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PREFACE

This is the final technical report on a three-year program of research
sponsored by the U. S. Air Force Office of Scientific Research, Directorate of
Aerospace Sciences, Bldg. 410, Bolling Air Force Base, D. C., 20332. Program
Manager for the Air Force is Lt. Col. Lawrence 0. Hokanson. This final report

. describes the technical effort during the period from 1 December 1982 through e..
30 May 1986.

The contractor is the University of Florida, Division of Sponsored .-
Research, 219 Grinter Hall, Gainesville, Florida 32611. The research was
performed by personnel of the Department of Engineering Sciences, University
of Florida, Gainesville, Florida, 32611, at the Gainesville campus of the I
University and at the University of Florida Graduate Center, Box 1918, Eglin
Air Force Base, Florida, 32542-0918. Co-Principal Investigators are Professor _ 4
Lawrence E. Malvern at the Gainesville campus and Professor C. Allen Ross at
the Eglin Graduate Center. C ob"
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SECTION I

INTRODUCTION

A better understanding of the dynamic response of concrete and concrete
structures to Impulsive loadings is urgently needed as a foundation on which
to base both designs for adequate protective structures and plans for muni-
tions that can defeat protective structures. This final report describes a
three year fundamental research program investigating three major areas in
order to contribute to a better understanding of the dynamic response. These
three areas are (1) determination of the loads applied to a structure by a
close-in conventional explosion, (2) strength properties of concrete at the
high loading rates induced in a structure by a close-in conventional explo-
sion, and (3) localized dynamic structural failure criteria.

A two-part investigation was addressed to these areas. Task I was an
extension of previous studies at the University of Florida on structural
response, while Task II addressed the material response by developing a new
test facility to measure the compressive stress-strain response of concrete in
the strain-rate range from 5 sec" to 1000 sec-" and modeling the dynamic
behavior. The two tasks were pursued concurrently.

The objectives of Task I were to:

I. Search literature and consult with other agencies in order to develop a
loading function for the loads on structures resulting from cylindrical
charges of arbitrary orientation,

2. Use a structural analysis elastic/plastic finite element computer program
to determine early time localized response for a concrete/steel finite
element mesh,

3. Search literature for dynamic localized failure criteria and possibly
develop a new criterion,

4. Obtain better estimates of dynamic properties of concrete from the
results of Task II of this program, and

5. Combine all the above into a simple structural analysis program to
determine response of underground structures to intense impulsive loads.

The research on Task I was directed by Prof. C. A. Ross. Results of this
research are reported in Section II.

The over-all objective of Task II was to develop representations for the
dynamic response of concrete that can be incorporated into structural codes.
Since very little experimental information yas available on the material
response at strain rates above about 5 sec " , a new test facili y was builtfor dynamic compressive testing at strain rates up to 1000 sec- . An existing

Kolsky Apparatus, a split Hopkinson's Pressure Bar (SHPB) with 3/4-inch
(19.05 mm) diameter specimens was used to test mortar with sand particles of
maximum diameter 2.36 mm (1/8 the specimen diameter). For concrete with
larger aggregate a new SHPB was built to accomodate specimens up to 3 inches
(76.2 mm) in diameter. The testing program on mortar was undertaken mainly
for guidance in planning the new facility for concrete.

Section III of this report includes some background on dynamic testing,
describes the new system and procedures, and reports results obtained with it
of unconfined dynamic tests on five types of high-strength concrete with

.f N



coarse aggregate maximum ;izes up to 12.5 mm. At failure strain rates from
about 5 sec -1 to 120 sec -4, significant increases in unconfined compressive
strength over the static strength have been confirmed. Some exploratory
investigations have also been made of confined dynamic compressive tests, of
delay times in microcrack initiation and development in unconfined tests, and
of lateral inertia effects in unconfined tests; preliminary results are
presented in Section III.

Summaries and conclusions of the two investigations under Task I and
Task II are presented in Section IV. References cited in Sections II and III
are listed in Section V at the end of the report.
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SECTION II %.b

TASK I: FINITE ELEMENT CALCULATIONS, LOADING FUNCTION
MODEL AND LOCALIZED DYNAMIC SHEAR FAILURE MODEL

2.1 Loading Function Model

2.1.1 Introduction

The loading of buried structures from close in and very localized
underground explosions is discussed in many documents too numerous to list.
Some of them were referenced in the First and Second Annual Reports of this
study (References I and 2). Much of the literature is concerned with presen-
tation of experimental data and empirical relationships relating pressures in
soils at some distance from the source. The scatter in the experimental data
is very large, and measurements of pressures, particle velocities, wave speed,
etc., in both field and laboratory have shown variations as much as 1 60
percent. These variations are present and must be considered in testing and
analysis of structural response.

A structural test using buried explosives should be considered to be in
doubt in the same manner as an analysis using the pressure loading calculated
from the empirical equations. Much of the data on pressure loading from
underground explosions is based on measurements made at normal incidence, and
relations for other than normal incidence are necessary to determine pressures
on inclined surfaces. In the case of spherical pressure waves impinging on
flat surfaces, the wave front reaches the surface at other than normal inci-
dence at all points other than the points of the surface nearest to the
source. Hydrodynamic calculations of an explosion in sand (Reference 3) show
that, for intense pressures, reflection coefficients at normal incidence and
at other than normal incidence may be greater than the usually assumed 2.0
value. However, numerical calculations of Reference 4 for less intense
explosions show a 45*-50 ° cone of rather high pressures and pressures falling
off to much lower values out beyond that conical region.

For underground explosions where soil/concrete interfaces are present,
the ratio of the dilatation wave speeds of the two media is approximately
4 or 5. From simple wave mechanics, regular reflection and refraction rela-
tions break down when the incident angle exceeds the critical angle, which
makes the refraction angle n/2. Snell's law shows that this occurs for
incidence at approximately 150 to the normal for a dilatational wave speed
ratio of 4.0. At the critical incident angle the refracted wave separates
from the reflected and incident wave and runs out ahead of these waves at the
wave speed in the concrete. In optics this phenomenon is defined as total
reflection, and for planar waves a total reflection is known to occur.
However, for spherical or cylindrical waves, the reflection/refraction process
is complicated by interface refracted head waves which trail back from the
refracted wave and are tangent to the reflected waves. Effects of this
phenomenon are present in the calculations of a sand/concrete interface in
Reference 4 and are also shown photoelastically in the two bonded dissimilar
birefringent materials of Reference 5. Both sets of data show a cone of
45°-50* of rather high stress with reduced stresses beyond the 450-500 area.

In an effort to account for the reflection at other than normal incidence
the authors presented a model in the Second Annual Report of this Study
(Reference 2). This model neglects the effects of the surface refraction wave

3



WV.

..

which runs out ahead of the reflected wave and treats the incident wave as a
second order tensor. The transmitted or refracted wave is then based on the
normal to the interface surface. This model is reviewed in the next section.

2.1.2 Cylindrical Explosive Loading Function

The loading function as described in Reference 2 is reviewed here in
order that it be included in this report. A schematic of the cylindrical
explosive is shown in Figure 1. The nomenclature and symbols used in this
model are

X (x - X1) - (X2 - X1 )(i - 1/2)/N

Y (y "Y - (Y2 - Y1 )(i - 1/2)/N

Z + (Z2 - Z1 )(i - 1/2)/N
2 2 21/2

Ri =(x + Y? + zil.-

N Nearest odd integer to (L/D)

X1 , Y1, Z1  Location of explosive ends

X2, Y2, Z2  Z. > Z1 , Y2 > Y1, X2 > X1

Time of arrival of first pressure pulse from the first
element i = 1, time zero for structural response

% Time of arrival of pressure pulse from ith element

Ati  Pulse length of pressure pulse from ith elementI c(xi' y.' t.) Pressure time function of pressure pulse from ith.- -
element at a point (x,y)

Fit i)  Time function for a pressure pulse of ith element at a
point (x,y)

o(xi, y
)  Spatial function for a pressure pulse of ith element

at a point (x,y)

a Time decay constant for pressure time curve.',

K Coefficient of pressure term (Ref. 6)'A

Attenuation coefficient (Ref. 6)

PsCs Soil characteristic impedance

W Explosive weight

Transmission ratio, ratio of characteristic impedances
*T I for soil/concrete interface (Ref. 2)

kt Transverse pressure coefficient (Ref. 2)

4
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'Zi IZ2IZ2(X, Y

Fi gure 1. Schematic of Cylindrical Explosive.

From Reference 2 the reflected pressure at point (xi, yi is given as

1'x Y = Kp c I (W/N IaTla,I - kt)(z?/RTi 2) + kt /RI 1

The stress a at (xi, yi at time t.i is assumed to be given by a
separated-variable function

adxi, y.i, t) a (x1 , yi F(t) (2)

where F(ti) is given as

for (R' z )cs (2R1 - z O/c s(3)

* and F(t) 0

for (R1 - z)c 5 > t> (2R- z1 /c5

The arrival time is measured from the arrival time of the first pressure
pulse at (x, Ni, The pulse duration is also assumed to be a function of
pulse arrivali tme,*based on experimental evidence of Reference [6]. For
these asumptions the pulse duration and arrival time become

At R1/A
s
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The first term of Eq.(4) above is in error in Reference 2. These two items of
Eq.(4) then set the range of time given in Eq.(3). Use of Eqs.(1),(2),(3) and
(4) gives the stress transmitted to a structure at a point (x,y) at time t as

N
o(x, y, t) = E a(xv Yi , ti) (5)

1=1

This model has been inserted in the NONSAPC (Reference 13) finite element
code used in References 1 and 2 and Section 2.2 of this report.

