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ABSTRACT

Economical blast-resistant concrete structures.can be. constructed by reinforcing
concrete members with high=strength deformed-bars*if such membérs. can:meet the
requiremenis of: (1) adequate strength-and. duchlnfy under blast. loading, -and. 2)
limited deflections and formation of cracks- under static service loads. A theoretical
study and a series of beam tests-were made to determinéif: concrete members rein=
forced with high=strength deformed bars can meet the abiove: requuremenfs.

He.,

In the theoretical study, the influence of (1) the amount, yield strength and
duchlnty of the tensile steel and (2) the omount, location ond yue’ld strangth of the
compression steel on the strength and ductility of a concrete beam is discussed. Then,
the influence of the amount and yield strength of tensile steel on the stiffness of o
beam is presented. The minimum yield-load factor (ratio. pf the beqm s static yield
resistance to the static service load) required to limit defléctions.to any-given amount’
is presented as an equation ond is plotted for various span-to-depth-ratios.

In the tests, sixteen simply supporfed concrete beams reinforced with high-
strength deformed bars (91,600 psi yield stress) were subjected to static and dynan:iz
uniform loads and their behavior observed. Eight beams were conventionally
reinforced, and eight were partially prestressed. The prime purpose.of the prestracsing
was to limit the cracks and deflections. Both types.of béams were subjected to long~
and short-duration loads. Several beams were loaded dynamically more than once i
determine their resilience and to study the problem of multiple-shot damage. The
static and dynamic tests are reported, evaluated, and compared with theory. Equntians >
for the static collapse deflection and the maximum dynamic deflection of a uniformiy
loaded concrete beam are presented.
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It is concluded that the two major factors which may restrict the use of
high-strength steel in blast-resistant design cre (1) the inability of <uch a steel.to

2 elongate a required minimum amount, and (2) excessive deflectionz and/or cracks

of beams reinforced with high-strength stee:s under static service :>ads,

' The tests demonstrate that more resistance can be gained with = I¢ - .ar amount

of high-strength steel than lower grades of steel and that chromium-alloy steel of
the type used in this investigation has a sufficient amount of ductility for use in
simply supported beams. Both the theoretical study ~nd the experimesial tests indi-
cate that excessive deflections may be controlled by prestressiag the tensile steel.
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Copies available ot OTS $2.50
. The Laboratory invites comment on this report, particularly on the
results obtained by those who have applied the information,
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INTRODUCTION

The increasing need for economical blas! -resistant structures has created interest
in the use of high-strength* steel as reinforcement in concrete. Derignino for greater
pressures and longer durations has increased the cost of protective construction, forcing
the designer to seek new materials and methods of construction.

Engineers have long desired to take advantage of the gredier working stress
and yield stress possible with high-sirength steels. However, the use cf high-strength
steels in blast-resistant structures is finding slow acceptance among design engineers.
This reluctance is due primarily to a need for more information about the strength and
ductility of beams under blast loading, the deflections and cracks of beams under static
service loads, and the bond and shear strength of beams reinforced with high-strength
steels. In addition, more information is required conceming the weldability, bending .
qualities, uniformity (e.g., stress-strain characteristics), and.the identification of
special new grades of high-strength alloy steels with a yield stress exceeding 75, 000 psi.
The need for more information has led to ah investigation at the Naval Civil Engineering
Laboratory to contribute to a better understending in these areas.

The purposes of this report are (1) to develop some fundamental theories regarding
the use of high-strength steels for reinforcement in concrete beams; (2) to study the
feasitility of partially prestressing concrete beams with high-strength deformed bars;
and (3) to present the resuits of a series of tests designed to study the behavior of
concrete beams reinforced with high-strength deformed bars when subjected to static
and blast loads.

The first part of the report presents a study of the influence of the yisld strength
of reinforcing steel on the strength, ductility, and stiffness of concrete beams. Tiice
characteristics determine the ability of a beam to resist both static and blast loadings.
The second part of the report presents the results of static and dynamic tests.on cen-
crete beams reinforced with high-strength deformed bars, Si.cteen beams of the type
shown in Figure 1 were tested. Eight were partially prestressed and eight were
conventionally reinforced. A comparison of experimental and theoretical behavior
is next discussed. Finally, significant findings and conclusions are presented.

* In this report, the term "high-strength" is used to designate steels having a yield
stiess in excess of 60,000 psi.




Figure 1. View of a typical concrete test beam,

In general, the symbols are defined where they first appear. A summary of ali
notation used is presented at the end of the report.

REQUIREMENTS OF BEAMS TO RESIST BLAST LOADS
General Considerations

For a reinforced concrete beam to resist olast loads it must have adequate
strength and ductility. In addition, under static service loads, * the cracks.and
deflections of the beam must be limited. The feasibility of using high-strength
steels in a concrete beam to resist blast loads depends upon how well such a beam
can meet the above requirements. The influence of high-strength tensile rein~
forcement on each of these requirements is treated in the following sections. e

* In this report, the static service load is defined as that proportion of dead plus
live load which is used to compute the deflection of flexural members.
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Theory Versus Design Practice

Theoretically, the amount of strength and ductility required ir beams and the
relative importance of each depends upon the duration of the blus: tsad. For exaniple,
bombs in the megaton range nomally produce long~duration loads w:th re<pect to the
natural period of the member on which it acts (Te/T,, > 6). The sirength of the member
is more importar : than its ductility for this type of load; i.2., incrcusing ~zam strength
will increase the dynamic load-carrying capacity of the beam much mcre than if,
instead, the beam ductility was increased by the same percentage. Roawever, as the
duration of the blast load decreases, the importance c* ductility incrazses. For
example, small weapons, especially high explosives, croduce si.ort-dumtmn loads
with respect to the natural period of the member on which it acts (Te/T, < 3).
Therefore, it is mor2 economical to design the i-zmber to defiect plastical', without
loss of strength for this type of load. This ductility will allow time for a she:t-
duration load to decrease to a level which the member can support. However, the
relative importance of strength and ductility under long- and short-duration loads
is generally not considered in desiga practice.

In.practice, the member is designed for a given load lével and the:load is
generally assumed to be of infinite duration. This is a sound’ assumption since in
all probability a large weapon will be used-and- should the load-c]urghor. be shorfer,
the design will be conservative. Next,. a'dynamic-deflection-criterion is-éstablished
(tte amount of ducfility that the member must possess). The dynomnc-dctlecnon
criterion moy euther requure that the beam be capable of defleciing to some ratio
of the span length1:2 or to some ratio of the yield deflection of the member. S The
resistance ur strength of the member is then adjusted until the maximum dynamic
deflection under the blast load does-not exceed the preselected deflection.

This beam-resistance can be obtained with considerably less high-strength
steel. In addition, the relative reinforcement cost for'a given load=carrying
capacity for most high-strength steels is less than for lower—grade steels. Therefore,
high-strength steel will generally be more economical provided such a steel ha
enough ductility to satisfy the préselected dynomnc—deriechon criferion ond provided
the defléction and cracks of the member undér static service loads are within
acceptable limits.

INFLUENCE OF HIGH-STRENGTH STEEL ON REQUIREMENTS .OF BEAMS
Strength and Ductility
The strength and ductility of o concrete bean: depend to a large degree upon

the magnitude of the reinforcing *ndex, ductility of the tensile steel, amount and
location of compression steel, and the amount of tensile steel. Each of thase
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quantities, In turn, is Influenced by the yleld strength of the reinforcement, The
allowable ranys ~¢ thest quantities for various ylold=strength sicalt and the Influsnce
of these guanti' - .a s strength and ductility of a concrete beam are Jiscussed in
the following scatiovn .

The succesding tlscussion assumes that: (1) the reinforcement «.this
*flat-top" stress« tizin ralytiz. ' '~ with o well-defined yleld stress, und {2) plane
sections remain plens before und ufier Sanding, The first assumption s nat valid
‘or most high-stren- ‘eel:  How sver. the error In thi~ msumption is snail for
steels such as those use * n (.. kaam tosts descitbad later in this raport,

Reinforcine index, It is imperstiva that a conarate heam ka under-roinforced
to sliminate the . /bilify of 2 brist s filyre and to gain the additional strength
offe-ad by high-stranth steel. This r-irics that the reinforcing Index, defined in
the following paragraph, ka los ihen the  cius corasponding to fallure by Initial
ylelding ~f the tensile stea' followst v -~ ushing ot the concrete in compressien,
The allowabis ranus of the reinieszing trcaa for various grades of steel will be
aotermined subr agque atly.

fa-m & e i L o= ¢, ] e
e T |
¢ o | = |

b o )
¢ =p'bd neutral

kgay pibdfy,

— %
Emman] k‘ksfe'cuh

..... T =

:' 3 ¢U’
A.:pbd ‘l'
00O L—— I—— T

) u—

eam Sectlon - Stdln Stross

Figure 2, otress und tizain distribution at ultimate moment for R/C beam,

Figure 2 represents the assumed straln and stress distribution over a section of
an R/C beam at ultimate-moment copacity, With referance to Figure 2, the positin,
of the neutral axls Is given by

T T (1)

LA RN R R R A 1, B
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For internal equilibrium of forces,

plbdft + kiksfla b = pbdf (1b)

Combining Equations la and 1b, the reinforcing index is defined as

- 1 _]_. " - .€“ A
9= (pfsu - pf;u) fé - klk3(c

1]
LI S
v sU

t)

For the special case of a "baleinced" beam in which failure occurs by simultanzous
yielding of tensile steel ond crushing of the concrete, ¢, = €y ond fg, = fy . lhus
the "balanced" reinforcing index is defined as

— C 1 _]_ _ EU
q, = (pf, - p'f) e k1"3( + fy) @

Y

For beams with no compression reinforcement, p' = 0, pz = Py and Equsiion 2
becomes

p.f €
% ‘?;Z = Kk (}u—:;;) (20)

Based on an extensive compilation of experimental data, empirical equations for
k]k3 and € have been estallished.

3,900 + 0. 35f<'_

kiks = —3200 + ] @)
f

e = 0.004 - —CS (4)

v 6.5 x 10°

From Equations 2, 3, and 4, the balanced reinforcing index, 9y, for various grades
of concrete and reinforcement, is plotted in Figure 3. The member is over-reinforced
if the reinforcing index, q, of a member is greater than the-value given in Figure 3,
and only a portion of the strength offered by the tensile steel will be utilized,
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G.6

o
wn

e
'S

0.3

Curve fy_ Stael
(psi)
ASTM, A15-587
A 40. 000 (intermediate gre<e)
ASTM, A432-59T
ASTra, A431-59T
C 75,000 (high=strengii: billet}
D 90, 000 ASTM Std in Progress
L
N

c.2

N N
N —
M 8
< < \\
fe\\ sy T~ —
%\ \\"‘\
~
\ \ [~~~ _"\\\
"1 ACI 313-56 Building Code <\~_——\ -— ,I
(, < 60,000 psi) \.._\ \'ﬁ
2 K 3 3 6 7 ?

Concrete Strength, fc' {kips per square inch)

Figure 3. Balanced reinforcing index for various grades of steel.
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A beam which is under-reinforced insures that the yield strengii: of the tensile
steel will be utilized (tensile steel will yield) but does not insure that tha beam has
sufficient ductility fo resist the imposed blast loading. For example, if 4 = 3}, the
beam will provide the greatest resistance and least ductility, and it wiii fail by
simultaneous yielding of the tension steel and crushing of the concrete. |f q is much
smaller than qp,, the beam will not provide maximum rex*stance but wiil be capabic
of undergoing large plastic deformations before collapse. Beams vith intermediate
values of g will have resistance and ductility charocteristics between the two extremes
described above, The value of q to be used in blc:t-resistant design will derend on
the relative requirements of strength and ductility.

For reasons of safety, to account for the increased yield strength of steel under.
blast loads, and because the values of gy, are only theoretical, the mas:imum~allowable
value of g to be used in design must be significantly less than q,. The pcreent increase
in the yield sfrength of steel under blast loading decreases with an increase in ths static
yield strength.3: 0 For steels with fy < 60,000 psi, the increcse is about 30 percent
for the strain rates in most beams (0.05 < ¢ <0.20). For fy > 60,000 psi, the increase
is less than 20 percent. Therefore, the limiting value of q to be used in blast-resistant
design should be about 0.60q), for intermediate-grade steel and about 0. 704y, for high~
strength steels.

