.25—0u&5under

(a) V,=167 ms” the impact conditions analyzed. Such times are small com-
pared with the signal rise times observed, indicating the ef-
fect of gauge insertion on the overall response is minor and
b Teansverse negligible. The measurements indicate that the rise in the
0.5 | (Linear Elastic Limit) Longitudinal longitudinal stress precedes the rise in the transverse stress.
_ (Linear Elastic Limit) The delayed rise of the transverse stress can be attributed to
S I RRRSRSALIEEE the closure of the gap under the compressive loading. Note
Longitudinal aximum Shear

~ Hydrostatic__ that the loading stress pulse ends at approximately
T , =10us. The histories of the maximum shear stress

Stress (GPa)

2 6 10 oL 0T
Time (us) Tmax= "5 (©)

(b) V,=391 ms” and the hydrostatic pressure achieved in the material

=59Y1 ms

o Longitudinal
(Linear Elastic Limit) oL +ortot

e D e e p=——73—, (4)

Hydrostatic

Longitudina

are also shown. The horizontal dash lines in Fig. 6 indicate
the stress levels far, ando; predicted by one-dimensional
Transverse linear elastic stress wave theory according to €.
{Linear Elastic Limit) The longitudinal and transverse stress histories shown in
""""""""""""""""""""""" Fig. 6@ correspond to the lowest impact velocity consid-
y ¢ ] ) ) . ) ered, orVy=167ms 1. These profiles show that while the
P s 10 longitudinal stress approaches its linear elastic limit, the
Time (us) transverse stress increases monotonically and slightly ex-
ceeds its linear elastic limit toward the end of the loading
Longitudinal (Linear Elastic Limit) period. The shear stress increases initially and then saturates
""""""""""""""""""""""" at around 110 MPa. Since the longitudinal and transverse
stress levels approach their linear elastic limits, there does
not appear to be significant failure in the material. The satu-
ration of 7,5y, however, indicates that slight nonlinearity ex-
ists in the material response at this loading level. This non-
(T;g?;::;:mc Limit linearity may occur elastically without damage or may be
due to the onset of damage.
At a much higher impact velocity, the results are quite
different. Figure @) shows the stress histories fdr
=391 mst. While the longitudinal stress approaches and
2 Timi (us) 10 saturates at the elastic limit, the transverse stress exceeds and
reaches a level that is more than twice its elastic limit. The
FIG. 6. Longitti?inal and transve[sle stresses measy{ed using PVDF gaugggiaximum shear Stress,., increases until approximately
(&) Vo=167ms ", (b) Vo=391ms ™, (c) Vo=482ms ™. =5.5us. At that moment, it reaches a level of approxi-
mately 120 MPa. Note that this level is very close to the
shear stress levéll10 MPa maintained by the material in
Fig. 6(@). Clearly, although both the longitudinal and trans-
In order to gain a better understanding of how damageverse stresses are much higher under the higher impact ve-
occurs within mortar during impact loading, a set of experi-locity here, the shear stress carried by the material does not
ments are conducted in which internal stress histories armcrease accordingly. This result points to the occurrence of
directly monitored by PVDF gauges, as illustrated in Fig.failure in this higher velocity experiment. Also, it is reason-
4(a). The histories of the longitudinal and transverse stresseable to estimate that the shear strength of the material is
measured at impact velocities ranging from 167 to 482'ms approximately or slightly lower than 110 MPa. Evidence
are shown in Figs.®)—6(c). The transverse gauge is located supporting this estimate is twofold. First, this is approxi-
slightly closer to the impact facd..5 mm than the longitu- mately the level of shear stress carried by the material at two
dinal gauge due to the finite gauge size and the physicahput stress levels. The inability of the material to carry a
constraint associated with gauge insertion. For clear comhigher shear stress at the higher input stress level suggests
parison, the longitudinal and transverse profiles are synchrdailure. Second, at the lower input stress level of Fig)6
nized in this paper, accounting for the distance between thboth the longitudinal and transverse stresses are close to their
two gauges. Each gauge package has a finite thickness, cmespective elastically predicted limits, suggesting the condi-
ating a gap of approximately 100—128n between the two tion of that experiment is close to or does not significantly
sides of the plane of gauge insertion in the specimen. Thexceed the critical point of failure initiation.

05

Transverse

Stress (GPa)

Maximum Shear

0.0

1.0

(c) V=482 mg.