2.2 Shear Response of Concrete and Reinforced Concrete Slabs

2.2.1 Introduction r "'

The dynamic response of concrete and reinforced concrete slabs to very
localized loading such that failure occurs away from the edges of the slab and
prior to the beginning of flexural response is covered in some detail in
Reference 7. For this reference failure is assumed to occur when the applied
impulse occurring within a specified time exceeds a critical impulse. The
specified time is assumed to be the quarter period of the flexural response,
and the critical impulse is based on the critical velocity required for
complete through-the-thickness failure of the concrete slab.

In this report and in References 7 and 8, shear failure is defined to
mean that a portion of the concrete slab situated away from the edges is

;1 separated from the remainder of the slab. A study in Reference 9 is concerned
with direct shear of a slab at the edges when the entire slab is loaded as a
function of time. For the Reference 9 study the initial loading is uniform
but due to slab displacement a reduction of loading near the midpoint is
experienced. This reduction in loading pressure near the center is defined as
soil arching in Reference 10. In Reference 9 a single degree of freedom
method using a Timoshenko beam analysis is applied to a wide beam. In this
case shear at the beam ends was examined for complete edge severance. Results
of the Timoshenko beam analysis are displayed by a ratio of edge-shear/ulti- .. .!

mate-shear versus time. Shear failure is assumed to occur first if the shear
ratio curve crosses unity prior to that of the bending ratio curve. For this
analysis edge effects play an important part in the response and some edge
stiffness must be assumed.

For shear failure of a slab far from the edges, edge effect plays no part
in the analysis, since shear failure is assumed to occur prior to flexural
response. In this study two additional methods which will be applicable to
concrete and reinforced concrete slabs will be discussed in terms of failure
of concrete, failure of concrete reinforcing elements and failure of concrete
between the reinforcing elements.

2.2.2 Critical Impulse Method

The critical impulse method is described in some detail in References 7 " ...

and 8 and is reviewed here.

Based on a method of Reference 11 a critical velocity for through-the- - .
thickness shear of a concrete or reinforced concrete slab is given as

6 ,A
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where Vcr = the critical velocity I

l - the ultimate tensile strength O
p = density.

A relationship for velocity and impulse may be written as

whr h ssa cr = Phv cra (7)
ther criic a thickness. By using a linear rule of mixtures for au and p

the ritcalimpulse Icr, required for shear failure, may be written as

r h [E( - q + qp 1 ( q)(0.13)f- + q(1.25)as 11/2, (8)

Vcr C..

where h =slab thickness

PC concrete density

p5  = reinforcement density

A = reinforcement tensile strength

q total reinforcement ratio (top and bottom, one direction,
plus shear reinforcement)

f = static compressive strength
C

The constant 0.13 of Eq. (8) represents a combination of 1.3 dynamic increase
factor and 0.1 of f for tensile concrete strength. The 1.25 constant of
Eq. (8) represents S dynamic increase factor for steel reinforcement. These
two dynamic increase factors are rather arbitrary but appear to be reasonable
for the simplified analysis.

The applied specific impulse a is determined from the equation

t27)1 f fcr P(r,t)rdrdt (9)

where R - radius of applied impulse area
r = spatial integration variable

t a timeWA
tcr - critical time

P(rt,) - spatial-time pressure function symmetric about r e 0.

If a circular slab of radius R and thickness L receives an applied.,
impulse which exceeds I rtduring a critical time tcr, then a breached hole
of radius R is assumed poccur. Since I cr is not a function of R or t, a
solution may be obtained by a plot of Ia and the tcr line. An example will
be discussed later.

7

P *r.t,) .- sptll-im pressre function * ~ %. symeri about r~ = .'-t



2.2.3 Steel Failure Method

This method is based on determining a displacement necessary to cause
steel reinforcement failure assuming some deformed reinforcement length. The
deformed reinforcement length shown in Figure 2 is assumed to be half the
thickness h/2, and the critical strain for failure of reinforcement is assumed % "*
to be 0.1. %

The equation of motion for the affected slab volume of Figure 2 is
written as

pRh + 2 hasf = 2n R jt P(r,t)rdrdt (10)

0 0

where w = displacement

s ultimate shear stress

= reinforcement tensile strength.

- I

I A ~,I'
IA - I-

R/

/A

OF.-.-.
LOAD.

Figure 2. Shear odel for Steel Falure.
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The solution of Eq. (10) for an assumed pressure distribution (see Figure 4),

P(r,t) = Po1- 1)(1 - j) exp(-) ,11).

where = pulse length of pressure time curve

a = half slab size or extent of pressure loading

= pressure spatial decay constant 14

r = radius from center of explosion

is given by

P t 2  st 2

) ~w = 0 CI (1f)-___
Zi 2ph R IR

(12)

a 2  2  2a 2  a2 2a 2

rIao Z 3

From Figure 2 a value of w/2h to give 0.1 reinforcement strain may be
determined. The strain in the steel length h/2 for a given displacement w is
given as

[( sf 2 = 0.1  (13)

and the parameter (w/2h) for steel failure is

f 0.079. (14)

A breach radius for steel failure is obtained by plotting w/2h versus radius R
for a given time and determining R from the intersection of the (w/2h)sf with ?
tcr. An example is given later.

9"
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2.2.4 Concrete Shear Method

For low compressive strength concrete shear failure of the concrete
between the reinforcing elements occurs and the concrete is removed leaving 1.

the reinforcing elements intact. The failure mode is shown schematically in
Figure 3. If a uniform reinforcigg spacing of S in each direction is assumed,
then a small concrete volume of S~h, which has four shear faces of area Sh,
must be sheared through the thickness to cause concrete shear failure. For a
total sheared volume of ithR the total number of small concrete elements is -R

N = RhR 2 /S 2 h = AR/S (15)

and the total through-the-thickness shear area is

As = 4Sh(nR /S = 4ihR2  (16)

By using As time the concrete shear strength a as a resisting force the
equation of motion for concrete shear may be wrftten as

pR 2 hW + 4nhR2acf/S = 22 -m : ft P(r,t)rdrdt (17)
0 1 0 l1

The solution of Eq. (17) is very similar to Eq. (7), and for the assumed
loading of Eq. (6) the solution is

2  f2
h- _ ~(I ) F(a,R,B) -cf (18)

-2ph 
2 R2  y-.".

where F(a,R,p) is defined in Eq. (12).

The assumption for Eq. (18) is that the shear cracks occur simultaneously
along the reinforcing element as the load progresses outward from the loading
center. A value of w/2h for failure of concrete in shear is not available but
the value w/2h is the average compressive through-the-thickness strain for the
slab. This would mean that the upper surface of the slab is compressed rela-
tive to the lower surface. Both the transverse and axial compressive strain
of the current split-Hopkinson bar tests show approximately 0.3-0.5 percent
strain at failure; therefore an assumption of 0.3 percent for the average
shear strain and w/2h is not unreasonable. NPA-

1.
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2.2.5 Example Calculation

A reinforced concrete slab and loading shown in Table 1 was used for
comparative calculations of all three methods.

Table 1. SLAB DIMENSIONS AND PROPERTIES
FOR SAMPLE CALCULATIONS

item Dimensions or Property

"Size L X W X h12 A f
(Length X Width X Thickness) 3.66 X 3.66 X .305 m

o Concrete compressive 5000 psi
Strength fV 34.5 MPa

c. "

o Steel yield stress as50000 psi
345 MPa

o Concrete density pc 4.66 slug/ft3 w

1600 kg/rn2

o Steel Density pf15.2 slug/ft3

S 7820 kg/rn3

o Flexural Steel Spacing (both faces) 4 X 4 in
10.2 X 10.2 cm

" Area of Reinforcement ratios flexural 0.017
(total steel both faces, both (one face 0.0085)
directions) shear 0.014

" Loading 8.0 lbs @1.0Oft
3.63 kg @ 0.305 m

(P0 = 50,000 psi,
a = 72.0, =-5.0)

For the critical impulse of Eq. (8) the required terms are all given in
Table 1. The ultimate shear stress for direct shear is given in Reference 10
as

S0.16 f + c(Ln + q LATI)(

where Vu= direct shear strength (static)

i 3~. .. L-, ..

gIt coefficient of friction of concrete

f o eecompressive concrete strength
c

12,- ,

120



qsp reinforcement ratio for all reinforcement crossing the shear.

fatilure plane I _: P

Cn  = normal compressive force across shear plane s t h

as  = reinforcement yield strength.'

For the failure example shown in Figure 2, an = 0 and q =q as defined
following Eq. (8). Then, with account taken of dynamicSncreases factors
(DIF) for strength due to strain rate effects, the following expression
for asf is proposed

:rs= 0.20 f' + 1.25 qcs. (20)

The coefficient, 0.16, of f' in Eq. (19) has been multiplied by a DIF of 1.25
to obtain the coefficient 0.20 in Eq. (20), the friction effect of the second
term of Eq. (19) has been neglected by setting p = 1.0, and steel strength has
been multiplied by a DIF of 1.25. Based on low strain rates of 10 or less for
initial cracking shown in Table 2, a DIF of 1.25 is considered sufficient for
concrete. Strain rate data given in Section III of this report show a
reasonably low ratio of dynamic to static strength up to strain rates of 25. . -
Strain rate effects in mild steel at this strain rate are also lower than the
value of 1.7 reported for mild steel at a strain rate of 101 (Reference 12).