The limiting value of q recommended by the ACI Building Code (3]8-56)7 is
shown in Figure 3, The figure shows that within the practical range of concrete
strengths, the value of q prescribed by the ACI Code is-only safe for f, <« 60,000 psi
(as stated in Section A403 of the Code). An empirical equation: proposed by the- ™ -
author for the meximum~-allowable value of q te be used in blast-resisiant design,
which covers the practical range of steel and zoncrete strengths, is -

= - N ' "6 {
q, = 0.510 (I.9ty+22fc)10 (5)

This expression insures that g, will never exceed 62 to 48 percent of qy for the range
of steel and concrete strengths shown in Figure 3.

It is desirable, under certain conditions; to partially prestress the tenssi: steel
of a concrete beam; this has the effect of increasing the balanced reinforcing index.
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Figure 4 shows the stress and strain distribution at ultimate moment at a section
of a partially prestressed conciete baam. From equilibrium of forcos anc by relating
the strains,

= o alf) _]__= v
4= (pfsu lafsu)f‘; klk3(eu-e - € +() ©)

For th: specie! cuse 7~ a bolonced beam,

c 1 Y
= -p'ft Y =
% (pbfy P, )f klkS(eu “ € "€t ey) @

This equation shows that the higher the prestress (i.e., the larger € se)r the greater
the balanced reinforcing index. Therefore, Equation 5 can also be used fo obtain

a conservative estimate of the maximum=-allowable reinforcing index for beoms which
are partially prestressed.

b — &y ] — st e
Q o _:}.— T- S/ 2 ; E" | p'bdf}y
T i by % kqkafla,b

Al =p'bd A0

_neutral

—

axis

A - :bd
Ovo 1.\ pbdf,,
o~ Io— € —1
I ) -
Beam Section Strain Stress

Figure 4, Stress and strain distribution at ultimate moment for P/C beam.




Steel Ductility. A beam must be capable of large inelastic deformations prior
to collapse to meet the dynamic-deflection criterion established for a given design.
This requires that the tensile reinforcement be capable of elongating ¢ :ertain minimum
amount, €, . By rearranging Equation 1,

k.k
6 (220 g

Equation 8 gives the maximum strain in the tensile steel ot ultimats-moment capacity
and is plotted in Figure 5. The required strain capacity of the tensile steel in simply
supported beams can be estimated from Figure 5. This figure may also be used to
estimate the required strain capacity of the tensile steel at the point of maximum
positive moment in restrained beams, Also shown in Figure 5 is the approximate strain-

hardening strain, €,, for intermediate~grade steel and a chromium-alloy steel with o
well-defined yield stress of 91,600 psi.

i ! 1 T i
4.0 3;
Y
= 3.0}~
t
s
5_ L § f2 = 2,000 psi
5 - v -
wﬂ
c
K
& 20
'::" € for structural- end
& N /\,/ intermediate-arade steel
£ — -
2 N
£
5 \ h ¢, for chromium-alloy steel
= N
1.0
N { -
fL=7,000 psi e~
B LA -
L~
L1 M |
o 1 t 7 1 {
] 0.1 0.2 0.3 0.4 0.5

Reinforcing Index, q
Figure 5. Maximum steel strain of ultimate moment in simply supported beams,
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The reinforcing index must be quite small in order to gain the ductility required
in blast-resistant design. Experience has shown that it is genera!ly grecer than 0.08
and rarely exceeds 0.2, Within this range of the reinforcing index the tollowing con- 1
clusions can be drawn from Figure 5 about the tensile steel in simply su;norted beams:

1. The strain in the tensile steel at ultimate moment, ¢4, is gi-zter *2an €,
for all grades of steel except possibly structural- and intermediute~grade;
i.e., all grades of steel except possibly structural- and interm~diate-grade.
will be strain-hardened.

2. The maximum ductility required of the tensile steel will occur in beams with
a low q and f. For this condition, the maximum strain in the tensile steel
will be about 4 to 5 percent, Therefore, the minimum ductility of reinforce~-
ment used in blast-resistant design should be 5 percent. However, the
ductility should be greater than 5 percent (a) for reasons of safety, (b) because
Equation 8 is only theoret*cal and (c) to account for the possible variation
in the elongating capacity of any one type of steel. Therefore, it is recom-
mended that the tensile reinforcement be capable of elongating af least
10 percent.

Compression Steel. In concrete beams designed to resist blast loads, compression
steel is required in order to obtain enough ductility in the beam and to protect against
negative moments. Whether full advantage is tuken of high-strength steel for compression .
reinforcement will depend upon its location in the beam and the magnitude of the
reinforcing index. From the strain distribution in Figure 2, if ¢, < E;),

a € € E
vu_ - _v_ us
a -d ¢ F (%)
u su su
Rearranging Equation 1b,
- pfsu - p'f;u d
%~ ( f! ) k.k b)
c 173

Combining Equation 1, 9a, and 9b, if f;u = f)"

10
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Any d'/d less than that given by Equation 9 will insure that the compre-cion steel
yields before the beam section reaches its ultimate-moment capacity. zguation 9

is plotted in Figure 6 for a 3,000~-, 5,000-, and 7,000-psi concrete streng#:. Values
for kiks and ¢, were determined from Equations 3 and 4, respectively,

As stated, the reinforcing index seldom exceeds 0.2 for heoms proper!y designed

to resist blast loads, and, except for very deep beams, the practica! lover limit for

d'/d is about 0. 15. Figure 6 shows that within these limits for q ond d'/d the maximum
stress that can be developed in the compression steel is about 45,000 psi. This suggests
that, except in very deep beams, the cdditional strength offered by- hlgh-sfreugth steel
cannot be utilized before the concrete crushes in compression, Therefore, in special
cases, it may be more economical to use two different grades of steel, i.e., high-strength
steel for tensile reinforcement and intermediate grade for compression reinforcement.
However, in general, it may be cheaper to make all steel of the same type, since this
will reduce construction problems.

The dashed line in Figure 6 gives the ratio d'/d which at ultimate moment would
cause the neutral axis to be located at the level of the compression steel. For ratios
of d'/d greater than those corresponding to this curve, the "compression steel” will lie
below the neutral axis and actually be in tension.

Equation 9 was compared with reporfed beam tests. 8 In the reported series-C
beams, d'/d was 0. 17 ond f; was 5,100 psi. For f;, = 0, the value of caléulated
from Equation 1 was 0,09, In several tests the strain gages on the top-and bottom face
of the compressuon steel showed that the neutral axis was located-in.the compression
steel prior to beam collapse. Figure 6 supports this behavior,

From the sfondpomi‘ of beam strength, Equation 18 shows that the contributicn
fiom compression steel is relatively small. Therefore, the error in’ chpuhng the
ultimate-moment capacity resulting from an error in the calculated stress in the com-
pression steel is relatively small,

From the standpoint of beam ductility, the contribution from compression stcal i<
large. This follows because the ultimate deflection (Equation 19)-incredses considerably
with an increase in the ultimate rotational capacity (Equation 19b) of a beam sectici,
The ultimate rotational capacity, in turn, is inversely proportional to the reinforcing
index {Equation 18d) which, in turn, decreases with an increase -in the amount of com~
pression steel, This latter point, of course, assumes that the ratio d'/d is small enough
to permit the compression steel to carry its share of the load. For example, if d'/d is
such that the neutral axis is in the compression steel at ultimate-moment capacity, beam
ductility will not be increased by increasing the amount of compression steel.

1
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Therefore, an error in the calculated stress in the compression steel can resuly
in o large error in computing beam ductility but a small error in computing bean °
strength. ’ e

Tensile Steel Ratio, In design, the steel and concrete strength are generally
selected first and then the dimensions of the cross section and the amec.nt of rejnforce~
ment are adjusted to give the necessary strength and ductility. Therciore, when the
designer adjusts the reinforcing index he is actually limiting the amouni »7 *ansile”
steel that can be used. In other-words, he.is-adjusting the tensile steci rar 5 to a
value less than the steel ratio corresponiding:io the. maximum-allowabie reinforcing )
index, qq. T o

-~ - .
- !

The equation fdr. the tensile steel ratio corresponding:fo.q,, is determinad: for
beams-without compression steel (p' = 0) by redrranging-Equation 2a end letting
AP = G- T N

Equation 10 gives the maximum-allowable steel ratio p, for beams with no compression
steel and is plotted in Figure 7. The values for q, Wére computed from.Equdtion 5.
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Figure 7. Maximum-allowakle steel ratio for R/C beams with no
compression steal.
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in section 1601 of the "Proposed Revision of Building Code Requirements for
Reinforced Concrete (ACI 318-56)" 7 the allowable ratio of tensile steel is given by

0.85k, % 90,000 )]

f* 90,000 + f*
Y Y

Py = 0.75[

where f*

. 2fé/3

k, = 0.85, forf: < 4,000 psi

0. ny, for fy < 75,000 psi

[
<
n

=~
n

0.85 - 0.05[(f* - 4,000)/1,000], for .- > 4,000 psi

The latter equation for p, is compared with Equation 10 in Figure 7. The proposed
revision to the 1956 ALl Code does not permit designs to be based on f_ in excess
of 75, 000 psi. 9 Therefore, no comparison is shown for a steel with a yield strength
of 90,000 psi.

The addition of compression steei in beams permits increasing the amount of
tensile steel, thus increasing the strength of the beam.

For beams withccompression steel, the allrwable tensile steel ratio is p:. If
qp, = 9 then pg = P, and Equation 2 becomus

= (6% - p'f )o-
% (pofy P fsu) f(': (o)
- Solving for q_ in Equation 10 and setting it equal to Equation 11a,
\\" . p_q:x = (pcf - .f. ) ] I] lb)
fc ay Pl JFT '

fl

. c _ sy
Rearranging P, = Py * P'\F ) ()
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where f; u/fy < f;/fy

Equation 11 gives the maximum=-allowable tensile steel ratio, p , coreeponding to
the maximum-allowable reinforcing index, g+ for beams with compreswsn s*aal,

The steel-stress ratio f'u/f for the case when the compression sics:| « “2s not
yield, is determined by rearrangmg Equation 9 and letting q = q.

=5 u[] -_( : 3)-I t12)

where g, = 0.510 = (1.9 +22f) 107 )

Equation 12 is plotted in Figure 8 for various steel and concrete strengths and ratios
of d'/d.

The value of the steel~stress ratio to be used in Equation 11 will depend upon
whether or not the compresslon steel has yielded. |f the compression steel has not
yielded, f'u/f < f!/f , and the steel-stress ratio taken from Figure 8 should be
used in Equahon 11 % the compression steel hos yielded, f; f , and the
ratio f.,’f should be used in Equation 11. Thus, from Equcmon ¥l an F|gures 7 and:
8, the mdximum~allowable tensile steel ratio can be determined for a beam with
compression steel,

in the proposed revision to the ACl Code 318-56, ? the stress ratio to be useu
in Equation 11 is either zero or umty If the compression steel stress is less fhrn fhe
yneld stress, ¥, the stress ratio is assumed to be zero except whe~ a generc: analys
is made, 9 Thus, for this case no increase is permitted in tne allowable *ensile sreci
ratio; i.e., p§ = p,. If the compression steel.does yield, the stress :atio is astumed
to be unity. For this case, a stress ratio greater or less than umfy is not pemitted
because the ACI Code does not specify for beams reinforced with two different grades
of steel. .