Longitudina
Transverse

05 |

Stress (GPa)

Maximum Shear

0.0

B. Shear strength of impacted specimens
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020 - carrying capacity of the materials, regardless of the rate at
= which failure occurs. Espinoset al” and Chen and Xfh
(3 015 | simulated the phenomenon of transverse stress increase dur-
@ ing the failure wave propagation using numerical models.
% _ V°=L67 ms”! Numerical S|mulat|ons of the more gradual damage and fail-
§ 010 [ ure process in mortar have not been conducted. The mecha-
& [ ; nisms are different for the glasses and mortar. In glasses, the
E V0=3%1m initiation and growth of microcracks dominate the failure
£ 005 ¢ process. In mortar, material heterogeneities and voids con-
= tribute significantly to the deformation.

0 =482 ms
000 o v v v e e e : L
0.00 020 0.40 0.60 0.80 100 C. Attenuation of stress waves in impacted

specimens
Longitudinal Stress (GPa) . L . :
Nonlinearity in material response, damage, and failure

FIG. 7. Shear strength as a function of longitudinal stress. cause dispersion and dissipation during the propagation of
stress waves. Changes in the loading wave profile as defor-
mation progresses influence subsequent deformation and

At an even higher impact velocity 8,=482ms ! [see failure. In Fig. 5, it was found that while spallation occurs in
Fig. 6(c)], the stress histories show characteristics similar taegions of specimens closer to the impact féwéthin ap-
those in Fig. @). The maximum shear stress,, reaches a proximately 3 mm no spallation was observed in regions far
plateau of approximately 130 MPa, slightly higher than thataway (more than 12.5 minfrom the impact face even at the
in Fig. 5b), and subsequently decreases slightly. The averhigh impact velocity levels analyzed. Furthermore, a depen-
age level is around 125 MPa, consistent with those seen idence of spall strength on input stress lefiglpact velocity
Figs. 5a)—5(b). Note that failure has clearly occurred in this is found in regions showing spallation. Since spallation does
experiment. The successively higher shear stress levels mot occur in regions far away from the impact face even at
these experiments may have to do with the effect of hydrothe high input stress levels analyzed, there should be a strong
static stress on the flow strength of the fragmented and ruldissipation and attenuation of the loading wave as it traverses
blized material. This slight increase in shear strength can bthe specimen, especially through damaged regions. To verify
ascribed to the increased hydrostatic pressure in the highetstis conjecture and to quantify the attenuation, additional ex-
velocity experiment. Hydrostatic pressure enhances interngleriments are conducted to measure the stress histories at
friction in the rubblized material and the higher internal fric- different distances from the impact face. The configuration
tion allows higher shear stresses to be carried by thesed is shown in Fig.(®). The three longitudinal gauges are
material®® According to Eq.(4), the maximum hydrostatic located at 0, 6, and 7.6 mm from the impact face, respec-
pressures in the three experiments in Fi@ &nd 3b) are, tively.
respectively pnha=160, 593, and 767 MPa. The histories of longitudinal stress recorded at the three

Figure 7 shows the maximum shear stress, as a func-  locations forVy=111ms * and 411 ms* are shown in Figs.
tion of longitudinal stressr; for each of the three impact 8(a) and 8b), respectively. At the low velocity ofV
velocities considered. The curves are obtained by cross plot=111 ms !, the amplitudes of all three stress profiles are
ting the maximum shear stress and longitudinal stress curveslite consistent. Based on the result in Figr)6the input
shown in Figs. €a)—6(c). These curves show an initial linear stress level86.2 MPa is not sufficient to cause damage in
region with no damage. The maximum and minimum sheathe specimen. As expected, the rise time in the stress profile
stresses attained decrease with increasing impact velocitfor the impact face is shorter. The general trend shows dis-
This seems to correlate with the amount of damage in th@ersion of the wave profile. Clearly, no significant stress at-
material. At late stages of loading, the shear stress increase=nuation occurs over the distances analyzed. At the higher
with the longitudinal stress, reflecting the increase of sheaimpact velocity ofV,=411 ms %, more dispersion is seen in
resistance due to increase in internal friction in the fully pul-the profiles. The rise times for gauges 2 an@3s and 3.5
verized material. us, respectively are significantly and progressively longer