The shear strength a used in Eq. (18) is only the first term of
Eq. (20), since in this cite only the concrete is being sheared through the
thickness. If for some reason the concrete had been extensively cracked by
some prior loading the value of a f would be reduced. Also, for cracked
concrete the term a would be reduced. The effect of cracks on the shear
plane was investigaied using static loads in Reference 13. '

By using Eqs. (12), (14), and (18) with the data of Table 1, plots of
w/2h versus radius R for two assumed times were obtained and are shown in..
Figure 5. The critical time, one quarter of the period of the natural fre-
quency for the slab, was calculated to be approximately one millisecond. A
curve for this time and an 0.8 milisecond curve are given in Figure 5. The
solid line curves are for the steel failure of Eq. (12), and the broken line
curves are for the concrete failure of Eq. (18).

In comparing Eqs. (12) and (14) it is noted that the force term contain-
ing the loading Po, is the same for each equation. The resisting force (term
with negative sign) of Eq. (12) is inversely proportional to the radius R,.wats ius er
which means that the term decreases with R causing less influence at large R•.eK

This then gives the slowly decreasing w/2h curves for steel of Figure 5. How-
ever, the resisting force of Eq. (18) is constant for a given reinforcement
spacing and has the effect of causing w/2h to decrease faster with increasing
R as shown by the almost straight dashed line curves of Figure 5. The effect
of the increasing reinforcement spacing is to decrease the resisting force, -'
since the reduced spacing results in less shear surface for failure.

1.
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-3The results of Figure 5 show that, for a time of 1.0 X 10 sec, steel
failure and conc~ete failure will occur at about the same radius of 18 inches.
At the 0.8 X 10-1 second time the calculations show that steel failure may
occur prior to concrete failure at a radius of 10 inches but steel failure may
not occur at all for times much less than 0.8 sec.

In comparison the critical impulse results of Eqs. (3) and (4) for the
same slab of Table 1 are shown in Figure 6. The critical impulse method
predicts a larger failure radius, 22 inches, than either of the other two
methods presented in this study.

.e•)

\ a0p ..

10'1

---------------- \ CONCRETE FAILURE
0 0 20 30 40 so I ,

RADIUS R (IN)

Figure 5. Normalized Displacement Versus
Radius for Shear Models.
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Figure 6. Applied Impulse for Assumed Pressure
Time Function Versus Radius.
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2.3 Finite Element Calculations

2.3.1 Introduction

The same slab and loading as were used in the calculations of Section 2.2
were also used in the finite element code (FEM) NONSAP-C (Reference 14). For
this calculation the loading is based on the model presented in Section 2.1. NO1

The original finite element code was modified to accept this loading model and
the strain rate effects equation for concrete given in Reference 1. The strain
rate effects for concrete were incorporated using a strain rate factor (SRF)
applied to the compressive strength fV. This strain rate factor is given as

+B
SRF 1 ( !j/ (21)

where Z is the current strain rate of the previous time step, B and A are
deteryined experimentally as in Reference 1 and 2. The reference strain
rate e was chosen to be 10- /sec. The current strain rate for the FEM run
was determined by the difference in strain of the two previous time steps
divided by the difference in the time steps. The strain rate sensitivity of
the reinforcing steel is given by

dy - ay _ 0.167 log10 ( /), > 10-41o-4 _-S-10-"
asy 0 , =< (22)

where a is the dynamic yjeld strength, a is the static yield strength
and Z 1 chosen to be lo- /sec. sy

2.3.2 Results

Results of the slab configuration of Table 1 are given in terms of strain
rate and crack density. The results of strain rate for strains in a direction
normal to the slab are given in Figure 7.

Concrete cracking in the FEM analysis progresses outward from the center
of the slab with increasing time. Figure 8 shows this progression on the
elements along the center line of the slab. The locations of the elements are
shown in Figure 7.

The concrete cracking progresses outward in Figure 8 with single cracks ..

denoted by positive sloping lines, followed by 2 cracks denoted by the nega-
tive sloping lines, and 3 cracks denoted by horizontal lines. In the FEM
model each element has 8 integration points, each of which may indicate
cracking. In Figure 8 each element is divided in half, each containing
4 integration points. If two of the four integration points have 1, 2, or
3 cracks then the half element is marked in that manner. ". -

.17 7 -7
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Figure 8. Crack Density for Center Line Elements
of Slab Shown in Figure 7 and Used in
the Finite-Element Analysis.

By using the condition of Eq. (14) the displacement at a radius of
18 inches is calculated to be 1.9 inches. The maximum displacement predicted
by the FEM analysis is 4.0 inches at the center node directly underneath the %,,
load but is less than 0.1 inches at a point halfway out from the center of the
load.

Summary and Conclusions of Task I are presented in Section 4.1.
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SECTION III

TASK II: DYNAMIC STRENGTH OF CONCRETE

3.1 Introduction

Finite-element codes for structural response of reinforced concrete use
as a parameter the unconfined compressive strength of the concrete, f ', which
is sometimes increased by an arbitrary factor for dynamic loading. The objec-
tive of this research was to determine the rate dependence of f ' at rates of
interest for the structural response (mainly below 100/sec) an5 eventually to
model the rate-dependent constitutive behavior. Results of tests on mortar
with a small Kolsky bar system and of a newly built larger system on concrete
with a maximum aggregate size 1/2 inch have been obtained with strain rates at
the maximum stress from 50 to 800/sec for mortar and from 5 to 120/sec for
concrete. An apparent rate dependence up to almost twice the static strength
was observed for both. The mortar shows an apparent linear dependence, while
the high-strength concrete shows an approximately logarithmic dependence on
the strain rate at the maximum stress over the dynamic range observed,
although the fitted logarithmic dependence does not extend down to quasistatic .. • -.
rates. Some questions about specimen size effects and about how much of the
apparent strain-rate effect is really a lateral inertia confinement effect are
as yet unresolved. Continuing research is focused on observation of the
lateral motion to assess lateral inertia effects in unconfined specimens and
on passive confinement by metal jackets. v

The results on mortar were described in the First Annual Report (Refer-
ence 1) and in a published paper (Reference 15). A brief summary is given in-.•.*
Section 3.4.1 of this report. These results on mortar were obtained with an
existing Kolsky apparatus at the University of Florida, and the experience
gained was used to guide the design of a new larger Kolsky apparatus, which
was fabricated during the first year of the contract.

The Kolsky apparatus or Split Hopkinson's Pressure Bar (SHPB) system
consists of two long strain-gaged pressure bars with a short specimen sand-
wiched between them. Analysis of the observed longitudinal elastic stress
wave propagation in the two pressure bars furnishes information about both the
force and displacement versus time at each specimen interface. The specimen
is supposed to be so short that waves propagate back and forth between its two
interfaces and achieve an approximately uniform state of stress and deforma-
tion along the specimen length, except during the initial rapid rise of the
stress. Various versions of the SHPB system have been used in recent years
for testing rock, mortar and fine-grained concrete. Most of the existing ..
systems have a maximum specimen diameter of 25 mm. In structures of interest,
concrete aggregate sizes up to 0.5 inch (12.5 mm) or even larger may be used. 3...
For such concrete, a larger specimen must be used in order to obtain represen-
tative properties of the material. The new system with 75-mnn diameter pres- ' .'

sure bars was developed for this reason.

The larger specimen and larger-diameter pressure bars, however, introduce
two problems. For longer specimens the desired degree of uniformity along the
length is not achieved. For example, with specimens 2.6 inches long the
possible error in stress measurement at an average strain of 0.004 was
estimated to vary from about 2 percent at low impact speeds to 5 percent at
moderate speeds and 18 percent at the highest speeds in the test series. The .".
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error was smaller at the maximum stress (i to 5 percent) but larger at smaller
strains where the stress was changing rapidly--as much as 40 to 50 percent
possible error at a strain of 0.002. Maximum stresses are still reasonably
well measured, but the stress-strain curve determination involves some
uncertainty about what stress to associate with the average strain at each
instant. The larger diameter also leads to more noticeable Pochhammer-Chree
radial oscillations in the incident pressure bar, which interfere with the
interpretation of the longitudinal strain measurement in the incident pressure
bar and hence interfere with the force and displacement recording at the
specimen's incident bar interface.

Despite these problems, the SHPB system appears to be the best available
system for determining dynamic compressive properties in the moderately high
deformation rate range. For 3-inch-long plain concrete specimns, the system
has performed tests at strain rates ranging from 5 to 120 sec at failure.

The new system was described in the Second Annual Report (Reference 2)
and in two publications (References 16 and 17) and will be briefly described
in Section 3.3 of this report. Results of unconfined dynamic compression
tests on four kinds of high-strength concrete were also given in these three
references and will be reviewed in Section 3.4.2, along with some results on a
new high-strength concrete prepared at SRI International.

During the last year unconfined tests have been performed on SIFCON, a
slurry infiltrated fiber concrete with steel fiber reinforcements, with a dyn-
amic compressive stress-strain curve similar to that of a ductile metal, as
described in Section 3.4.3. The fiber reinforcement in effect confined the ..
lateral expansion and prevented the typical brittle failure exhibited by plain
concrete in unconfined tests.