It is interesting to note from Figure 7 that, within the practical range of stec!
ratios used in design, there is little chance of ove:-reinforcing a beam with structurc’-
or intermediate-grade steel. However, the designer should pay particular attention
to the amount of tensile reinforcement when designing with high~strength steels,
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Cracks and Deflections

The engineering requirements for a reinforced concrete struclurs may ' roughly
classified as: 10

1. Adequate safety against failure

2. Limited crask formation 1
) F

3. Limited deflection (sufficient rigidity) ’ ~
Each of these requirements can impose an upper ceiling on allowable steel:stresses I
and, therefore, the grade of steei to be used in a coiicrete. strucfore, “ltem 1'has - . = &
already been discussed. The influence of the grade ot steel on'items 2 and 3:is R o

examined in the following pardgraphs. - 13

In general, the higher the yield strength of a.steel, the less desirable it becomes
to use such a steel in unprestressed concrete becausé-of excessive deflection and !
cracking under static service loads. Although; s statéd;-a given yield resistance k
can be obtained more economicatly with hlgh-s;rengfh steel, the beam will not be
as stiff and will deflect more under static servica loads, Therefore, another factor
which will influence the feasibility of usitig hlgh-sh'ength steél in unprestressed
concrete will be the dcceptable limit for deflcctions. -However, this factor will
become less importan* as the magnitude of the blast load‘increqses.

-

pp~—p* LBElRE TR R R

Yield-Lcad Factors The greater the ri.rio between the static service loadand - .
the static yield resistance required to withstend the imposed blast- loodlng, i.e., the 1
greater the yield~load factor; the moreé fea. ble- it hecom:s fo use high=etrength stze!
in unprestressed concrete. The physical pruperties necessery to rssist large blast
ioads (e.g., depth of beam and steel perce .fcge) will generolly put deflections under
static service loads within acceptable limits,” ~ - o

- . A

The acceptable limit for deflections depcnds opon the type-und intendes funciion
of the structure. However, the maximum-allowable deflection is commonly fimited to !
some fraction of the span. The minimum yield-locd factor required to lxmlf deflecrions
to some fraction of the span is a function of the support conditions, span-to-2-oth
ratio, yield strength of the reinforcement, the percentage of steel, and effsctive
prestress level. The relationship between each of these variables is discussed below,
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~ Shown Leiow is the distribution of curvature along a unifonrly lourt::d simple
beam. Th: mid-span deflection at first yielding of the tensilc steel can »~ expressed
as

Y'y = (2%) wyL2 "13a)

From the resistance diagram shown below,

wS
= — 13b)
Ys Yy ( r ) (13b
b4
[ —— e o— ————————— ¥ e e
2nd-degree b4
rad pearabola - i
/_- .;
v
: |
¢, 2 |
.
[+ 4 W' o’ I
i iy
y | |
J Vs Yy ‘
Mid-Span Deflection, y
a) Curvature diagram aty = yy b) Resistence diagram

From the strain diagram shown in Figure 9, the unit rotation of the beam at mid-span
wheny = Yy is

-€ -
= L e _ _Y se .
®y T ATk T EA - K (13¢)
Let the allowable deflection under static loads be
L
Y$ TN (13d)
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Then, combining Equations 1Ca through 13d,

f

minimum yield=load factor (M. L.F.) = (2N [EY-(-'-_-—?J (13)

For beams with no prestress, f,, = 0. Equation 13 gives the vi2ld-lcad “artor at
which the mid-span deflection, y¢, of a simply supporic. beam undsr o siatic service
load, w,, will be L/N. This equation indicates that excessive deflections under
static service loads may become a limiting criterion in blast-resistant design and
should be checked by the designer in the case of:

1. Long spans

2. Shallow beams

3. High=strength steels

4, Low prestress levels

5. Low steel percentages

L

{
i = ""I
1 i
dl kd ]
o .o k| 3 A
' xd
A} =p'bd T -sz-icb
R nevtral —
—tee : axis
Ag = pbd
® o Py _——— A,fy
] l ‘c-"‘ l‘-‘n“'l
. ] —% ] Stress
Beom Section Strain

Figure 9. Stress and strain distribu*ion at yield moment.

Equation 13 is plotted in Figure 10 for typical L/d ratios and steel perce.iioges.
The curves are based on a limiting deflection under static seivice loads of L/340.
The minimum yield-load fuctor for any other deflectior: criterion, yield stress, or L/d
ratio can be found by a direct proportion between the variables and those values used
in Figure 10,
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For the deflection criterion and ronge of variables considered ;. Figure 10, the
following conciusions can be drawn about simply supported unprestrs:.cd beams:

1. It is unecenomical to use steels with a yield strength muck grecic. than
60, 000 psi for unprestressed beaoms designed to resist only static l-ads.

This assumes that the yield-tond factor for static designs is generntly less
than 2. 5.

2. Steels with a yield strength as high as 90,000 psi can be used in unprestressed
beans if the yield-load tactor is greater thon about 4.5, A yield~load factor

as large 25 4.5 would seldom, if 2ver, by .used for static designs. Howsver,

for blast-resistant design it is highly srobable that the yield-load factor will

be this large.

3. The smailer the L/d ratin, tha more economical it becomes to use high-
strength steals if defiection is the limiting criterion for design.

The minimum yield-load factor computed by :quuho.. 10 such that y, s L/N
agrees wsil with experimente! dota, A comparison is shown in the section of this
report entitled “Theory Versus Experimental Resuiie, *

Control of Deflections. Prestressing the tensile reinforcement will reduce
deflections and cracks, increase allowable working loads dnd provide more efficient
ctilization of the hlgher—sfrengih stesls. and concrete, Therefore, 'it would seem
reasorchle that, in using hagn-shengﬂ'e -ductile steels, a byam design should be-
selected which provides the necessary ulhmqfe strength and ductility to resist the
blast loading, Sscond, the ratit of the static yieid resistance to the static service.
load, r, /w,, should be computed. 1f = /W, is greater than the minimum yleld-load
factor requnred to limit deflections to L/, the design - sufficient, 1f r./wv,_ic less
than the minimum yield~load fuctor, defisctione will be greater than L/N, and the
design must be revised, Three alternativez muy ba:used 6 revise the design:

1. increase the depth of section ond/or the stee) ratio.
2. Redesign the séction using a lower=yiald=-strength steel.
3. Portially prestress the tensile steel. The level of prestress should -z

adjusted to insure that the cracks and deflections at static service loads
are within acceptable limits for the intended function of the structure.




EXPERIMENTAL WORK
Test Specimens

Description. Sixteen simply supported concrete beams were inci..ued in the

test program. All beams were 12 inches deep, 7-3/4 inches wide, and 15 fest long.
The/longitudinal reinforcement consisted of high-strength deformed M= 4 Lo
(f; = 91,600 psi, p=1.135 percent) for tensile reinforcement and interm-diz.e-grade

0. 3 bars (f, = 49,900 psi, p' = 0.426 percent) for compression reinforcament, The
web reinforcement consisted of No. 3 intermediate~gra~z iies {f,, = 49, 900 osi)-hooked
to the compression steel. Extra ties were placed in the center portion ci ihe beam to
contain the concrete and prevent buckling of the compression steel at large deflections,
The arrangzment of the reinforcement and the physical details of both the partially
prestressed and conventionally reinforced concrete beams are illustrated in Figure 11.
Eight beams were conventionally reinforced (zero prestress) and eight partially
prestressed, The tensile steel in the partially prestressed beams was prestressed to
45,000 psi (seven beams) ov 90, 000 psi (one beam),

The reinforced concrete beams were designated R1 through R8 and the P/C
beams P1 through P8. Most of the beams were loaded dynamically more than once,
in which case an additional number is added to the beam designation to indicate
the cycle of loading. For example, R3-4 means R/C beam No, 3, fourth dynamic
loading.

Material Properties. The average physical and chemical properties of the
reinforcing bars are summarized in Table I. A typical stress=strain curve for each
size bar is shown in Figure 12, All bars of each size were from the same lot and
met the deformation requirements of Specification A305-56T of the American Society
for Testing Materials (ASTM).

The No. 3 bars were intermediate grade and met the requirements of ASTM
A15-58T. The No. 6 bars were from a basic open~heartt, chromium=~alloy stcel,
These bars were made to meat the deformation requirements of ASTM A-431 Modified
(90, 000~psi minimum yield stress). The steel falls in the chemical requirement range
of Specification A-5155H und A-5160H of the American Institute of Steel and Iron
{AIS1). These bars exhibited a linear stress~strain relationship up to a well-defined
yield stress of 91,600 psi.

Scme alloy-steel bars have less ductility the cold=worked bars and ore relarively
more difficult to bend. To determine the bending qualities of the chromium==!loy bars®
for stirrups, anchorage, eic., six random specimens were bent at room temperaturc
through 90 degrees oround a 3-inch~diameter pin, None of the specimens showed any -
signs of cracking on the outside of the bent portion of the bar, 1t -is'interesting to -
note that although ASTM A431-59T is most nearly applicable to these bars, they met.
the relatively severe bend~test requirements for structural-grade bars (ASTM A15~527),
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Typical Front View

3 No. 3 bars
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Tr ‘_1/2.'\'{‘ Location Mark Measuring Device
T | 1 S1 2, A12.2 electric s_fjaln gages
100 2 $2 2, A12-2 etectric strain gages
12¢ 3 s3 2, A12-2 electric strain ucine
4 cl 1, AV-2 electric strain gage
5 a Statham accelerometer
__JL_ \'\ No. 3 6 BP2 Boums' potentiometer
7 BP1 ond rotating drum

I 7.3/4" ' stirrups

Typical Section

Figure 11, Beam details and instrumentdtion,
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Table I. Physical Properties of Reinforcing Bars

Tensile Propertiesl/

Bar Yield Ultimate Modulue Gf Elongution
Size Strength Strength Elasticity in 8 Inches
: (psi) (psi) (106 psi) (percent)
No. 6 21,600 143,000 28,2 11,3
No. 3 49,900 71,500 27.3 24,2
Geometric Properﬁes-]-/
Deformations (inches)
Ba A .
S;Zre (;:g) Spacing Height Gap
(avg) (min) (@vg) | (max) (ave)
No. 6 0.43 0.340 0.038 0.039 0.042 0. 155
No. 3 0.11 0.187 0.023 0.024 0.025 0.115
Chemical Properties
Bar Chemical Composition (percent)
Size C Mn P S Si Cr
No. 6 0.59 0,92 0.019 0.023 0.33 0.92

1/ Average for 5 bars of each size.
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The average properties of the concrete are summarized in Tabie 1l. The concrete
was made with type~lll portland cement. The maximum size of the con:s- aggregate
was 3/4 inch, The concrete mix was 1:2,4:2,5 by weight, with a water-cement ratio
ranging between 0.43 and 0,55, The slump of the concrete ranged from 1,3 .

3.5 inches.

Table Il Properties of Concrefel/

7-Day Properties at Time of Beam Test
Beam Compressive Compressive Secant Tensile
No. Strefngfh Age Strength Modulus2/ | Strengthd/ )
c (days) f! E f

(s) (v5) (105%s1) | Gh)
Pl 5,780 48 7,300 3.49 600
P2 5,820 67 7,400 3.42 600
P3 4,750 61 6,320 3. 15 670
P4 5,650 64 7,320 - 720
P5 5,300 56 6,620 - 690
Pé 5,830 68 7,740 - 725
P7 4,840 62 6,130 - 685
P8 5,630 42 6,690 3.41 625 -
R1 6,160 61 7,630 3.58 665
R2 5,600 56 7,160 3.42 700
R3 5, 800 48 7,200 3.33 785
R4 6,010 69 7,530 - 730 :
R5 5,840 62 7,630 - 725
R6 6,240 68 8,100 - 770
R7 5,140 62 6,750 - 655
R8 5,500 42 6,790 3.4 720

1/ Each value listed is the average for two control specimens.
2/ Secant modulus at 0. 5f; .