The transverse stress profiles shown in Fig. 6 are in conthan that for the impact face gauge. Note that this impact
trast to those observed for glasses by othér& gradual  velocity corresponds to an input stress level of 319.2 MPa,
increase in transverse stress is observed here for mortar, ineell above the level needed to cause damage and failure. The
dicating the failure process is a rather gradual process dhcrease in rise time and decrease in stress amplitude are
damage development and accumulation. A sharp increase more pronounced than those fdg=111ms . The ampli-
transverse stress upon arrival of the failure wave is reportetiide of the stress pulse at gauge 3 is approximately 65% of
for glasses, suggesting a more precipitous drop in shedhat at the impact face. These results provide additional evi-
strength and a more rapid process of failure. On the othedence for failure at high impact velocities and confirm oc-
hand, the saturation of shear-stress-carrying capability assaurrence of attenuation of the stress pulse which is respon-
ciated with damage and failure observed here for mortar isible for preventing damage from occurring at locations
similar to what is reported for glasses by Brrall and  relatively far away from the impact face. Espinosaal®
Espinosa et al® Both processes limit the shear-stress-conducted similar tests on soda-lime glass using embedded
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10 stress level of 130 MPa. The threshold shear strength under
the impact loading conditions considered is approximately
50-110 MPa and appears to be loading rate dependent.
While damage accumulates during loading and increases
with impact velocity, the comminuted material also exhibits
Longirudinal (Linear Elastic Limit) slightly higher shear stress levels at higher hydrostatic pres-
05 sures. The experimental data obtained do not support the
theory of failure waves for mortar. The gradual damage and
failure process occur without a clearly defined failure front.
The experiments also show that the failure process causes
attenuation of the stress wave at high impact velocities and
this attenuation is responsible for preventing damage at lo-
cations farther away from the impact face.

L (2) Vo=11l ms”

Stress (GPa)

Gauge | (at Impact Face)

APPENDIX

1.0

(b) V=411 ms” uge 1 (at Impact Face) Calibration of PVDF gauge for transverse stress

measurement

PVDF gauges have long been used to measure the lon-
gitudinal stresses in impact experiments. In this study, an
experiment is conducted to calibrate their output for measur-
ing the transverse stress under the uniaxial strain conditions
Gauge 3 (@t 7.5 mm) of a normal plate impact. The configuration used is illus-
trated in Fig. 4a). Both the flyer and the target are made of
Hampden tool steel hardened to a hardness of 65 on the
Rockwell C scale. The experiment is designed in such a way
- e that both the flyer and the target remain nominally elastic
0 25 5 75 during the impact so that the longitudinal and transverse
stresses can be accurately calculated using the elastic stress
wave theory. The plates are 76.2 mm in diameter. The flyer
FIG. 8. Longitudinal stresses measured at different locations within thehas a thickness of 11.79 mm and the target has a thickness of
specimen using PVDF gauges) Vo=111ms* and (b) Vo=411ms*. 15.87 mm. The gauge package is approximately A&5in

thickness. Two leads run along the package and cross where
. . . piezoelectric PVDF film is located. A current viewing re-
manganin gauges and observed progressively decaying IOfé,li_ster is soldered to the lead ends. This resistor has a well-

gitudinal stress in the material behind failure wave fronts. terized istance-0.0001.0 d all th
The data obtained here are consistent with what has beecrt1arac erized resistang .' ) and allows the gauge

: : output to be recorded. Signals from the PVDF sensors are
reported in the literature. L .

analyzed and converted to stress histories at the locations
where the gauges are embedded.
V. CONCLUSIONS . .
Accounting for the gap closure due to the gauge thick-
This study has yielded experimental data on the dynami@ess, the expected stress histories are

failure behavior of mortar under the uniaxial strain condi-

tions of normal plate impact. The analysis of spall strength

Gauge 2 (at 6 mm)

0.5 Longitudinal
(Linear Elastic Limit)

Stress (GPa)

0.0

Time (us)

0, if 0<t<t,

showed evidence of damage behind the compressive loading . —1p !

wave and the absence of damage ahead of the wavefront. oL(t)= E‘OCVO( t, ) if tot<ty

This lack of damage is seen even at high impact velocities N .

which are sufficient to generate failure in regions near the 2pCVo, if ty<t

impact face. In regions close to the impact face, the spall v

strength is found to decrease with increasing impact velocity, o(t)= = o (1), (A1)

indicating that a gradual increase in damage occurs with in-
creasing input stress and that the material does not lose all itg8heret,, is the time of stress wave arrival at the gauge loca-
strength instantaneously. An analysis of the maximum shedion andt;—t,=0.56us is the rise time of stress pulse due
stress history confirms that the failure in mortar is indeed @o gap closure,pc=47.03kgm?s ! is the longitudinal
rather gradual process, in contrast to the well-defined failurevave impedance of Hampden steel, and0.288.

front and complete loss of tensile strength associated with The experiment has an impact velocity o,

the failure wave phenomenon that has been reported for225ms!. The measured and predicted stress profiles are
glasses. The experiments suggest that the threshold impastiown in Fig. 9. Dotted lines represent prediction and solid
velocity needed to initiate damage in mortar is approxi-lines represent the measurements. The maximum longitudi-
mately 167 ms® which corresponds to an input compressivenal stress calculated from E¢A1) is o, =5.29 GPa and the
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