In Section 3.5 exploratory tests of three different kinds are reported.
These have led to some interesting tentative conclusions--tentative because .1•'
they are based on a limited number of tests and need further verification.
Exploratory axial compressive tests on mortar and plain concrete confined by
metal jackets to restrict the lateral expansion were performed during the last
year, as will be described in Section 3.5.1. These tests also gave a stress-
strain curve similar to that of a ductile metal. The procedure needs further
refinement, but the preliminary results suggest that with further optimization
of the technique important information can be obtained about the dynamic
behavior under confinement.

Further analysis of the digitally recorded data of the unconfined tests
has also revealed some important information.

Some observed delay-time phenomena are reported is Section 3.5.2. At low k-Al
speeds of striker-bar impact there appears to be a delay time before the ini-
tiation of microcracking. At somewhat higher impact speeds a further delay
time was observed between the onset of microcracking and the time when the
microcrack development leads to general failure and apparent strain soften-
ing. These two kinds of delay-time effects may be the source of much of the
rate dependence in the lower-speed tests where lateral intertia confinement is
not significant.

Radial inertia effects, which provide a confinement of the interior of
the specimen and result in enhanced axial strength that is not really a
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material rate sensitivity will be mentioned in the background Section 3.2.
In Section 3.5.3, some estimates are reported of the radial acceleration and A4.
lateral inertia in the SHPB tests. It appears that radial inertia effects are
important only at the higher testing speeds.

Summary and conclusions are given in Section IV.

3.2 Background

A detailed literature survey was presented in Reference 17. A condensed
version is given here.

Early work on rate effects in concrete was reviewed in a 1956 ASTM sym-
posium [18]. At stress loading rates from 1 to 1000 psi per second in testing
machines, compressive strength was reported to be a logarithmic function of
the loading rate with recorded strength increases up to 109% of the strength
reported at "standard rates" (20 to 50 psi per sec). By using cushioned
impact tests Watstein [19] obtained strengths 185% of the standard. .

The compressive SHPB, introduced by Kolsky [20] is widely usd for deter-
mi ing mtterial properties in the strain-rate range from about 10 to
10 sec . See, e.g., Lindholm [21] and Nicholas [22). Geotechnical
materials and concrete have been tested with the SHPB. Bhargava and Rehnstrom
[23) found unconfined dynamic compressive strengths of 1.46 to 1.67 times the
static strength in plain concrete and fiber-reinforced and polymer-modified
concrete. Their failure strengths were identified as the maximum amplitude of
short-pulse stresses that could be transmitted.

At the University of Florida, Tang et al. [15), tested 28-day mortar
specimens in a 3/4-inch diameter SHPB and found a linear dependence of uaximum IONX
stress on the strain rate at the maximum stress at rates up to 800 sec -T. Few
other applications of SHPB technology to concrete have been made. Kormeling
et al. [24), adapted it for dynamic tensile tests. They reported dynamic
tensile strengths of more than twice the static value at strain rates of
approximately 0.75 sec "1. Malvern et al. [16,17) have reported high-strength " ":-
concrete tested with the SHPB system to be described in this report. Suaris
and Shah [25) and Shah [26] have recently surveyed properties of materials
subject to impact and rate effects in fiber-reinforced concrete.

Radial inertia effects in geotechnical materials, which may be mistaken
for strain-rate effects, were discussed by Glenn and Janach [27) and by Young
and Powell [28). In their tests it appears that failure occurred during the
first passage of the stress wave through the specimen. In the SHPB tests

r. reported here failure occurs only after many wave reflections back and forth
between the specimen interfaces. Bertholf and Karnes [29] made a two-dimen-
sional numerical analysis of the SHPB system and concluded that with lubri-
cated interfaces the one-dimensional elastic-plastic analysis was reasonable
if limitations are Imposed on strain rate and rise time in the input pulse and
specimen length to diameter ratio is about 0.5.

3.3 Brief Description of New Equipment and Procedures

The experimental facility consists of a gas gun, which propels a projec-
tile that acts as a striker bar to impact axially the incident pressure bar,
which transmits the loading pulse to the specimen sandwiched between the
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incident pressure bar and the transmitter pressure bar. The gas gun was
fabricated by Terra-Tek Systems, Inc. As currently configured, it fires a
30-inch-long, 3-inch-diameter, 61.28-lb steel striker bar to impact at speeds
Vo up to 50 ft/sec with firing chamber pressures up to 500 psi. Higher speeds
are possible with a lighter impactor or a higher firing pressure. The propel-
lant gas is furnished by a nitrogen bottle (2000 psi maximum). The firing
chamber was proof tested to 3000 psi, but, as currently configured, a safety .

valve in the control system limits the firing pressure to 750 psi to avoid
damaging the pressure gauge. The 3-inch-diameter striker bar is guided in the
3.125-inch-diameter gun barrel by two Teflon bushings attached to the striker
bar, which act as pressure seals until the aft bushing passes pressure-relief
vent holes in the barrel.

The 120-inch-long incident and transmitter pressure bars are mounted in
pillow blocks supported by a steel frame structure. The whole system includ-
ing gas gun, pressure bars and a shock absorber with 6.5-inch stroke at the
far end is almost 30 feet long. The projectile nose protrudes about 1.5 inches -4
outside the muzzle when it strikes the incident pressure bar and may travel up
to 8 inches farther before the pressure bars are stopped by the crushing
specimen and the shock absorber. A sleeve is mounted on the gun muzzle to
protect nearby personnel; the sleeve also supports the forward Teflon bushing
of the projectile after a firing.

A full strain-gage bridge is permanently mounted on each pressure bar,
60 inches from the specimen interface. Each bridge consists of two double
element strain gages (Micro-Measurements Type WA-06-250TB-350) mounted on
opposite sides of the bar. The gage elements are oriented to coincide with
the longitudinal and transverse directions of the bar. The amplified signals
are recorded by a transient recorder consisting of a four-channel Nicolet 4094
digital storage oscilloscope. The recorded signals are displayed by the
oscilloscope and also stored on floppy diskettes for subsequent analysis.

Figure 9 is a schematic of the pressure bar arrangement, with a Lagrange
diagram above it illustrating the elastic wave propagation in the pressure
bars. Figure 10 shows an example of the axial strain signals versus time,
recorded by a Hewlett Packard 7470A digital plotter from the stored signals in
the digital oscilloscope. Compressive strain is plotted upward. After the
passage of the first incident pulse, of nominal length 300 microsec (from the
beginning of the rise to the beginning of the fall), there is a dwell time
before the arrival of the reflected pulse from the specimen, which is recorded
at the same gage station as the incident pulse. Another channel shows the
pulse transmitted through the concrete specimen into the transmitter bar.
Because the two gage stations are equidistant from the specimen, the trans-
mitted pulse arrives at the transmitter-bar gage station at approximately the
same time as the reflected pulse arrives back at the incident-bar station,
delayed only by the transit time of the leading edge of the pulse through the
specimen (about 16-18 microsec for a 2.6-inch-long concrete specimen). Also
shown are records from two strain gages mounted on the specimen midway between
its ends, one measuring axial surface strain e and one measuring transverse
(hoop) strain c. The drop in e at 424 microiec corresponds to a failure in
the specimen, b~t the gage continued to function. At 466 mlcrosec the c0 gage __-

failed.
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(KSI STRESS (UPO)

20-

100-
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TIME (i's)

Figure 11. Pressure Bar Interface Stresses (time-shifted)
From Record of Figure 10.

For purposes of analysis, the digitally recorded pulses are time shifted,
sthat time zero coincides with the initial arrival at the specimen inter-

fc.Figures 11 to 14 are for the same 2.6-inch-long specimen whose raw data
was illustrated in Figure 10. Figure 15 is for another specimen at a higher ~ ,

impact speed. Figure 16 is for a 1.32-inch-long specimen of the same material
(maximum aggregate size 3/8 inch). In Figure 11, the pressure-bar strain
pulses have been converted to stress pulses by multiplying by the elastic
modulus of the steel. The reflected pulse a is shown inverted, and all
pulses have been shown as stresses in the prossure bars at the interfaces with
the specimen. The total stress a, at the incident interface, which is the
algebraic sum of the incident a and reflected a is also plotted. The a1
record rises very slowly at firit, and then risei smoothly until about 14 KSI,
where something resembling a small step occurs. This may be associated with
three-dimensional effects at the the end of the pressure bar interacting with
the axial stress waves propagating back and forth in the specimen. Note that
the step coincides approximately with the first dip in the Pochhammer-Chree
oscillations in the incident pulse. Correction for the dispersion in the
pressure bar may eliminate some of the irregularities in the a1 record [30).

* Since the specimen cross section is the same as that of the pressure bar, in
the one-dimensional analysis the stress a is considered to be the specimen
stress at the first interface, and the spicimen stress a at the second inter-
face is equal to the transmitted stress a..For this 2.9-inch-long specimen,
a I and a. do not become equal bef Iore the ,hximum stress.

Figure 12 shows the stress a , the average stress a y .a+ a,,the
average strain rate deduced frog the difference in the twJ i nerfa'e velo-
cities as calculated from the one-dimensional elastic bar-wave analyses in the
pressure bars, without any correction for dispersion, and the average strain
e obtained by numerical integration of the average strain rate, all plotted
versus the time measured from the first pulse arrival at the first interface.
Note that in Figure 12 the strain rate is approximately constant in the
vicinity of the maximum stresses, except for some oscillations introduced by
the oscillations in the incident pulse. Figure 13 shows -6 and a2 versus the
average strain e.
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Figure 12. Transmitted and Average Stresses, Strain
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Figure 13. Stress-Strain Curves.
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Figure 16. Pressure Bar Interface Stresses '-.. -

for a 1.32-inch-long Specimen.