3/ From modulus~of-rupture specimen.
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Methods of Prestressing. Many methods of prestressing steel entail intricate
operations and the use of hlghly skilled labor. In addition, most methods are adupt-
able only to plain bars, wire strands, .and-cables. 11 n

o

Three methods of prestressing high-strength No. 6 deformed bais ~ere evaluated.
In all three methods, the prestress force was applied to the bar by tighh-\ina a nut
onto a 1-inch-diameter threaded stud. The first method involved weiding ¢ <= fo
each end of the deformed bar for gripping. ‘A maximum bar stress of 30, 460 psi could
be developed before fracture ot the weld. The second method invalved threading
each end of the bar, This:method proved inefficient bu’ ~ maximum bar sivess of
70, 000 psi could be developed. The third method of prestressing consisied of welding
the threaded stud to a Howlett Grip Coupler (Flgure 13a) which in turn grapped the
reinforcing bar. The Howlett Grip Coupler consists of un outer cosirig and an inner
sleeve, joined together by buttress threads. The sleeve i is-slotted to permit its-diometar
1o be reduced. When tension is applied to the.bar, the sleeve moves. This movemént
decreases the sleeve diameter forcing its,teeth to compressively ‘engcge and:grip the
periphery of the bar. Before assembling the grips, the deformations on each end of
the bar were scored with a file, This permitted the sleeve fo be twisted onto the har
t> provide an effective gripping surface. The reaction for the prestressing force was
provided by anchor plate : bearing against each end of the steel form used fo cast the )
beams. The stud had a square cross section and passed through a square “hole in the _ |
anchor plate. This prevented the bar from twisting when the nut was tightened onto
the stud. Details of the method of prestressjng are shown in Figure 13b. The lctter
method was chosen; it was simple to use and its application is broad.

ok

Fabrication, The beams were cast right side up in steel forms which had o

. movable side plate to facilitate removal of the beams. After the: teinforcing- cage
was assembled, a Howlett sleeve was twisted onto each end of the bars to be o
prestressed. Next, o cage was positioned in each of three steel forms by hydrostone
spacers placed at the quuner-pomfs of the cdge, with a wooden spacer box af each
end. The prestressing jig was then assembled.on the bars 6f the cages to be prestressed,
and the anchor plates were bolted onto each end of the thi ze forms (Figure 13b).

3
n
X L e X Sl Ty
RERCYFSNa e e

The prestress was applied simultaneously to each bar by tightening snug=tight
nuts (Figure 13b) in increments of 1/8 of a revolution. At each increment of nut .
revolution, the required torque and corresponding bar strains were measured with a :
torque wrench and strain indicator, respectively. The bar stress computed from the
strain goge measurements on the bar was alsc compared with the bar stress as determined |
by a lcad-cell measurement, A typucol curve of the measured torque, nut revolutions. i
and bar stress versus load-cell stress is shown in Figure 14, 3 4

Six days after casting the concrete, the prestress force was transferred to the
beam. The force was released oy slowly loosening the nuts at each end of the bars.
The beams were then removed from the forms and stored to field~cure until they v:cre
tested, -
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The loss in prestress of each P/C beam was measured ut periodic ir-.ervals

between the time of casting and testing. The instantaneous iosses at trausier were

measured with strain gages mounted on the bar at mid-span. These lezses agrazd .
well with computed losses due to elastic shortening and bending. Estimate: ¢t ihe

total loss in prestress were determined from-stiain-gage readmgs and meast-ements

of the increase in mid-span deflection. A typical relah'»,.,.np vetween fn= prestress

loss and time, for beams with an initial prestress of 90, 600 ps: and 45, 0CC gsi, is

shows in Figure 15,

Test Equipment

Loading Machine. The bearris were tested:in the NCEL blast.simulafor (Figure 16).
A schematic of the beam in the simulator.is-showh- in Fugure 17. The simulotor: eciisists
basically of a cylindrical pressure chamber to contain an air over-pressure and two
parallel walls which extend vertically down from:the bottom of the tank. These walls
extend the full length of the cylinder and enclosé the sides of the beam to contain
the air over-pressure on the top surface of the member.,

A uniformly distributed static or blast pressure may be applied over the top
surface of a beam. A static pressure is achieved by introducing compressed air into
the chomber. A blast pressure is generated by detenating-explosives inside the
chamber, and the peak pressure is controlled by the amount of explosnve. The rate
of decay and duration of the pressure is controlled by a series of vaives which vent
the chamber to the atmosphere,

-

-

Instrumentation. Pressure, acceleration,. deflection, and strain at:the- locahons
shown in Figure 11 were recorded as a function of.time. The apphed pressuré. was T
measured by pressure transducers at thrée -locations, two o: the center dnd one ai-tiiz ’
end of the blast simulator, 1 inch above the top of the beam, The,occelergflqn was:
measured with a 100-g accelerometer. The deflections ot the quarter-points of the
beam were measured by a linear potentiometer and a direct-recording rotahng«drw-
deflection gage. The strain in the two tensile bars and the center compréssion bar
was measured at mid-span by two A12, SR-4 stroin gages placed diometrically Spposita
each ofher. This arrangement of gages permitted an accurate measyrement of the
force in the bors ot large beom deflections. Strain in the top fiber of the concrete
at mid-span was measured by an ‘A9-2, SR-4 gage. The signal output from ecch s
transducer, except the rotating-drum deflection gages, was sent fhrough a carrier
amplifier and recorded by an oscillograph. .
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Figure 146, Blast simulctor,
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Figure 17. Schematic of beam in blast simulator,
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Test Procedure

Preparation of a beam for a test was the same whether the test wo static or
dynamic. First, the beam was positioned on movable carts which serv«+ as end
supports. A sheet of Teflon was then draped over the top and down the ides of the
middle quarter of the beam. The Teflon was very effective in reducing fri:ii~~al

~ force; if the beam rubbed against the simulator walls. It also containea the . sshed

concrete at collapse of the bearn. The whole unit was then rolled between the walls
of the blact cimulator, and the carts were anchored to the conr-ete foundntion,
Finally, oll measuring instruments were fastened to the mium, ~il elestrival connec-
tions were made, and a strip of neoprene was placed over the top of the beam 'o seal
the chamber. A beam ready for testing is shown schematically in Figure 17.

Before testing, the natural period of vibration of several beums was measured
by displacing the center cf the beam upward with a wedged block and suddenly
removing it. The induced free vibrations were measured by the strain gages and the
deflection transducers and were recorded by the oscillograph. The nciural period
was measured with and without the Teflon seal in place and with the beam cracked
and uncracked.

Static ?ests. In the stotic tests the beams were uniformly loaded by introducing
compressed uir into the pressure chamber of the blast simulator. The pressure level
was monitored from a master-control panel. The R/C beams were loaded up to the
cracking load, unloaded, and then reloaded to failure. The P,’C beams received
only one cycle of loading. During loading, the pressure, deflections, and strains
were recorded at regular intervals of pressure by the oscillograph up to the yield
deflection. Thereafter, the oscillograph was operated continuously until the maxi-
mum resistance of the beam was overcome. The pressure on the beam was then
released, and measurements of residual strains and deflections were taken.

Dynamic Tests. |In the dynamic tests the beams wer= loaded by detonating on
expiosive charge in the pressure chamber. First, one channel of the electro-meci.unical
programmer was set to control the firing sequence and deiay-time of the air vents.

The amount of explosive charge required to obtain the desired peak pressure was th-r
loaded into the pressure chamber. The blasting caps were inserted and wired to the
master-ccntrol circuit. Next, a zero and calibration trace for each transducer were
recorded by the oscillograph. Finally, a switch was closed which started the program-~
mer which in turn started the recording equipment, automatically ignited the explosira
charge, and controlled the air vents.

After the shot, the permanent strains and deflections werc recorded, and the
beam=~cart assembly was rolled out of the simulator. The béam was inspected, crack
patterns were recorded, and photographs taken. If the beam wos not seriously damaged,
it was rolled back into the simulator and the above procedure repeated.
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Table 111, Summary of Static~Test Resulisl/

Cracking Yield Ultimate L N
Beam | | ood | Defl. | Load | Defl. | Load Deflection (in) |
No. re Ye ry Yy r Mid-Span | Quartar-¥air-.
ips/ft) | (in.) | ips/ft)| (in.) | (kips/ft) Yo ve v
R1 - _ 2,35 1.60 2.72 3.;{_‘ 2,55 _;55
R2 - - | 2.3 1.61 2.92 4.00 2.55 | 2.57
P1 1.16 0.25 2.3 | 1.1 2.80 - - -
P2 1.02 0.25 2,20 |1.20 2.70 3.99 2,47 | 2.48
P8 1.30 0.30 2,28 | 0.80 2,86 3.93 2.46 | 2.47

1/ Values listed correspond to the straight-line approximation of the experimental
load-deflection curves shown in Figures A1-A10 of Appendix A.

Test Results

Static Tests, Five beams were tested statically to failure to provide a comparison
with similar beams tested dynamically. Beam R1 received two cycles of loading. It
was loaded until sufficient cracking developed (approximately 0.5 kips per ft), unloaded,
and then reloaded to failure. Beams R2, P2, and P8 receive. continuou: loading to
failure. Beam P1 received five cycles of loading. This test gnve some measure of the
resilience and load-deflection characteristics of the P/C beams under repeated loads.

The results of the static tests are plotted in Figures A1~A10 of Appendix A. These
figures include load versus mid-span deflection and load versus steel and concrete sticine.
An idealization of the ioad-~deflection curves as two straight lines is also shown.

The results of the static tests are summarized in Table 11l. The values giver in
Table ii! correspond to the idcalization of the experimental load-deflection curve.

Photographs of the beams tested statically are shown in Figures C1 and C5.
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Dynamic Tests. The results of the dynamic tests are presented in .t form of
tables, tigures, and photographs. The foad and response characteristics, ne’uum
and permanent strains, damping characteristics, and dynamic yield resistunce e
summarized in Tables IVa, IVb, Ve, and V, respectively, Figures Bl an+ 82
{Appendix B) contain plots of effective peok load versus inttici maximum <eflection
for the 8/C and F/C beams, respectively. The deflectsd shape versc: th-a for o
keom which rebounded is shown in Figure i3, A-damage curve for cach typs of
beam is presented in Figures B4 and B5. Photographs showing the extent and disiri-
bution of cracking of each beam are includzd in Figures C2 thiough C5 {Appendix C).
Typical oscillograms showing the time variation in the measured quantities are presented
in Figures D1 through D3 {Appendix D).

Most of the tables and figures are self-axplanatory. The logaritimic decrement
ond damping factor shown in Table IVe are baged on the assumption of viscous damping.
The values were obtained from the oscillog aph traces by measuring successive peak
ampiitvdes of free vibration A, and A 41 after the'Ssam had reacked its initial
maximum displacement. Then the logarithmic decroment was computed from the
following relationship: )

6 = In—2 (14)
- o énﬂ

It was.na} possible to ralculate the logarithmic decrement by considering the reduction
in displacement anplitude over more than one cycle of oscillation because the free
vibrations damped out so quickly.

The anplitudes of free vibration were very small for the boams which exparienced
large plastic deflections. Therefoi2, the logarithmic decrement was not measured fo-
these beams becouse of the accuracy of the amplitude measurements.