Figure 14 compares the average strain e to the specimen-gage strain z
and also repeats the average stress and strain-rate curves. The drop in z
which is attributed to a fracture in the specimen, occurs well after the
maximum stress.

Figure 15 shows the transverse strain from the surface strain gage and-., -.
also shows the transverse strain rate Ie obtained by numerical differ-
entiation of a smoothed e record. Its Papid rise from about 65 microsec
corresponds to a radially outward acceleration of the surface, which could
cause lateral inertia confinement of the interior of the specimen and may
account for part of the more rapid rise in stress after about 75 microsec.
The static ultimate strength of these specimens is not more than 17 KSI and .. .'
0, 0 and a have all far exceeded this value well before the 65 microsec
time it which radial inertia effects appear. In these tests at moderate
impact speeds, failure occurs well after a single transit time of the stress
wave through the specimen (about 16-18 mlcrosec).

Figure 16 shows the time-shifted pulses represented as interface stresses

in the 1.32-Inch-long specimen. There is no step in the rising portion of
a , but a dip appears later In that curve, approximately coinciding with the
first dip in the Pochhammer-Chree oscillation on the incident pulse. This
suggests that the step or dip in the first interface stress record Is an arti-
fact of the calculation procedure. The first and second interface stresses,
as plotted in Figure 16 still do not become equal before the maximum stress is
reached, even for this shorter specimen.

1%%

3.4 Main Results of Unconfined Compressive Tests

3.4.1 Mortar tests

Figure 17 summarizes results for an extensive series of tests on mortar
specimens with the 3/4-inch diameter SHPB system [15J. Each plotted point
represents the average for 4 to 7 tests at the same impact speed for specimens
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from two batches of the mortar. The dynamic results in this case are well
fitted by a linear plot up to a strain rate of 800 sec -1 . The slo e of the
fitted line for four batches of mortar is 6.61 psi-sec (45.2 x 10-9 MPa.s). -"

%

•. " .

x Average for Several Tests

latches 24 and 25

latch 24 fc-40.l MPa (5.93 KSIO

-4.

2 400 6O0 So0

STRAIN RATE AT MAXIMUM STRESS (s€ -c) " "

Figure 17. Maximum Stress Versus Strain Rate at Maximum
Stress in Dynamic Compression Tests of Mortar.

3.4.2 High-Strength Concrete Tests

Four types of high-strength concrete have been tested and results pub-
lished [16,17]. All four concretes have water/cement ratio around 0.24 to
0.27 and are specified as 14 KSI concrete, based on standard static unconfined
compression tests. They differ mainly in the type of coarse aggregate used.
Three of them were prepared, cured and cored from blocks by Terra Tek, Inc. of
Salt Lake City. The three aggregates they used (maximum size 1/2-inch dia.)
are designated as Andesite, Seattle gravel, and a lightweight aggregate called
Solite. The fourth material with a manufactured limestone aggregate (maximum
size 3/8 inch) was prepared at the U. S. Army Waterways Experiment Station
(WES), cast in PVC pipe molds of 3-inch diameter and cut to length after
cure. They were further machined and ground at the University of Florida to
ensure end face parallelism within 0.0005 inch. Many additional tests have
now been made on the WES concrete [mix details below] and most of the results
in this report are for it.

Mix for Waterways Experiment Station Concrete

[1 cubic yard] Slump 8.5 inches

Water/Cement Ratio (based on total
cementitious material) 0.27 ,-

Type I Portland Cement 850 lb
Silica Fume 150 lb
Fine Aggregate (Manufactured Limestone

from Vulcan Materials, Calera, Ala.) 1860 lb
Coarse Aggregate (Manufactured Limestone

maximum size 3/8 inch) 1008 lb
Water 270 lb
High Range Water Reducing Add Mixture 20 lb
DAXAD-19-2% by weight of cementitious material (superplasticizer). Prepared

by Concrete Technology Division, WES
7-
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Figure 18 shows a selection of six dynamic stress-strain curves for this *1,

material obtained with different striker-bar impact speeds. Each curve is
labeled by the strain rate at the maximum stress, except for the one at the
lowest speed impact where the specimen appeared to be undamaged after the
test. Note that the zero strain points for the different curves are offset to
prevent them from overlapping.

Figure 19 shows a plot of maximum stress versus the strain rate at the
maximum stress for 22 of the WES limestone-aggregate concrete specimens. One
specimen (not shown) supported a dynamic stress of 19.2 KSI without fracture.
The two highest rate tests are plotted twice, once with the average stress at
the two interfaces and once with the second-interface stress (open circles).
The suitability of the choice of abscissa in this plot is open to question,
but it seems to correlate the data. The plot shows dynamic strengths for the
WES concrete varying from 19.6 KSI at a strain rate of 5.25/sec up to more
than 30 KSI at 120/sec. In preliminary tests [16], the Andesite specimens had
a static strength of 16.1 KSl and dynamic strengths varying from 20.4 K9 I at
12/sec up to 28.0 KSI at 77/sec. The Seattle gravel dynamic strengths varied
from about 12 KSI at 10/sec to 18 KS1 at 118/sec. The highest failure stress
recorded for Solite was 19.6 KSI.

02(KSI)O(Ma

0 w,,s 64.0 S s.5s' ""A.,-
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Fiue18. Dynamic Stress-Strain Curves for .
WES Limestone-Aggregate Concrete. :-.
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The dynamic test points on the curve of Figure 19 are well fitted by a v
semilog curve of the form.'.

o:A + B In (/o i

...

.

with (23) -

;i 1 se-A101 MPa (14.6 KSI), B 23.4 MPa (3.39 KSI)
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over the dynamic range of a little over one decade in strain rates, but this
logarithmic represintation will not extend to the quasistatic tests at strain

rates of order 10-  or 10-4 sec-1.
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Figure 19. Maximum Stress Versus Strain Rate at the

lc )'-A-

MxmmSrsfo22WES Specimens.

During the final year of the contract tests were performed on 32 specimens
of a high-strength concrete prepared at SRI International and furnished by James
K. Gran of the Shock Physics and Geophysics Department of the Poulter Laboratory
of SRI International. Details of the concrte mix were not given, but the dynamic
performance was similar to that of the WES concrete. Specimens were 3 inches in
diameter; 27 of them were 1.5 inches long and 5 were 3 inches long.

The results of the 32 tests are summiarized in Figure 20, a plot of the
maximum stress attained versus the strain rate at the maximum stress. The stress
plotted is the second interface stress 02. that is the stress at the interface
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between the specimen and the transmitter bar, since the stress at the first
interface (with the incident pressure bar) is not considered to be as reliable as --

the second interface stress. The two points at the far left, marked with open
circles, are for the two lowest-speed impacts, where there was no apparent
external evidence of failure. The solid circles are for the 25 short specimens, N N
where the maximum stress marks the onset of strain softening. Points marked with
an X are for the longer (nominally 3 inch) specimens. No size effect is
apparent. "

Figure 20 also has added for comparison 7 points marked by solid squares.
These are previously obtained results on limestone aggregate specimens of
length 1.26 inch to 1.36 inch, prepared at Waterways Experiment Station (WES).
The two materials seem to be essentially equivalent in these tests. Previous-
ly noted size effects in the WES concrete may be partly attributable to the
fact that the average of the two interface stresses was used, and there were
some anomalies in the first interface stress measurement. In the comparison
of Figure 20, the second interface stress was reported for both materials. -. .,

The data for the 25 SRI 1.5-inch-long specimens were fitted by a semi-
logarithmic expression of the following form.

Max 2 = A + B in ( /o)

with (24)

o= 1 sec -  A = 91.3 MPa (13.24 KSI) B = 23.3 MPa (3.38 KSI), .;

arbitrarily referred to a reference strain rate of I sec-1. The solid curve
in Figure 20 is a plot of this fitted expression for dynamic data only.
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Figure 20. Maximum Second Interface Stress Versus Strain Rate
for 32 SRI and 7 WES Specimens. ,°.. -
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3.4.3 Slurry Infiltrated Fiber Concrete (SIFCON) ..

Unconfined dynamic compressive tests were performed on two groups of
SIFCON specimens nominally 3 inches in diameter by 2.5 inches long, furnished
by the New Mexico Engineering Research Institute (NMERI). Group 1 consisted
of six specimens prepared earlier, while the main test group, Group 2, con-
sisted of 10 specimens from a later batch which showed better dynamic strength
properties. The SIFCON specimens required very high impact speeds of the
Kolsky apparatus striker bar in order to get high stresses into the specimens,
because of the low mechanical impedance of the SIFCON. The specimen ends were
further ground at The University of Florida to obtain smoother and more nearly
parallel surfaces.

Group 1 and Group 2 specimens performed quite differently in the dynamic
tests. Figure 21 shows four of the dynamic stress-strain curves of Group 1
specimens, impacted at different speeds. The higher-speed impacts gave curves
extending to higher strains. There is also a trend for the higher-speed
impact curves to run at higher stresses, but this is not consistent. The
highest stress reached with Specimen E at the lowest speed impact is almost
the same as the maximum stress for Specimen F. The highest stress for
Specimen E and the maximum stress for Specimen F are both higher than the
maximum stress for Specimen C, despite the fact that Specimen C had the .
highest impact speed and the highest strain rate at the maximum stress.
Except for Specimen E, the curves of Group 1 reach a maximum stress and then
show a strain-softening regime, corresponding to shear failure.

Group 2 specimens (the main test group) did not fail (did not show a
strain-softening regime) in the tests, except for one specimen. Permanent
deformation was produced, and all but one of the curves show strain-hardening
behavior similar to that of a ductile metal right up to the end of the test.

CY2 (KSI) Cr2 (MPa)
25.0

2s~o _ .'.-

160

20.0 -' .

.4.. .."Ii80-- "
10.0

IlI I ',. ...
2.0 4.0S(%) ".'.,

L
Figure 21. Dynamic Compressive Stress-Strain for

Four SIFCON Specimens of Group 1.
• -~. , -.
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The end of the test was caused by the end of the 300 microsecond loading pulse I
and not by specimen failure. Four of the ten dynamic stress-strain curves of
Group 2 are shown together in Figure 22. The "failure stress" results for I
Group 1, i.e. the maximum stress reached before the onset of strain softening
showed only a slight upward trend yersus the strain rate at the maximum
stress, from 18.5 KSI at 83.2 sec to 23.0 KSI at 159 sec -1 .

j2 (KSI) 02 (MPa)
25.0

20.0- 60
2 K ". ~Vj

,~..'..'':

80
10.0 .. .

2.0 4.0

Figure 22. Dynamic Compressive Stress-Strain Curves
for Four SIFCON Specimens of Group 2.

Since the main test group did not reach this kind of failure in most
cases, the rate-dependence was characterized by the stress at a strain of
3 percent versus the strain rate at that strain. There is a considerable
amount of scatter, but over the strain-rate range from 50 sec -1 to 160 sec 1

the results show no rate dependence. Only one specimen of this group reached
a strain-softening behavior after a maximum stress of 18.6 KSI at strain of
4.69 percent and a strain rate at the maximum stress of 122.6 sec "

Four of the Group 1 specimens showed noticeable shear bands, but only
one of the Group 2 specimens did. All tested specimens remained intact.
Lateral surfaces were roughened by the deformation, with some of the cemen-
titious material at the surface loosened and many steel fibers protruding
slightly. This surface roughening caused early failure of and/or irregular
readings from surface strain gages. All the strain results presented in the
figures are therefore based on the SHPB measurement and not on the surface _____l

strain measurements.

The stress values plotted were all based on the stress at the second % %
interface of the specimen, which is considered to be more reliable than the .P d
first interface stress measurement. The maximum stress measurements are con-
sidered to be reliable, but with specimens this large the exact association of
each stress with each strain in the curve is a little uncertain. SHPB strain
measurement for SIFCON is further complicated by the lack of a good flat
surface at the interface. The closing of this gap is measured as strain by
the SHPB, which causes the strain measurements to be exaggerated.
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3.5 Preliminary Results from Exploratory Studies - - "

3.5.1 Dynamic Testing of Laterally Confined Concrete

The effect of lateral confinement on the axial dynamic stress-strain
curves has been explored by placing metal jackets around the specimens. This
was done first for a small number of mortar specimens in the small SHPB
system. Results were so promising that a larger steel jacket was fabricated
and a few tests have now been made on concrete in the larger SHPB system. The
first results obtained with the larger system were not considered satisfac-
tory, because the requisite initial snug fit between jacket and specimen was
not achieved, so that the initial failures occurred with very little confine--%.%
ment. The approach has, however, produced some interesting results, and it is
believed that with further optimization of the procedure some important infor-
mation can be obtained about dynamic behavior under confinement. J.

Jacketed Mortar Specimens

Mortar specimens with thickness L = 0.4 inch and diameter D = 0.8 inch
were coated with thick grease and placed inside an aluminum or steel cylin-
drical Jacket of length 0.5 inch, which overlapped the 0.75-inch diameter
pressure bars of the SHPB system by 0.05 inch on each end. Inside and outside
diameters were:

AL: I.D. 0.832 inch ST: I.D. 0.834 inch
O.D. 1.230 inch O.D. 1.234 inch

Specimens were impacted at two different impact speeds, corresponding to draw-
backs of 2.25 inch and 2.75 inch of the spring propelling the striker bar.

Figure 23 shows plots, for the two different impacts speeds, of stress a
and strain rate Z versus strain for specimens #2 and #3 confined by the steel -
jacket. Figure 24 shows results for Specimens #1 and #4 impacted at the same r..#
two speeds while confined by the aluminum jacket. Both jackets remained
elastic, and, assuming that strains in the jacket do not vary in the axial
direction, both the radial expansion of the inside boundary of the Jacket and
the confining pressure acting there were calculated for various times from the
circumferential hoop strain data of the outside of the jacket, which was .
digitally recorded from strain gages mounted on the outer surface.

The first remarkable thing about these results is how reproducible they
are as compared with the wide scatter noted in the unconfined tests on mortar.
Figures 25 and 26 show the same results as Figures 23 and 24 except that two
tests at the same speed but different jackets are shown in each figure. In
Figure 25 (2.75-inch drawback) the axial stress-strain curve with the steel
Jacket almost coincides with that for the aluminum jacket, despite the fact WAV
that the confining pressure is higher with the steel jacket than with the
aluminum jacket. The strain-rate versus strain curves are also close to each
other. At the lower impact speed of Figure 26 the agreement is also good,
although the curves diverge somewhat at the higher stresses.

N
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Figure 23. Stress and Strain Rate Versus Strain for
Steel-Jacketed M~ortar Specimens #2 and #3
at Spring Drawbacks of 2.25 and 2.75 inches.
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Figure 24. Stress and Strain Rate Versus Strain for
Aluminum-Jacketed Mobrtar Specimens #1 and #4
at Spring Drawbacks of 2.25 and 2.75 inches.
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Figure 25. Steel-Jacketed Specimen #3 and Aluminum-
Jacketed Specimen #4 for Impacts witht
Spring Drawback of 2.75 inches.
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Figure 26. Steel-Jacketed Specimen #2 and Aluminum-
Jacketed Specimen #1 for Impacts with Spring

* Drawback of 2.25 inches.
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TABLE 3. SELECTED RESULTS FROM JACKETED TEST ON MORTAR

2.25-inch drawback 2.75-inch drawback to--

Jacket AL ST AL ST
Specimen #1 #2 #4 #3

Strain 0.5 %

Strain Rate (sec 1 ) 105.1 102.0 131.0 123.0
Stress (KSI) 8.03 8.12 10.1 10.6
pressure (KSI) 0.63 1.83 1.45 2.32

Strain 0.75 %

Strain Rate (sec"1 ) 76.7 61.5 103.6 108.3 ... 4 NI
Stress (KSI) 9.30 9.78 11.7 11.7
pressure (KSI) 0.86 1.19 1.89 3.18

Strain 1.0 % ."m"

Strain Rate (sec"1) 39.6 20.9 75.3 85.1
Stress (KSI) 10.3 10.7 12.6 12.6
pressure (KSI) 2.51 2.05 2.2 4.17 ""-.-

Table 3 summarizes some of the numerical results for the axial strain .,
rate, axial stress and confining pressure in the different tests at selected
strain levels. The comparison of AL and ST at 2.75-inch drawback shows that
the stiffer steel provided consistently higher confinement than the aluminum
at the same strain, although the stresses are about the same where the strain
rates do not differ much. For the lower speed test at 2.25-in-.h drawback the %
steel confinement starts out higher than the aluminum but drops off at 1 per-
cent strain near the end of the test. In these confined tests, the end of the
test is controlled by the length of the loading pulse rather than by specimen
failure. The specimen does not break up as in an unconfined test, but gives a
stress-strain curve like a ductile metal, at least over the range of strains
attained during the length of the applied loading pulse.

The higher confining pressure provided by the steel jacket at the
2.75-inch drawback in Figure 25 and up to an axial strain of 0.75 at the lower
speed impact of Figure 26 did not cause a significantly higher stress-strain
curve with the steel jacket.

Comparisons at the two speeds with the same jacket (Figures 23 and 24)
show a significantly higher axial stress-strain curve at the higher speed. .
This was at first thought to indicate a significant strain-rate effect In the
confined tests, but closer examination makes this conclusion uncertain. For .
Figure 24 the percentage changes In axial strain rate, axial stress and
confining pressure from the lower curve to the higher curve at the selected
strains are as shown in Table 4. Similar changes occur also in Figure 23.
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TABLE 4. CHANGES FROM #1 TO #4 IN FIGURE 24.

PERCENTAGE CHANGES IN

AT STRAIN STRESS PRESSURE
STRAIN RATE

0.5 % 25 26 82
0.75 % 35 21 120
1.0 % 40 22 -12

It thus appears that there was a significant increase in confining pressure
exerted by the jacket at the higher speed (except near the end of the test).
Thus, the increase in axial stress may be partly attributable to increase in
confining pressure instead of to increase in strain rate. This would,
however, contradict the comparison already noted for Figure 25, where the 60
to 90 percent higher pressure with the steel jacketed specimen #3 as compared
with the aluminum jacketed specimen #4 did not result in a significantly
higher stress-strain curve at the same impact speed and very nearly the same
strain rates.