Finally, the viscous domping factor was calculated from

B = {15)




Table IVa. Results of Dynemic Tests — Lcad and Response Characteristics

s e R e ———

Loading Mid-Span Deflection Strain wavadf

Seam | Ppeck Duration Mox Accum. | Accum, | Time to Dompedy Tens, P Gomr .
No. B Effec. | Actuol Pern, | Mox Mox | Period Steel Stes

Kips/fi] Te T (y,'," 31 Yap Yom tm Tnd €s €

P/ (msac)| (msec) 7Y Gn) | Gne) | Gniec) | (msee) | (in./in. /sec) | (in. /in. /sec)
\

R3-1; 0.64 | 230 850 |0.40{ 0.03 0.40 25 £z - -
R3-2) 1,36 | 450 900 |33} 2.16 1.36 32 66 - -
R3-3| 1.89 | 330 | 1,030 |2.04 | 0.66 2,20 37 64 0.20 0.03
R3-41 2,29 | 245 | 1,02012.92} 1.67 | 3.58 42 63 0.27 0.04
R3-5) 2.24 | 260 | 1,100 (2,81 2.42 4.48 39 70 - 0,04
R4-1] 2.20 | 350 | 1,100(3,57| .66 | 3.57 49 66 0.2} 0.05
RS-1| 1.22 | 250 } 1,140 §1.15} 0.23 1.15 3 60 - -
R5-2{ 2,19 { 226 | 1,120{2.64| 1.16 2,87 41 68 0.22 0,04
R5-3¢ 2.16 | 270 | 1,100 2,90 2.07 4.06 40 72 - 0.04
Ro-4y 2,04 ¢ 270 | 1,050 )2,75§ 2.73 4,82 38 67 - 0.05
R6-11 2.44 | 290 | 1,120)3.74| 1.8 3.74 48 61 0.24 0.04
R6-2] 2.15 | 385 | 1,170 12.74 2.54 4.59 39 63 - 0.05
R7-11 1.2) | 100 140 10,92 0.16 | 0.92 30 63 - -
R7-2% 1.75 95 146 {1,441 0.26 | 1,62 32 67 0.15 0.02
R7-3¢ 2.42 20 145 12,45 0.9 an 36 73 0.18 0.07
R7-41 2,55 | 545 | 1,190 |5.51] 4,20 | 6.47 63 59 - 0.07
R8-1| 1.84 85 140 | 1,66 | 0.23 1.66 35 7 0.15 0,03
R8-2] 2.54 | 375 | i,180 [4.4) ] 2,54 | 4.64 55 62 0.31 0.06
?3-1] 0,52 | 830 | 1,010)0.22]| 0.00 0.22 19 40 - -
P3-21 1,13 | 280 900 {0.84 [ 0.06 | 0.34 27 51 - -
P3-3| 1.76 | 250 920 [1,57{ 0.32 | 1.63 33 62 0.17 0.96
P3-41 1.89 | 335 $40 12,02} 0.80 | 2,34 36 &3 0,24 0.05
p3-51 2.45 | 545 940 |7.46f 5.8 | 8,26 83 - - 0.07
?4-11 0.58 | 400 | 1,0000.23] 0.00 | 0.23 18 a9 - -
P4-2] Q.51 | 225 900 [0.181 0,00 | 0.18 7 40 - -
P4-31 2,40 | 420 | 1,00013.36] 1.35 3.3 53 60 0.17 0.07.
P4-4y¢ 2,46 | 270 | 1,040 13.91] 3.34 | 5.4 52 66 - 0,07
P5-1% 1.72 | 200 900 |1.11| 0.09 1.0 30 35 - -
P5-21 2.18 | 285 930 §2.32] 0,81 | 2.4 40 44 0.18 (-
P5-31 2.33 | 250 92012.951 1.83 3.76 44 70 0,29 0.06
P5-41 2,28 | 270 940 |3.11] 2.88 | 4.94 45 53 - 0.06
P6-1| 2.64 | 315 910 13,74] 1.85 | 3.74 52 54 G 17 0,09
P6-2) 2,30 | 210 920 12.74| 2.54 4,59 38 69 - 0.05
P7-1| 0.86 90 125 10,321 0,00 | 0,32 20 45 - -
P7-2| 1.92 8 140 1,14 ] 0.03 1.14 30 58 - -
P7-31 2.11 95 150 {1.78] 0,34 | 1.81 a3 &6 0.21 0.06
P7-4| 2,37 | 825 | 1,000]4.00f 2,34 | 4,34 56 - - 0.07

I Value corresponds to the period of the beam oscillations at mid-span ofter initiol macimum response.

2/ Values given only for tests where tension steel yielded and gages not domaged.
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Table 1Vb. Results of Dynamic Tests — Maximum and Permanent Strains and Deflection

i Deflection Struin
Tension Steel Comp. Steel “ancrete
Beamn | Mox ! Perm. T -
No. | y Yo Max Perm, Max Perm, My Pe‘r.m.
{in.) | Gnv) 51 s2 1 32 s3 s3 Ci <l
Gin./in.) | Gain. /in.} | @in./ina) | (uin. Zin, ¥ 7 Gin. fin.) | @in. /in, 2_ _(uin-ﬁ-.. ) l;-in-/in- )

R3-1]0.40] 9.02 1,030 1,070 90 20 220 5 540 30
R3-2, 1.33|0.13 2,840 2,920 200 140 550 10 1,440 35
R3-3| 2,04 ] 9,50 8,140 7,970 4,740 3,450 640 | 3% 2,430 520
R3-412.92} 1.01 7,970 8,140 3,610 2,100 560 500 900 4500
R3-572.8110.75 - - - - &% 185 2,860 =50
R4-1]3.57 | .66 | 12,800 12, 300 8,120 7,850 845 125 3,280 940
R5211 1,151 0.23 | 2,630 2,520 460 500 585 ¢ 1,326 120
R5-2j2.64)0.93 | 10,800 10, 200 6,440 5,800 815 465 3,070 845
R5-C § 2,90, 0.91 - - - - 870 295 3,170 650
R5=4 | 2.75 | 0.4¢ - - - - 970 - 3,160 -

IRe-113.741 1.85 | 14,100 14, 600 9,340 9,720 805 605 3,750 1,320
R6-2 1 Z.74 | 2.69 - - - - 1,020 350 2,750 -
R7-110.9210.3¢ 2,10 2,100 360 380 560 ) 1,240 75
R7-21 146 C. 10 6,440 6,210 2,540 2,350 905 55 2,120 45
R7-312.4510.70 7,410 8,810 4,54¢ 4,070 980 360 3,220 635
K7-4 | 5.51 [ 3,24 - - - - - - 3,560 -
R8~1| 1,861 0.23 3,900 5,520 710 1,700 75 120 2,480 105
R8-2 | 4.1 L .71 17,200 16, 90C 12, 400 11, 900 975 290 3,840 -
P3-1]0.22}0.00 340 315 25 20 33 20 460 25
P3-2} 0,84 0.06 2,000 1,990 145 140 825 30 . 1,330 70
72-31.1.57 1 0.26 7,530 7,460 3,540 3,450 1,070 65 2,380 430
¥3-412,021 0,48 6,190 &, 380 1,950 2,100 990 160 2,550 320
P3-51.7,46 } 5.05 - - - - 1,110 - 3,610 -
P4-119.23 ] 0,00 410 400 50 50 3% 15 415 70
P4-210.,1810.00 320 320 0 15 320 5 330 c
P4-3|3,36 | 1.55 | 13,400 12, 800 8,730 8,390 1,120 | 270 2,090 1,080
P4-413.9111.79 - - - - 1,220 - 2,620 -
P5-1 1 1.11 ] 0.09 2,380 2,360 170 185 925 50 1,520 70
P5-212.3210.72 8,390 7,400 4,220 3,330 1,060 85 2,600 670
P5-3]2,95| 1.02 8,560 8,220 3,770 3,470 1,040 260 2,750 445
P5-413.1111.05 - - - - 1,240 - 2,960 - l
P6-113.74 ] 1.85 | 13,700 15,100 8,810 10, 300 1,020 510 3,930 1, 360 i
P6-212.74 1 0.69 - - - - 1,040 155 3,310 545
P7-110.32 | 0.00 880 860 70 75 500 30 745 20 !
$7-21 1,14 0.03 3,190 2,910 400 15 990 8 1,750 270
P7-311.78 ] 0.31 8,380 8,470 - 3,680 1,140 25 2,950 335 l
p7-44.00 | 2.00 - - - - 1,070 - 3,790 - __l
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Table IVc. Results of Dynamic Tests — Damping-Characteristics

=

AU

ion

Max Logarithmic Damging: Dampin
Beam | Defl. [ Decrément;=6 | Factor, 8: p—s} N
No y 51 BP2 Ratio ?\’-.uldrks .
. ©'m , doS1 | - B /Bx
) | ST | B2 e | e &
R3-1: 0.40. | 1,34 | 21 |- )
R3~2; 1.13., .13 . 18 dm T
R5=1; .15 . .22 |- 20 mecium Surarion:
R7-17 | 0.92 .24 ). | 20 locd .-
22 s .
R7-2504 | 1.46 0.95 15 v <
R&-155/1 1,66 0. 85¢ 14 oy :ﬁ
p7-152/| 0.32 . 0.88 14 shortsduration:i
p7-22%/| 1,14 . 0.83 13 load t--
P3-1 0.22 |*0.723 [:0.722.| 11 [-11- | oY -
P41 0.23 | 0.595.1:-0.615. } 10 | 40 medium-durationafi. ..
P4~2 0.18 | 0.6i2.| 0.674.| 10 | a1 load ‘<
R3-3: 2,04 . 1.56. |- 25: |5 1,250
R3-4: 2,92, L5700 | 25 o sy
R3-5- 2.81 | .67} |27 47 nesip
R4=1. 3.57 | . 1.700. |« 27 17 WL
R5~2' 2.64. | - 1.651. | 26 {6 1,301 de ’Y@ mrz;g
R5-3 2.90..[0 L35 | | 250 40 1,25 ofs MeRrupdation
P3-3 . | 1.57 | L52) x| 241 44 20182 1 cadiee
P3-4-. | 2,02 - L9l | 280 e 2.54 s
P5-1: = | 1.1 1.541 | 24 | 2,182 1
; g_,__3/ P S - T . * .
p7-352771: 1,781 | - = 4 - — ,
R3 0 psid/: 0. 460,190 5.9 | 53|
R3 5p5|2/ +0:982. -0, 764, 436 |1a2g/ |} Thretions r
R3 , |0 pSlT'/ 505352, 11:0,392. <4 | 06 |¢ vibration:'-
R8-12/ |0 psi/). 0:385. 10,356, "6 | 65/ |6 est i
P3 0 psi¥/l: 0. 182, [i70.248. [ 33 | 4| B

1/ Based.on<fg =

2/ No seal, shortsdurationiloads~- ..
3/ Beam rebounded:-

4/ Static: pressure.on beani-during:vibration:test.

5/ Uncracked.
6/ Cracked:

38
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Table V.

Measured increase in Yield Resistance

Strain _ Deflection | Raference 6
Strain Dynamicl/| Increase?/ | Dynamic®| Incrancad/ !m:t:ease

Beam|  Rate Yield in Yield o P in

"No. . Strain | Yield Strain-|. Defl.. | Yield Defl. : Yield Stress

lin-/infsoc)l g Nleya= eVl Fyd  ityd = yyVyl Byd = BV
(win./ins}| 7 (is.) ©5} %)
P3-3 0.17 3,880 2] 1.29 12 11
P4-3 0.17 - 3;:730 16 1. 31 14 11
P5-2 0.18 4,050 26 1.38 20 1
P6-1 0.17 3, 960 24 1.36 18 11
R4-1 0.22 4,100 28 1.99 25 12
R5-2 0.22 3,900 22 1.65 3 12
R6-1 0.24 3,760 18 1.89 18 13
R7-2 0.15 3,750 17 1.53 0 10

2/ Based on a static yield strain of 3,200 pin. /in. se Figure 12).

3 Yyd = mid-span deflection at first yieldin> . rension steel.
4/ Based on a static yield deflection of 1,60 in. for R/C beams, 1.15 in. for P/C beams.

THEORY VERSUS EXPERIMENTAL RESULTS

Static Tests

V €y d> elastic strain in tension steel prior to test plus measurad strain to yield.

The accuracy of a dynamic anolysis depends to a large degree on how well e
shape of the static resistance diagram (load-deflection curve) of a beam can be
predicted. Therefore, a theoretical analysis was made of those beams which were
tested statically. The material properties listed in Table Il and VI were used in the
theoretical calculations, Computations were made of the load and deflection cor-
responding to initial yielding of the tensile steel and ultimate coliapse of the Leams.
The load corresponding to first cracking of the concrete was also computed. The
results of the theoretical analysis and a comparison with the experimental values
(Table 111) are summarized in Table VI,
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The procedure used to calculate the various loads and deflections is outlined
in the following sections.

Cracking Load. The cracking load for the P/C beams is given by

f AL £l
- 81 s i
for = 2[ Afd - kd) + o Dt R (1)
_ 3 2 "2
where 1= (1/12)bh° + (0= 1)A_(d = kd)’ + (0 = )AL (d - ) (160)
K'd = [h? (/2)+ Al (r = D'+ Ad(n = VI~ TH(A_+A) +hb] (16b)

Yield Load and Deflection. With reference to Figure 9, the yield load is

given by
= %[A df (1 -3) + Afd (%-{’,—')] (17)
where k = \/2n (p+p'(d'/d)] + o e+ P')2 -nlp+p') (170)
= (k- @AV -3 - ) (17b)

The yield deflection is given by Equations 13a and 13¢ and is repeated here for
completenest.

5 2
= {— K
Yy (48) oyt (13
fy - e
o, = m fse = 0 for R/C beams (13c)

Ultimate Load and Deflection, The ultiiiate load capacity of all beams was
computed from the following equation:

k k
W el - R anelR)e - oo
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Equation 3 was used {o compute kikg. The value of ky was taken from Reference 4 as

fl

k, = 0.50 ~ 5690 000

N
2 {18a)

By a process of iteration, f, iy, and g-were determined from the ‘ollowing
equations ond Figure 12.

m
1

k.k
- Feu,({‘;:ﬁ -1) e, 18b)

U

o}

fsu " [, - ( ) (18)

1

g = R (18d)

The value of ¢, was taken from Figures A1-A10. The cqmpctab:lity factor, F, was
assumed equal to unity (e.g., good bonc). The iteration precedure involved the
following steps: (1) A reasonable value of o wa s assumed (for the first assumption,

q wos computed frem Equation 13d by assuming that f, foy = fy-and f, = fy), (2) This
value was substituted in Equation 186 and 18c to determine €, -and f ; (3) Knowing
€y F5y Wos determined from Figure 12; (4) Finally, a was co'i’culofed from Equation 18d
and comparad with the assumed value, If the assumed and coniputed value cf g were
not the same, the procedure was repeated using the computed valus for the next irizh
The procedure was found to converge in two to three ftrials,

The ultimate or collapse deflection can be computed if the relation between
moment and rotation and the distribution of moment along the length of the beam
are known. 12 A typical relation between moment and rotation for o secticn of a -
concrete bearn is shown in Figure 18a, The values nf o,,, M, and My ware compte §
with the use of Equations 13¢c, 17, and 18, respectively.

The relationship for ¢, wos determined from the strain distribution over the

beam cross section at ultimate-moment copacity. With reference to Figure 2 or
Figure 4,
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€

= Y
0, * 3 (19a)

Combining Equation 19a with Equations 9b and 18d,

e k.k
_ u1l3
0, = d (19b)

The distribution of moment ot ultimate-load u.pacn‘y clong the length ¢fa
simply supported beam under a uniform load is shown in Figure 185, The length of
the yield hinge, al, is given by13

ol =.V‘l --!-I:Z- (19¢)
U

The distribution of curvature along a simply supported beam under a uniformly
distributed ultimate load (Figure 19) is found by combining the diagrams shown in
Figure 18, For the distribution.of curvature shown in Figure 19, the mid-span
deflection at ultimate-load capacity is

2

-~

[0, (10 - 140 +5c 2 . 0, 24 - 100 2y - (19)

~
1}

[=4
—
N

and the deflection at the quarter~span is

L2r

u—%i [ 'Tz(]i__a)]'l'a(&ou-&ny)} (20!

Two simplifying assumptions were made in Figure 19: (1) The shape of the
curvaturs diagram in the outer portions of the beam where M < M,, has little influenca
en the mid-span deflection, 12 Therefore, the actual parabolic distribution of curva
tui 2 can be rnplctced by a straight line; (2) The shape of the curvature diagram :a the
plestic yield range, & ., ¢an be adequately described by.a 4th~-degree parabola, Ti.is
shape was found to give fhe best agreement between the experimental and calculated
ultimate defleztion at both the mid~point and quarter~pcint of the span. Other shapes
predicted the ultimate deflection ot mid-span but not at the quarter~point of the snn.

43




[ .

;1
|
I

My

Moment, M

c'en-——-——--—-——-———

|
l | |
| | l
| | , I \
I | al |
ey I - - "

Unit Rototion, ¢ {

a) Moment-rotation diagram b) Distribution of moment

Figure 18 Moment-rotation diagram and distribution of moment.

f vertex

\

4th-degree
parabola

%y
\ .
al l TA’T
L ! .
|

Figure 19. Distributior of curvature for a simple beem ot ultimate load.




Syt

A

R

The effecrive prestrain in the concrete, €., was neglected in the theoretical
analysis of the P/C beams. This simplifies the analysis and does not introduce signifi-

cant inaccuracies since ¢ is very small compared to the crushing strc? 1 of the soncieis.

Dynamic Tests .

The effect of viscous damping on beam response can be derived f2m ¢ ‘inear
single-degree-of~freedom system with a viscous damper in parallel with o spring.
The motion of the mass in the elastic range [y &) < Yy] when subjected to o peak=
triangular load pulse is

. 2
2% (27

lﬂ:]-i.+'._2_§_.+e U,.l“ﬁ?‘%

t -Buwt (g
AR A SR o L

e e

) - (l + u%'l%) cos (w{_-—;z_ f)] : 21a}

»

) * » ~ - v * [ - LT -
A close appoximation for the time, s when the mdss will reach its initial maximum
deflection is - -

[y

R t = == : -~ (21b)

)
By comoin:ag the above equations and assuming that Ty = Tod (ieee; V1 «:‘»’BZ =1),
the dynamic load factor,. D.L.F., can be expressed as follows if y,, < Yy and t- < Tg:

- -

S gt
=q..nd " nd - -grf nd : -
DLE = 1 - s M AT( oy @10)
e e e ,
Then the maximum dynamic deflection is N ,
B -
y_ = D.LFE () @y

The maximum dynamic deflectior. of the beanis was com;;ujed from Equations 21c u=d 21,
The results are compared with the experimental values in“fable \'li,
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Beam Variable ‘
Noo 1t (ksi) | £4tksi) | o (®) | o (%) a ding | Ghnd | o4 Gl | L Qe
@ 92 41 1.4 0.43 0.156 10.0 7.75 .50 l 174
@ 92 0 1.14 0.43 0.142 10.0 7758 1.50 I 174
® 92 25 1.4 0.42 0.144 0. 7.75 1.50 | 174
@ 49 0 1.55 0.47 0.129 10.6 8.00 100y s |
3.00 T T T T T T T L3
/.
5 /@G ®
@ 2.00 &
5 L / ‘ K = 1.31 kips/ft/in. -
- [/
L4
s R / K = 2.48 kips/ft/in, 4
F o/
2 1.00 '{
5 K = 4.40 kips/ft/in, ]
K = 1.48 kips/ft/in.
0 3 1 1 1 1 1 PN 1
0 1.0 2.0 3.0 4.6 5.0

Mid-Span Deflection, y (in.)

Figure 20. ldealized resistance diagram for four types of beams.
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DIS_CUSSION
Static Tests

The individual and relative static behasior of the R/C and P/C i.2ams was
observed in terms of the shape of the resistance diagram, service load derlcziinn,
ultimate-load capacity, ultimate deflection, bond strength, and crack petic. -

Much of this information is summarized in Figure 20 which shows the ideaiized
resistance diagram for the two types of P/C beams and the R/C “.2ams. Ti:c curves
were plotted from the average volues listed in Table Hi. Aisc includ:d @, Figure 20
is the idealized resistance diagram obtained from tests of uniformly ioaded R/C beams
reinforced with intermediate-grade steel.2 This curve provides an interesting com=-
parison between the behavior of R/C beams reinforcea with different grades of :ieel.

Shape of Resistance Diagram. In the stage below cracking, both beams
exhibited a linear relationship between load and deflection. First cracking of the
concrete in the P/C beams occurred at a considerably higher load and :raaller
deflection because of the action of the prestress. Thus, the high-strength bars in
the P/C beams were more efficiently utilized. It is interesting to note that almost
doubling the effective prestress only increased the crocking load about 18 percent
(Figure 20). ‘

After first cracking, the stiffness of both beams was gradually reduced until
the fully cracked section was developed. Beyond this stage of loading, the post~
cracking stiffness of both beams was approximately the same until the yield stress
of the tension steel was exceeded.

The yield resistance of each type of beam was approximately the same, but
the yield deflection of the P/C beams was considerably less, depending upon the
effective prestress level. By developing an effective prestress of 41, 000 psi, the
yield deflection was reduced by 50 percent (see Figure 20}, Thus the useful energy -
absorbing capacity was higher in the inelastic range for the P/C beams than for il
R/C beams. '

Beyond the point of first yielding, the load increased only slightly, as
deflection increased, until the point of ultimate load was reached. The ultimate-
load and collapse deflection of both types of beams were approximately the same.
In other words, the effect of prestress on the ultimote-load and deflection capucity

- was negligible. All beams failed in flexure, and failure was gradual and gentle.

Design-Load Deflections. it was previously shown in the discussion on crack:
and deflections that the feasibility of using high=strength reinforcing bars in blast-
resistant design may depend upon the deflection criterion established for static service
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loads. ‘Whether a given beam would meet this deflection criterion was found to depend
upon the ratio between the yield resistance 1equired to resist the imp. :d blast load-
ing and the static service load. These parameters were found to be reiuied by

Equation 13 and were plotted in Figure 10. In tne following, Figura 10 i. c_inpared
with experimental data, From Figure 20 for beam No. 2

p =114, f = 92k, 1 = 2.37 kips/ff,id'- = 02X . 7.4
From Figure 10, to limit the static deflections to L/360 requiies that

ML.F. = 2.8, for*cLT = 15.0nd f = 90 ks

Therefore, for beam No, 2 in Figure 20

174y 22 _ 3 3

M. L.F. = 2.8(—]-3— Z -

Thus, to limit the mid~span deflection to lass than 1./360, the static service load
must not exceed

f _ 2,37
w

s = MLE ~ 33 = 0-71kips/f

From Figure 20, at w, = 0.71 kips/ft

¥s 0.

y =—= UYA Y 0. 48 inches

which ogrees well with the deflection criterion of

L _ 174 _ .
30 = 360 = 0.48 inches
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Thus, ossuming that the resistance diagram shown in Figure 20 (beam No. 2) has the
proper strength and ductility to resist the imposed blast load, the design 's sufficient
if the anticipated static service loads will be less than wg. 1If not, tha *cnsion steel
must be prestressed or more steel and/or a deeper beam section used.

Repeating the same procedure for the beam reinforced with internedic” r-grade
steel (beam No. 4, Figure 20),

p = 1.55%, fy = 49 ksi, ry = 1,96 kips/ff,-a{'- =
From Figure 10,

M. LE. = 1.34, for% = 1Bondf = 40 ks

Therefore for beam No. 4,
°
mLE = 13(B2) 2 = 182

Thus,

1.96

W= 7= T = 108 kips/ft (moximum allowable for y, < 3—‘2;—0

From Figure 20, at wg = 1.08 kips/ft,

Y, =_'_<s_ = ——; g = 0.44 inches

L .74
360~ 3%0

= (0,48 inches
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It was assumed in the previous calculations that the deflection criterion was L/360.
However, as shown by Equation 13, the designer may compuic the minimim yield-
load factor or maximum-allowable static service load for any other defi: ction
criterion by direct proportion.

Uitimate~Load Capacity. All beams failed by initial yieldina of tih~ :.asion
steel followed by eventual crushing of the concrete in compression. The <ont zte
crushed at an average limiting strain of 0.004 in./in. In some of the tests, greatest
destruction of the concrete occurred eiiher to the lefi or rioht <f inid-spar. where the
spacing of the ties was greatest, This behavior supports the requiremi.nt tat the
compression steel be well tied with closely spaced ties in regions of high moment.
This will reduce the effective buckling length of the compression steel and contain
the concrete ut collapse of the beam.

The maximum stress developed in the tension steel (108,000 psi) was approximately
the same for the P/C and R/C beams. This is to be expected since the strains were in
the inelastic region of the stress-strain curve (Figure 12). In this regiun there is little
change in stress for large variations in strain, The measured maximum steel strains at
collapse (1.35 to 1.50 percent) shown in Appendix A cgree reasonably well with the
values predicted by Figure 8 if the computed reinforcing index (0. 14 to 0. 16) given
in Table VI is used. The maximum stress in the compression steel was generally reached
at first yielding of the tension steel and remained fairly constant until the concrete
crushed in compression. The maximum stress in the compression steel (Figures A1-A10)
compares well with the values predicted from Figure 6.

The ultimate-load capacity of each type of beam was predicted with reasonable
accuracy by the ultimate-strength theory (see Table VI for values). Evidently, the
classical assumptions used in the ultimate~strength theory for the analysis of flexural
failures can be satisfactorily applied to beams reinforced with high-strength steels.