Data for two tests with the same confining pressure but significantly
different strain rates, which would unambiguously verify a pure strain rate
effect in the confined tests have not been obtained. Such data might be
obtainable with a hydraulic radial confining pressure on a specimen surrounded
by a thin membrane.

Jacketed Concrete Specimens 4

The results on mortar were so promising; that a larger steel jacket was
fabricated, and several tests have been made with it on concrete specimens
prepared at the University of Florida. The initial results are not considered
satisfactory. The jacket was 3.5 inches long, so that with a specimen
3 inches long the jacket overlaps the pressure bars 0.25 inches at each end.
In order to avoid interference with the 3-inch diameter pressure bars, the
jacket was made with inside diameter 3.01 inches, but this is too large for
the 3-inch diameter specimens that were available, which were cast in
3 x 6 inch carton molds.

Figure 27 shows stress-strain curves for five specimens of a plasticized
concrete prepared at the University of Florida, which were tested in this
Jacket at five different impact speeds. (The curves are labeled with the
firing pressures in the gas gun that propelled the striker bar.) The initial
peaks on all except the lowest-speed case are essentially unconfined dynamic
strengths because the jacket was so loose. These dynamic strengths are signi-
ficantly higher than the static unconfined compressive strengths (5.5 to
6.4 KSI) measured on specimens of the same size. Examination of time traces -
for six tests of this kind showed that there was a time delay averaging about
75 microseconds before the beginning of the signal from the strain gages
mounted on the outer wall of the jacket (as compared with the time the signal
begins from strain gages mounted directly on an unconfined specimen). Most of
this delay is associated with the closing of the initial gap between the
specimen and Jacket.
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Figure 27. Stress-Strain Curves for Five Steel-Jacketed
Concrete Specimens. (Curves are labeled with the
gas-gun firing pressures.)

After the initial peaks in Figure 27, expansion of the specimen as it
continues to deform axially causes expansion of the jacket, inducing confining
pressure exerted by the jacket, and a strain hardening regime occurs for the
further dynamic compression.

New molds for casting the concrete were fabricated from aluminum cylin-
ders with inside diameter 3.01 inches, providing specimens with a tighter fit
in the Jacket, so that in two preliminary tests the delay time was reduced
from 75 microsec to about 26 microsec. It should be possible to reduce the
delay even more.

Specimens with inside diameter 3.01 inches and length 2 inches were cut
from bars cast in the new molds. Confined dynamic compressive tests on a few
of the new specimens were run in the old steel jacket (3.5 inches long) and a
new aluminum jacket (2.4 inches long). Stress-strain and strain-rate versus
strain curves are shown in Figure 28 for two specimens tested with the same
gas gun firing pressure of 200 psi, one in the steel jacket and one in the %
aluminum jacket. No drop in stress after the apparent yield point is noted.
The aluminum-jacket curves run slightly above the steel curves. Apparent
confining pressures were about the same for the two jackets, which was
surprising in view of the higher modulus of the steel. It was suspected that
the assumed lack of axial uniformity in the elastic deformation of the steel
jacket was not adequately realized because the steel Jacket was so much longer
than the expanding specimen, so that the pressure calculation may have been in
error. It is also possible that the aluminum jacket may have undergone some
plastic deformation, so that the actual internal pressure may have been less
than that calculated based on assumed elastic response of the jacket. r.

.b
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Figure 28. Stress-Strain Curves and Strain Versus Strain Rate Curves
for a Steel-Jacketed Specimen and an Aluminum-Jacketed
Specimen Impacted at Approximately the Same Speed.

Further refinement of the technique is needed. It is believed that with
these refinements results similar to those on mortar will be obtained for
concrete, and that a systematic investigation can furnish useful information
about the response of concrete confined by surrounding material.

3.5.2 Delayed Failure in Unconfined Tests at Low Impact Speeds

Figure 29 shows the second-interface stress and and specimen strain rate
versus time as determined with the large SHPB system on a WES limestone-
aggregate specimen. The curve is marked with a point 1, which may be consi-
dered as a sort of yield point, and a point 2 where strain softening begins is
also marked. Yield point determination will be discussed later. In Fig-
ure 29, stress and strain rate are almost constant between the two points. In
the other similar tests the constancy is more approximate, but there is an
extensive period where the stress increases slowly.

In Figure 30 the results for similar observations on 14 specimens are
summarized. The Max a Duration, the time between point 1 and point 2, is
plotted as abscissa ang the Max a2 as ordinate. The waiting time before the
onset of strain softening increases with decreasing maximum stress, although
little data is available for the longer times. At still higher impact speeds,
point 2 approaches point 1 and the waiting time approaches zero. ...

4-
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Figure 29. Stress and Strain Rate in WES Specimen Showing
Yield Point 1 and Onset of Strain Softening 2.
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Figure 30. Maximum Stress Versus DrtoofWaiting Time
Between Yield and Onset of Strain Softening.
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One specimen not included in this plot sustained a stress of 19.2 KS! for
about 240 microseconds without any visible damage. The duration of 240 micro-
seconds was controlled by the length of the applied loading pulse (300 micro-
seconds minus the rise time of about 60 microseconds) and not by the onset of
strain softening, which did not occur in this case. It is conjectured that
the specimen would have failed eventually if the loading pulse had been
longer, since the static unconfined strength in our measurements was between
13 KSI and 17 KSI. This suggests the existence of a delay time in the onset
of microcrack development, as contrasted with the results of Figure 30, which
show an additional waiting period between the onset of microcrack development
and the time when the microcrack development leads to general failure and
strain softening. Figure 31 shows that the additional strain increment devel-
oped during this time is roughly independent of the strain rate during the
waiting time. Higher stress gives a higher strain rate but for a shorter time.

The initiation delay time needs further investigation. The SHPB system
can be modified to accommodate a longer striker bar that will provide a longer
loading pulse. The initiation delay time as a function of the applied stress
level could then be determined systematically. The initiation delay time
cannot be attributed to lateral inertia confinement of the specimen, since
during the constant maximum stress period before initiation of permanent
deformation there is no deformation, and there is zero lateral inertia. The
presence of the initiation delay time gives rise to an apparent strain-rate
effect, since a stress higher than the static ultimate strength is sustained.
Then, when permanent deformation finally begins, it begins at a higher rate
when the stress reached was higher.

0.2 ;-

Strain Increment
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Figure 31. Strain Increment During Waiting
Time Versus Strain Rate.
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The waiting times between points 1 and 2, summarized in Figures 30 and
31, are damage accumulation times. The damage accumulation time also contri-
butes to the apparent strain-rate effect, but in this regime the apparent rate
effect could be partly attributable to lateral inertia confinement of the V...

• interior of the specimen, since it is well known that in quasistatic tests
lateral confining pressure leads to enhanced axial strength and ductility.

• Yield points for eight specimens were determined by a procedure discussed in
the following subsection. The other six were estimated at bend points in the
stress-strain curve.

3.5.3 Lateral Inertia Estimation in Unconfined Tests

Both axial and circumferential hoop strain gages were mounted on nine
specimens. Analysis of the hoop strain versus time record furnished infor- -

mation about the lateral acceleration of the surface and made possible an
estimation of the lateral inertia confinement. lift

Plots of the surface hoop strain ce versus axial strain e were
.- , .I.approximately linear, indicating an approximately constant Poisson s ratio of .0%.

about 0.25, up to a bend point, which was taken as indicating "yield." The
bend point was quite sharp at most impact speeds, but a little less sharp at
the highest speeds.

YIELD STRESS
(KSI) (MPa)

IL
30 200-

20-
Partially 10.
Broken 100-

10-i
b 10. .

]I l l I I S , I I I I m I i I I 1.: :.

0 20 40 60 80 100 120 140 160

STRAIN RATE (S- 1)
Figure 32. Yield Stress Versus Strain Rate at Yield.

Figure 32 is a plot of the yield stress at the yield point so determined
versus the strain rate at the yield point for eight specimens. It shows that
the yield stress, as determined in this way, is approximately independent of
strain rate over this range of dynamic rates, although these dynamic yield As
stresses are all higher than the static ultimate strengths of 13 to 17 KSI.

It has been suggested that the enhanced dynamic strength is a consequence
of the lateral inertia confinement of the interior. The lateral inertia and
the radial stress induced by it were estimated as follows. Shear stresses
were assumed negligible, and the specimen deformation was assumed uniform.
Then the radial strain and hoop strain are equal and independent of the
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distance r from the centerline and can be determined by the surface measure-
ment of hoop strain. The radial displacement u at radial coordinate r is -
given by

u = re0  (25)

which can be substituted into the radial equation of motion,

FJoFr  752u  .. -
--r - (26)

to give r r (27)

whence Tr C p PeR CI - (r/R)2 ]  (28)

where R is the outside radius where the surface strains are measured. Equa-
tion (28) was used to estimate the confining pressure 'arl at various values
of r/R for the nine strain-gaged specimens. Two regimes were considered:
before yield and between yield point and maximum stress.

Before Yield the Poisson's ratio was approximately constant, and the
estimation procedure is most reliable. In this regime the the second time
derivatives of the hoop strain were calculated from the relationship
; = - v where ; is the axial strain rate from the SHPB records, since
t~e SHPB strain rates were directly recorded and were much smoother than the
differentiated hoop strain records. In this regime the lateral inertia
confinement values of icrl were estimated in two ways:

(1) by using the average e from the start to the point of maximum ;, and

(2) by using the average e from the start to the yield point.