Figure 20 shows an interesting comparison betwes the ultimate sirength of
R/C beams reinforced with different grades of steel. Approximately 32.5 percent
more resistance was gained with 36,0 porcent less high~strength steel.

It is commonly assumed that the effectiveness of reinforcement in strengthening
a concrete member is almost proportional to the product of bar area and yield stress,
Aff, . The accuracy of this assumption can be demonstrated by comparing beams No. 2
anc( 4 shown in Figure 20. The ratio of high=strencth to intermediate-grade steel nzc:s-
sary to produce the relative ultimate resistance of these two R/C beams was

H H
area of high-strength steel  _ 0.88 _ r 2.8

A

-5 = = - v _2.82

AI orea of intermediate-grade steel 1,32 0.67, for { 8 1.29
s

51




R I R P I ST r———

Theoretically, to develop the same relative resistance, the ratio should be

Al B
_s=_g(_x) = 2.82 49,000y _ o (o
] T\H) = 2.18 \92,000 .
A r f
5 u oy

Therefore, the accuracy of this assumption, as demonstrated above, .ermiis
economies of high-strength steels to be compared in terms of costs per ton per psi
yield stress. This comparison was made and it was found that the relative reinforce-
ment cost per kip of load-carrying capacity for a 90, 000~psi-yield-point steel is
58 percent of that for intermediate-grade steel.

Ultimate Deflection. The ultimate deflection of the R/C and P/C beams was
approximately the same, regardless of the level of prestress (Figure 20). The measured
ultimate deflection at the mid-span and quarter-span of the beam compared well with
the values predicted by Equations 19 and 20, as shown in Table VI.

Equations 19 and 19b lead to some interesting conclusions concerning the
ultimate deflection of umformly loaded R/C and P/C beams. The ultimate defiection
increases with a decrease in the reinforcing index, q. Therefore, lowering the
reinforcing index will not only assure "under-reinforced" beam behavior but will
increase the deflecting capacity of beams. This point is demonstrated in Figure 20;
beam No. 4 with the smallest g had the largest ductility and beam No, 1 with the
largest q had the smallest ductility. The reinforcing index may be lowered and
proper amounts of ductility "built into" beams by adding sufficient quantities of
compression steel, as shown by Equation 1.

A major contributor to ultimate deflections of beams *s the rotation of the
beam within the length of the yield hinge (see Figure 19). Greater hinge lengths
will produce greater ultimate deflections. The length of the yield hinge, «l.,
increases with an increase in the ratio of the ultimate to yield resistance, r,_/r ’
of beams. This ratio, in turn, will depend primarily on the stress=strain character-
istics of the tensiie reinforcement. The ratio will be small for reinforcement having
"flat-top" stress-strain characteristics, as demonstrated by the resistance diagram of
beam No. 4 (Figure 19). It follows, therefore, thai the length of the yield hlnge
will be relatively short for this case. The ratio r,/r, will be larger if tension r=in-
forcement has limited "flat-top" stress-strain charcc{erlshcs, similar to thot used in
this investigation (see Figure 20, beams No. 1, 2, and 3). For this case, the unit
rotational capacity of the beam may be less than for a "flat-top" steel, but the yield
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hinge will be considerably longer. Thus a steel with limited "flat-top" stress-sirain
characteristics could develop ultimate deflections comparable with those obtained
with mild-ste el reinforcement. The relative importance of each of these variables
descrves further study.

Bond and Cracks. The bond strength of the bars was sufficient 1., develop tensile
steel stresses as high as 108, 000 psi at mid-span. Even at these high sircses. the
cracks along the span were uniform and closely spaced (sce Figures C;~C3), ‘adicating
that the bond between the stzel and concrete was not severely affected.

Care must be exercised in comparing the crack cisiribution of the Leams shown
in Appendix C since some of the beams experienced maximum dynumic deflections far
in excess of the static collapse deflection (see Yam in Table 1Va). However, in
general, cracking in the P/C beams was less severz than in the R/C beams, «: would
be expected.

The height of the flexural cracks indicates that the yield hinge extended over
a considerable portion of the span. Based on Equation 19¢, the average length of
the yield hinge for both the P/C and R/C beams was 69 inches or 40 percent of the
tpan.  This is approximately the hinge length indicated by the crack distribution
shown in Appendix C, particularly for the beams which experienced cumulative
maximum deflactions not too much greater than the collapse deflection,

Dynamic Tests

The individual and relative dynamic peiformance of the two types of beams
was observed in terms of maximum response, rebound and damping characteristics,
resilience, and multiple-shot damage. Each of these phenomena are discussed in
the following paragraphs.

Maximum Response. For a given load, the R/C and P/C beams experienced
larger deflections when loaded dynamically (see Figures B1 and B2). The maximim
dynamic deflections were greatest for the R/C beams. However, the ratio of the
dynamic to static deflections (D. L.F.) was greater for the P/C beams for a given
medium-duration lood level. This phenomena is attributed to the smaller natura!
period and, therefore, greater ratio (T/ T,) of effective load duration to natural
period for the P/C beams.

The maximum dynamic foad=-carrying capacity of both types of beams wus
approximately the same. This is to be expected since most of the experimental
points in Figure B2 near the collapse deflection correspond to P/C beams whicn
had lost their effective prestress from lorge deflections in previdus tests, Having
lost their effective prestress, the P/C beams had approximately the same stiffness
and energy-absorbing capacity as the R/C heams. Therefore, the dynamic response
of such a P/C beam should be similor to the response of the R/C beams.

53




Under a short-duration load both beams experienced meximum dynamic deflections
which were considerably less than the corresponding deflections prociuced vy the same
load level of medium duration (Figures B1 and 82).

Table VI! shows that the elastic response of both types of beams can be vr~dicted
by assuming a spring-mass system if the proper amount of viscous damping is cor .idered.
The excellent agresment between the experimental and theoretical results shown in
Table Vi suggests that: (1) damping in stressed concrete can he udequately rzpresented
by viscous damping, (2) the beam experiences the same cmount ¢f domping hafore and
after the time of initial maximum response, therefore, (3) the amount of damping can
be measured by the rate of decay in the free beam oscillations after initial maximum
response, and (4) the elastic stiffness of a concrete Leam does not increase under
dynamic loads,

Rebound. None of the beams rebounded under a medium~duration load. The
short-duration loads caused beams of both types to rebound (rise) off their simple
supports. Figure B3 shows the extent of rebound for a P/C beam. The negative
deflections were as iarge as 1/4 inch and 1/2 inch ot the mid-span and supports,
respectively.

The probability of a beam'rebounding under dynamic loads appeared to be
primarily a function of the amount of damping and the ratio of effective load duration
to natural period, Te/T,. The beams rebounded under load durations as high as
Te/Tn = 1.7 when the viscous damping factor, B, was less than 15 percent. In
comparison, beam R7-1 which had an effective load duration of To/T, = 1.4 but a
damping factor of 20 percent did not rebound. This comparison shows that the prob-
ability of rebound depends not only on the ratio of effective load duration to natural
period but also the amount of damping. This conclusion supports the findings of other
investigators, -

Damping. The damping capacity of materials is an important property in an
engineering analysis or design involving the dynamic response of a structural systom,
Large amounts of damping can be important in controlling excessive vibrations from
vibrating machinery or in controlling the response of a structural member subjected
to a blast load or an earthquake, Small amounts of damping are important in that i
increases the probability of a beam rebounding (deflecting in a negative direction)
under short-duration blast loads, 15

The effects of damping on the dynamic response of a structural system are
generally accounted for by assuming viscous-type damping. The classical assumption
is that the actual (non-linear) system can be approximated by o linear system with
viscous-type damping where the damping force is proportional to velocity. However,
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some investigators indicate that damping is often greatly affected by emplitude of
stress. 19/ 16 |n any case, knowledge of the mechanism of damping and the parameters
which influence it, as anplied to structural systems such as concrete beams, is meager
and deserves further ciudy,

Measurements of damping may vary widely depending upon the \auterial, method
of measurement, and the test procedure. Therefore, measuremente shouldi - taken
under circumstances which closely resemble those for which the information .5 needed.
In this respect, it could be expected that the values of damping listed ir Table 1Ve
are representative of the amount of damping experiencart by Lbaame under blast loading.
However, caution must be exercised because large aniounts of damping may be attri-
buted to the support conditions, seal friction, and/or friction from the beam rubbing
against the simulator walls,

The measured damping factor, 8, was unusually high, particularly for the
R/C beams, and the spread is large. The damping factor ranged between 10 and
28 percent (Table IVe). Under medium~duration loads the elastic damping factor
for the R/C beams (20 percent) was almost twice as great as for the F/C beams
(11 percent). Also, the damping factor increased us the load durction increased
for the R/C beams. Whether this phenomenon is due to the higher average stress

study. The largest damping factor for both types of beams (24 to 28 percent) was
measured when the maximum dynamic deflection was in the plastic ronge of response; . i

i.ea[ ym>yyo -

The effects of concrete cracking, stress level, and the neoprene seal on the
damping factor are further illustiated by the results of the vibration tests (Table iVc).
Beams R3 (test 1) and P3, both uncracked and with the neoprene seal-oves each, had
approximately the same damping factor of 3 percent. However, boams R3 (test 3)
and R8-1, both cracked and with the seat only over beam R8~1, had the same domping
factor of 6 percent. Comparison of these beams suggests that the seal had only o
mincr influence on damping, and that damping increase: with the degree cf cruc.irg.
The sffect of stress level on damping is illustrated by tha results of the vibration test
on beam R3 (test 2), The damping factor almost quadrupled when the becin was
vibrated under a static pressure of 5 psi. Apparently, concrete damping increase:
because stress level and degres of cracking cause increased dissipation of energy.

~

Resilience and Multiple=Shot Damage. Resilience and multiple-shot damage
are interrelated. A beam which exhibits a very Figh capacity for recovery, even
at deflections near incipient collapse, can absorb approximately the same-arzunt
of energy, regardless of how many times it is loaded. 14 The resilience and multipte- -
shot damage of the R/C and P/C beams are illustrated in Figures B4 and 85, respectively.
Complete damage is arbitrarily defined by crushing of the concrete in compression and
corresponds to a limiting cumulative maximum deflection, y,,, of 4.0 inches.
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To illustrate the use of the damage curves, considar the curve for the 2/'C bearns
(Figure B5). The curves indicate that if the first "shot" on the P/C beam is 5 medium-
duration load with a peak load of 2,00 kips/ft (indicated by un arrow in 1h- figure),
the post-shot deflection will be about 10 percent of the collapse deflecticr. Tharefore,
if complete damage (100 percent) of the P/C beam were desired on the secu.d " * at, ®
the maximum deflection would have to be 100 percent minus 10 percent ~ ci 90 percent
of the collapse deflection, Figure B5 shows that the medium-durotion load corresponding
to a maximum deflection of 90 percent of collapse is 2, 48 kip+/ft.

It is interesting to note from Figure.B5 thdt regardless of the number of "shots"
with a peak load less than about 1.4 kips/ft, the P/C Lzams wili have no parmanent
damage. In comparison, Figure B4 indicafes that for peak loads less than abou?

0.5 kips/ft, the R/C beams will have no permanent damage.

The resilience of a beam is related to its ductility, Each of these factors, in
turn, is dependent upon the magnitude of the prestress, the reinforcing index, and
the stress=strain characteristics of the reinforcing steel. Beam tests indicate that one
of the main advantages of using P/C beams in blast-resistant structures is a high
capacity for recovery, with 85~ to 90-percent recoverahility at incipient collapze. 19
Other beam tests indicate that P/C beams exhibit considerable capacity for recovery,
whereas R/C beams have little capacity for recovery but a high capacity for absorbing
energy by permanent deformation. 17 The author feels that P/C beams generally
exhibit greater recoverability and less ductility than R/C becms not only because of
the action of the prestress but also because the stress=strain characteristics of tha
reinforcement and the magnitude of the reinforcing index for the two types of conciate
beams are generally different. The relative importance of each of these variables on
the resilience and ductility of a concrete beam deserves further study.

FINDINGS AND CONCLUSIONS

Caution should be exercised in applying the following findings and conclusions
to P/C beoms in general because the level of prestress, size of the reinforcement, and
the stress-strain characteristics of the steel used in this investigation are not generally
found in practice,

Theory

Results of the theoretical study on the use of high~strength steels as reinforcement
in concrete beams indicates that: '
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1. The reinforcing index should not exceed the value given by

9 = 0510 = (1.5F + 22¢)10™ )

for concrete beams reinforced with steels having a well ~defined yield stress and
adequate ductility,

2, The amount of tensile steel that con be used in o concreie beam- deponds
upon the yield strength of the steel, the concrete strength, and the amount, location
and yield strength of the compression steel.

a.

b,

For beams with no compression steel, the tensile steel ratio should
never exceed

f '
o) o

The value of p may be determined directly from Figure 7,

For beams with comprassion steel, the tensile steel ratio should never
exceed

fl
s e () o
b4
where f; l/fy < f)yfy

The value of p,, and f;u/fy may be determined directly from Figures 7
and 8, respectively.

3. The maximum strain in the compression steel is generally so low, except

for very deep beams, that the additional strength offered by high=strength stocls
cannot be utilized before the concrete crushas in compression, Therefore, in specic!

cases; it may be more economical to use two different grades of steel, i.e., 1.igh~
strength steel for tensile reinforcement and intermediate or structural grade for
compression reinforcement, However, in general, it may be more economical to
make all steel of the same type, since this will reduce construction problems,
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- elongating at least, 10 percent, -

4, The amount of compression steel and its location ih a beam hos relatively
little effect upon ultimote load but a large effect upon beam ductility. Yor beams
designed to withstand large plastic deflections, the designer should make d'/d as
small as practicable in order to gain the greatest advantage from compye-sion steel,
When computing collapse deflections the stress in the compression stee! 2t ulhmate
moment can be estimated from Figure 6,

5. For the prachcal range of the reinforcing index generally requiied in.
blast-resistant design (g < 0.2), the tensile reinforcemer; srould be capubis of

-~

6. The feusibility of using high-strength stee! in blcst design may often aepend
upon the cracks and/or deflection criterion for static service loads. A beam will
meet the deflection criterion, L/N, if the ratio between the static yleld resistance
required to withstand the imposed blast loading, r,, and the static service load, wy,
is less than the minimum yleld ~load factor, M, L. F., given in Figure i0-and
Equation 13, The M. L, F, increases with the yield strength of the tensile stee!,
tensile steel rotio, span-to-depth (L/d) ratio, and deflection criterion (L/N) and
decreases with the effective prestress level fgo, However, in general, the greater
the ratio ry/wg (i. e., the greater the blast-pressure) the more feasible it becomes to
use high-strength steels in unpresfressed concrete,

Tests )

Results of the static and dynamic testing of eight prestressed and eight
conventionally reinforced concrete beams utilizing high-strength (f 92, 000 psi)
chromium~alloy steel bars indicates that:

1. The static yield rssistance of the R/C and P/C beams was approximdtely
the same but the static yield deflection of the P/C beams was reduced considerably,
depending upon the leval of prestress, The yield resistanc. and deflcction of both
types of beams car bc predicied by Equation 17 and 13a; respectively.

2, The ultimate resusfance and collapse deflection of both types of beams wus
approximately the same and can be predicted by Equation 18 and 19, respechveiy,
if ths siiess=strain charocteristics of the tensile steel are known,

3. Increasing the effective prestress from 0 to 25,000 psi increased the cracking
load 450 percent and decreassd the yield deflection 39, 1 percent, -

4, The static service load corresponding to a limiting deflection of L/260 for
the test beams compared well with the value predicted from Figure 10, :
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5. Thz cracks along the spon of the R/C and P/C beam: were uniformly
distributed and closely spaced, indicating that the bond betwzen stzzl ¢ . concrete
was not severely affected.

6. A viscously damped spring=mass system may be used to predict the v, ~~imum
dynamic response of the R/C and P/C beams in the elastic range if the cor.az, mount
of damping is employed.

7. The damping factor for the beams ranged betwezi, 10 percen’ or:l 28 percent.
Under medium~duration loads the elastic damping factor fer the R/C beams (20 percent)
was almost twice that of the P/C beams (11 percent). Damning was about 43 percent
greater under medium-duration loads than under sheri~duration loads.

8. The probability of rebound under dynamic loads increases with o decrease
in the ratio of load—duration to natural period and/or a decrease in the damging factor.
Both types of beams rebounded under load=durations of 0. 14 seconds wlizn the domping
fuctor was less than 15 percent.

9. The resiliencs of the P/C beams was supcrior to the R/C beams when the
maximum dynamic deflection was less than the cracking deflection. However, the
resilience of both types of beams was approximately the same for large inelastic
deflections. '
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SYMBOLS

d' =

D.L.F. =

suU

occelerqtion

depth of compression zone in concrete at ultimate moment

displacement amplitude of the nfh cycle of oscillation

displacement amplitude of the n+1 cycle of ¢ ~iiiation

area of tension steel

area of compression steel

width of rectangular beam

effective peak dynamic load of the equivalent linearly decaying load .
pulse — found by passing a straight line through the point corresponding

to t,, on the experimental pressure-time curve and adjusting the slope
unti! the areas under each curve are equal up to time, t

m
distance from centroid of tension steel to compression face of beam
distance from centroid of compression steel to compression face of beam
dynamic load factor

secant modulus of elasticity of concrete corresponding to ().of;

tangent modulus of elasticity

. . - .
compressive stress in extreme fiber of concrete

compressive strength of = x 12-inch concrete cylinders
stress in tension steel

stress in compression steel

effective prestress in tensile steel

stress in tensile steel at ultimate-moment capacity

62



L % e

B ORI ST 8 0

o~ IR, Tl ORI G A P o £ T e BOTAGS PGS 1 e pe

kikg

M.L.F.,

stress in compression steel at ultimate-moment capacity

tensile strength of concrete

static yield stress of tensile steel corresponding to ¢ 18 in. /in. /sec
static yield stress of compression sieel

dynamic yield stress of tensile steel

apparent strain compatibility factor

depth of beam

moment of inertia of uncracked transformed section (elustic theory)

coefficient defining location of neutral axis of cracked transformed
section (elastic theory)

coefficient defininglocation of centroidal axis of uncracked transformed-
section (elastic theory)

coefficient defining average stress in compression zone of concrete at
ultimate moment

coefficient defining position of compression force in concrete at uitimate
moment

stiffness of beam
clear span of beam

moment

ultimate moment

yield' moment
minimum yield-load factor

E s/Ec = modular ratio

63




o

a constont describing the ratio between the span length and the maximum-
allowable service load deflection

As/bd = tensile steel ratio

Aybd = compression steel ratio

maximum-allowable tensile steel ratio for beam with no compression stee!
maximum-allowable tensile-steel ratic for beam with compression stec!
balanced tensile stee! iatio for beam with no compression steel
balanced tensile steel ratio for beam with compression steel

(pfsu - p'fsu)/fé = reinforcing index

maximum=~allowable reinforcir;g index

balanced reinforcing index

static load or resistance

static cracking load or cracking resistance

static ultimate load or ultimate resistance

static yield load or yield resistance

time measured from beginning of load-applicdtion

time required for beam to reach initial maximum deflection

load duration of applied load

effective load duration of the equivalent. linearly decaying-lodd — found.by
passing a straight line through the point corresponding o't on:the experi=
mental pressure-time curve and adjusting the slope until the.aréas under each

curve between t = 0 and t = t,, are equal .

undamped natural period of vibration
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Tn\/l - 32 = damped natural period of vibration

static service load — defined as that proportion of dead plus live load which
shall be used to compute the deflection of flexural menibers

- defleétion

y + Yap = accuniulative maximum deflection

m
Eyp = cumulative permanent deflection
cracking deflection

maximum deflection

permanent deflection

static service load cleflection

ultimate or collapse: deflection

yield deflection

dynamic yield deflection N ~

coefficient defining length of plastic yield hinge at ulﬁr"nafeE--li'}—cﬁiél?upaciiy- S

viscous damping factor

viscous damping fector in elastic range
viscous damping fuctor in plastic range
In(A r/An _”) = logarithmic decrement
strain

strain rate

strain in concrefe

effective pre-strain in concrete
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strain-hardening strain

strain in tension steel

strain in compression sieel

effective pre-strain in tension steel

strain in tension steel at ultimate moment
strain in compressica steel at ultimate fioment
ultiinate compressive strain in concrete

static yield strain in tension steel

dynamic yield strain in tension steél

unit rotation of béam section at ultimate roment.
unit rotation of"b'eam section at yield moment

fundamental circula: frequency
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Appendix.A

STATIC LOAD-DEFLECTION AND LOAD-STRAIN:CURVES
(Figures A1-A10)
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Appendix B

DYNAMIC RESPONSE, REBOUND, AND DAMAGE CURVES
(Figures B1-85)
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43.5 37 13
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Figure B3. Deflected shape versus fime (short-duration load).

B ARSI (e rtd

<

Ny

ekl




—. -

*swoaq /Y 40§ 8N abbwog g ainbiy

n
(suo2s3d) mn»[:o_.uozou 1oyg-isog (4 40d sdpy) g ‘poo) youg
4
09 or 0z o 'so 0l sl 0T §T
T -
sy @
@
9y X 3 _
sy ¥ 0z — _
vda ® LIER
£y @ vl v
*oN woeg 1 W L J / *
ov - 2
3 /
T ]
-
-— . :w. S — /
09 A5
v T =3 \g
/] 4 T \ 4
H v
T ]
08 -~
— i ol
001
|
I
|
|
b
e rioew) & Fy o PPN T = N —— .

Py

82




09

~\ ' \‘ +
.3 :
v *swpaq /4 40j eAain> sBowng *ag 81nbiy
¥ : . -
ng . ' he
?:au._oé.ml.:o:oocua joyg-irod (43 40d sdyx) g ‘pooT) yoed
'K <
ov 0z ‘ §'1 oz ! sz
id g
9d X
I m1 ‘ -~ I
: rd'®
ed @ v
“oN woeg i z
2 ™
v -or - & ©
) <
be W .
L. M ! -—9 '
'y
8 ) . v
v P L
\ -+ <}«
|3
X T 3
1 2 v
v .8
Lo
O\ + d
— -+~
1 X
®
0ot




Appendix C

STATIC AND DYNAMIC CRACK PATTERNS OF BEAMS
(Figures Ci~-C5)
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Appendix D

TYPICAL OSCILLOGRAM TRACES FOR DYNAMIC TESTS
(Figures D1-D3)
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Pressure

(G.917 Kips/fr/in.)

Ceflection (311)

{0.966 in./in.)

Strain (S3)
(395.43 pin./in./in.)

Strain (C1)
(1801.4 nin./in./in.)

Daflection (BP2)
(1.029 in./in.)

Acceleration (a)

(12.25 g/in.)

Strain {S1)
(3992.8 pin./in./in.)

Strain ($2)
(3992.8 uin./in./’in.)

Deflection (BP1)
{0.864 in./in.)
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Figure D1.

Oscillogram for beam R3-2,
4|

N T-F JE

H
i
H

.

‘M

i it N

s




]

Pressure —tye - i oy ‘
(1.2C9 kips/ft./in.) F At

4]
L
//
Deflaction (BP1) ] A~ ‘ /,// TN
(0.966 in.’/in.) / / /\ : : —

Strain (S3) T ‘ -
(559.40 win,/in./in.) Y \ / \ / |

/4

T~
N
)
N
7

Strain (C1) ~ : A
V4

1 ) (2359.6 nin./in./in.) /—
| \ b / !

Deflection (BP2) ‘ —
(1.715 in./in.)

—b e 10 msec

inch

P

Acceleration (a) ' "4 y
(18.5¢ g/in.) N N

/ \\-‘/ P e, N '
Strain (S1) p—
(8473.5 in./in./in.) /\\
/ NN h o
\ \—K \ P }
Strain ($2) -
18391.0 pin./in./in.) / ‘ \\ /,\\
Deflection (BP1) A P, . fjl
~ (0.855 in./in.) : l

Figure D2. Oscillogrom for beam R7-2. i
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Figure D3. Oscillogram for beam P7-3.
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