The first method gave higher values during the early elastic part of the
regime where the strain rate was increasing most rapidly. Both methods should
overestimate the actual lateral inertia confinement at the yield point, since ,
the strain acceleration at the yield point is lower than the average values up
to that point. Plots of the confining pressure versus r/R, estimated by the
first method for 9 specimens are given in Figure 33. The maximum confining :-..- :
pressure occurs at r =0 , and the maximum value estimated there for the high-
est impact speed (firing pressure 600 psi) was 291 psi, which is not signifi-
cant compared to the static unconfined strength (13,000 to 17,000 psi) and
therefore cannot be considered to be the cause of the enhanced dynamic yield
stresses shown in Figure 32.

Between Yield and Maximum Stress the apparent Poisson's ratio is not "
constant, and It would be necessary to differentiate the hoop strain rate
record twice to obtain the hoop strain acceleration. Instead of doing this
numerically it was decided to estimate the average hoop strain acceleration
during intervals where the hoop strain rate records, obtained by numerical Sir,
differentiation of the recorded hoop strains followed by smoothing, were
approximately linear. In this regime, plots of estimated lateral inertia
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confining pressure versus r/R have the same shape as those of Figure 33 but
different magnitudes. The nine gaged specimens were divided into two
groups. Group 1 included seven specimens which exhibited a waiting time or
delayed failure between yield and the onset of strain softening. Unfor-
tunately usable strain-gage data during the waiting time were obtained from
only three of the seven specimens. ,J

(Firing Pressure)

SOOPSpecmen Number)

#A l --- 450 3
(a 200

z -350

SO 24- " ..-.

SO..
U))0 20.2 0.2.7

Figure 33. Lateral Inertial Confinement Pressure Versus r/R -. '
Based on Average Hoop Strain Acceleration Between -"P
Beginning and Time of Maximum Axial Strain Rate. ,.f'

For these ;hree, n was taken as the change A divided by the time At .'-".
over which the €c record was approximately linear. eThe highest inertial - -
confinement estimated in this regime was less than 600 psi at the center and .-.

Aless than 300 psi at r = 3R/4,:.

Group 2 included the two specimens tested at the highest impact speeds, L_"
where there was no delayed failure. For this group the recorded hoop strain -.--'':
rate increased approximately linearly from the time of maximum axial strain....-
rate to the time of maximum second interface stress ;and then changed to ,',-
another approximately linear interval up to about the-time of the maximum -
first interface stress 01. For the regime after the maximum a7, the maximum .

estimated confining pressure is 3410 psi at the center and 2550 psi at L:
r a R/2, which could significantly enhance the apparent dynamic strength.

Summary and Conclusions of Task II are presented in Section 4.2.
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SECTION IV...

SUMMARY AND CONCLUSIONS

4.1 Summary and Conclusions of Task I

Several methods have been presented in Section II for prediction of
concrete and reinforced concrete direct shear failure at a position away from
edges of the slab or beam. All three methods indicate similar results but S."

details of reinforcing arrangement, which appear to have significant effects
on response modes, are difficult to model. Current tests of air blast on
reinforced slabs indicate that the addition of shear reinforcement or stirrups
tends to increase damage. Apparently the additional through-the-thickness
reinforcement may add an additional stress riser which reduces the shear
strength or shear resistance to localized loads. This means that measures to -"
increase the flexural strength or resistance of a structure may tend to weaken
it relatively for localized shear resista, ce. This argument tends to support-
a model similar to that of Eq. (18). However, tests of very close-in or
contact explosives show steel reinforcing fdilure immediately beneath the

S. explosive. It is probably more reasonable to assume that a combination of
response failure models would be more appropriate, but it is not clear as to
the time sequence of application of such models- These observations simply
point out the lack of understanding of the response and subsequent failure of
concrete and reinforced concrete when subjected to very dynamic localized

. loadings.

With these thoughts in mind and the uncertainty of prediction of the
loading from buried explosives, no changes were made to the existing
predictive model REICON of Reference (7). This model in its current form, on
file in the Computing Center at Eglin AFB, Florida, contains a flexural
response subroutine based on fixed and moving plastic hinges or yield lines
and a subroutine for the shear response model of Eqs. (8) and (9). It was
concluded that, until a better understanding of the shear failure process was
available, the critical impulse model was adequate.

The continued effort to use the finite element code NONSAP-C for predic-
tion of onset of localized failure is not justified. However, the resulting
strain rate data of Table 2 appears useful in that it does indicate that
strain rates for structural response of concrete slabs are in the low range of
1 to 25 except at points very close to the intense loading.

The overall general conclusion for direct localized shear is that a clear
understanding of this phenomenon is not yet available, but simple single ..
degree of freedom models with proper logic are better predictors than exten-
sive finite element codes. Finite difference code methods could be used, but
they appear to be too expensive for modeling of general structural response of
reinforced concrete systems.

It is recommended that a series of tests designed specifically to examine
the localized direct shear response be conducted. These tests should be lab-
oratory in nature with very close control and variations of parameters such
explosive, slab thickness, concrete tensile and compressive strength, rein-
forcement quantity, quality, and strength. These tests should be well ;-.":

instrumented to measure external and internal strains, through-the-thickness

47 ,, ,

_ ~47" " "

,f~ i. . . -. -• ° * - - . * . -. . . . % . ,% ,, % .- - . - . - - . - . I , . . . . .% •. . ° .°. . . . , . "



* - ~ . .- b * .i

wave propagation, slab velocities and accelerations. Also high speed camera
coverage should be available to record over-all response. It will be
necessary to give some thought to methods of preventing dust and debris from
masking the camera view.

4.2 Summary and Conclusion of Task II

1. The Kolsky apparatus or Split Hopkinson's Pressure Bar system is a useful
tool for determining the dynamic ultimate compressive strength of con-
crete, at least at the moderate impact speeds leading to failure strain
rates below about 120/sec. .-.- '*

2. The larger specimen and larger-diameter pressure bars, however, introduce
two problems. For longer specimens the desired degree of uniformity along
the length is not achieved. For example, with specimens 2.6 inches long
the possible error in stress measurement at an average strain of 0.004 was
estimated to vary from about 2 percent at low impact speeds to 5 percent
at moderate speeds and 18 percent at the highest speeds in the test
series. The error was smaller at the maximum stress (1 to 5 percent) but '.-.-
larger at smaller strains where the stress was changing rapidly--as much
as 40 to 50 percent possible error at a strain of 0.002. Maximum stresses 01
are still reasonably well measured, but the stress-strain curve determin-
ation involves some uncertainty about what stress to associate with the
average strain at each instant. The larger diameter also leads to more
noticeable Pochhammer-Chree radial oscillations in the incident pressure
bar, which interfere with the interpretation of the longitudinal strain
measurement in the incident pressure bar and hence interfere with the., ,
force and displacement recording at the specimen's incident bar inter-
face. Despite these problems, the SHPB system appears to be the best
available system for determining dynamic compressive properties in the
moderately high deformation rate range.

3. Unconfined dynamic compressive tests on five kinds of high-strength
concrete have shown significant apparent strain-rate effects, leading to
dynamic ultimate strength as much as twice the static value at failure
strain rates of the order of 100/sec, as reported in Section 3.4.2.

The following tentative conclusions are based on a limited number of
tests, specifically nine tests on one ind of concrete.

4. Within the range of dynamic loading rates applied to these nine unconfined -
specimens the deformation appears to divide into three regimes:

A. An essentially elastic regime with constant apparent Poisson's ratio up'.:..
to a yield stress where the apparent Poisson's ratio begins to increase
as significant microcrack extension begins. The yield stress appears
to be independent of the strain rate at yield, although all the dynamic
yield stresses observed were at least 30 percent higher than the static
ultimate strength. Low-speed impacts with longer loading pulses might
show lower yield stresses. The enhanced dynamic yield strength cannot
be attributed to lateral inertia confinement.

B. A regime of of significant microcrack extension (and possibly new crack
initiation) in which the average stress and strain rate in the specimen
may remain approximately constant up to the beginning of apparent
strain softening. The strain accumulation during this waiting period
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between yield and strain softening appears to be independent of the
strain rate. As the strain approaches the failure strain, lateral-%
inertia confinement becomes significant, especially at the higher

speeds of impact. As the impact speed Increases, the duration of this .
regime shrinks to zero.

C. The strain softening regime in which we have almost no observations
beyond the pressure-bar data. In a few cases a strain gage continued
to function on a fragment that had been split off from the specimen and
unloaded.

5. The rate-independent strain accumulation between yield and failure ,,

(see 4-B) suggests that a rate-independent strain criterion for failure
might be formulated, which would imply a rate-dependent stress condition.

6. A damage accumlation model seems appropriate for the regime between yield
and failure, but all this needs much more investigation.

7. Further study of lateral inertia confinement effects and of the dynamic .
response of passively confined concrete specimens is needed. Alternative,,.
measurement methods should be explored. A high speed camera that could
take at least 20 to 30 exposures during the 200 to 300 microsecond event
would furnish useful information on the overall deformation process and
could give information about the lateral accelerations beyond the maximum
stress where gages usually fail. This requires an interval between
exposures that can be set as short as 10 microseconds or preferably even
shorter.

-. 4

Two dimensional (radially symmetric) analysis of the deforming specimen
can be made, based on various assumed constitutive models for the
concrete. Such computations can be checked against the measured surface .
strain records without the assumption of longitudinally uniform
deformation of the specimen.

%l .-P • q
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