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William A. Keenan

ABSTRACT

Economical blast-resistant concrete structurescanbe constructed by reinforcing
concrele members with high-ostrength deformed-barilif such members can: meet the
requirements of: (1) adequate strength and dutctility.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 determin if concrete members rein-
forced with high-strength deformed bars can meet the aboVe'reqirem6ents.

In the theoretical study, the influence of (1) the amount, yield strength and
ductility of the tensile steel and (2) the amount, location and yield.strength 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 a
beam is presented. The minimum yield-load factor (ratio of the beam's static yield
resistance to the static service load) required to limit deflections to-any gIven amount
is presented as an equation and is plotted for various spa n-to-depth0ratos.

In the tests, sixteen simply supported concrete beams reinforced with high-
strength deformed bars (91,600 psi yield stress) were subjected to-static and'dynan:5
uniform loads and their behavior observed. Eight beams were conventionally
reinforced, and eight were partially prestressed. The prime purpose of the prestre-odng
was to limit the cracks and deflections. Both types.of beams were subjected to long-
and short-duration loads. Several beams were loaded dynamically more than onct :
determine their resilience and to study the problem of multiple-shot damage. The
static and dynamic tests are reported, evaluated, and compared with theory. Equotn-3ns
for the static collapse deflection and the maximum dynamic deflection of a uniformly
loaded concrete beam are presented.



It is concluded that the two major factors which may restrict the use of
high-strength steel in blast-resistant design are (1) the inalbillity or .uch a se e.to
elongate a required minimum amount, and (2) excessive deflections and/or cracks
of beams reinforcqd with high-strength stee:s under static serAce '-ads.

The tests demonstrate that more resistance can be gained w.!1 .,"r amount
of high-strength steel than lower grades of steel and that chrornlum.clloy steel of
the type used in this investigation has a sufficient amount of ductilif, for use in
simply supported beams. Both the theoretical study -. , the experimn'ial tests-indi-
cate that excessive deflections may be controlled by prestressi.ig the tensile steel.

Copies available at 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 blasl-resistant strucvtjres has ca-ted interest

in the use of high-strength* steel as reinforcement in cenuretc. De :gn.1, for greater
pressures and longer durations has increased the cost of protective constructiorn, forcing
the designer to seek new materials and methods of construction.

Engineers have long desired to take advantage of the grea;e, working struss
and yield stress possible with high-strength steels. However, the use of 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 .he 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-strengih
steels. In addition, more information is required concerning 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 understanding in these areas.

The purposes of ihis report are (1) to develop some fundamental theories regarding
the use of high-strength steels for reinforcement in concrete beams; (2) to study the
feasibility of partially prestressing concrete beams with high-strength deformed bars;
and (3) to present the results 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 yield strength
of reinforcing steel on the strength, ductility, and stiffness of concrete beams. Tl,.-se
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 enn-
crete beams reinforced with high-strength deformed bars. Si.teen beams of the type
shown in Figure 1 were tested. Eight were partially prestresstd 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

stcess in excess of 60, 000 psi.



Ficgure 1. View of a typical concrete test beam.

In general, the symbols are defined where they first appear. A summary of all
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 blast loads it must have-adequate
strength and ductility. In addition, under static service loads, * the-craks ard
deflections of the beam must be limited. The feasibility of using high-siregth
steels in a concrete beam to resist blast lcads depends upon how well such a beam
can meet the above requirements. The influence of high-strength tejisile rein-
forcement on each of these requirements is treated in the following sections.

* 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 reqt;.red . beams and the
relative importance of each depends upon the duration of the blas* ':.id. For example,
bombs in the megaton range normally produce long-duration loads -..-h recp, ct to the
natural period of the member on which it acts (Te/Tn > 6). The steliith ,f the member
is more importar: than its ductility for this type of load; i.e., incrc,.ig "-am strength
will increase the dynamic load-carrying capacity of the beam much .nore than if,
instead, the beam ductility was increased by the same percc.-tage. lI-wever, as the
duration of the blast load decreases, the importance ,: ductilit, i.crp:;es. For
example, small weapons, especially high explosives, produce si~ort-dutation loads
with respect to the natural period of the member on which it acts (Te/Tn < 3).
Therefore, it is mora economical to design the i.-n..ber to deflect plasticol'7 withoqt
loss of strength for this type of load. This ductility will allow time for a shc.t-
duration load to decrease to a level which the member can support. However, the I
relative importance of strength and ductility under long- and short-duration loads
is generaly not considered in design practice.

In practice, the member is-designed for a given IQad level and theIcbd -is ',1
generally assumed to .be of infinite duration. This is a sounddsimption since inall probability a large weap wil be used and should th a d-d i"ti"o'6e shorter,

the design will be conservative. Next, odnami:-deflection-critbrion-is established
(the amount 6fduCfility that the member must pess). The dynarni-defiection
criterion may either require that the beam be capable of deflecting to some ratio
of the span length 1, 2 or to some ratio of the yield deflection of the member. 3 The
resistance or 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 o given load -carrying
capacity for most high-strength steels is less than for lower-grade steels. Therefoie,
high-strength steel will generally be more economical F.ovided such a steel hr
enough ductility to satisfy the preselected dynamic--delectionrciterion and provided
the deflectioni and cracks-of-the member under static service loads are witin
acceptable limits.

INFLUENCE OF HIGH-STRENGTH STEEL ON REQUIREMENTS.OFBEAMS

4 Strength and Ductility

The strength and ductility of a concrete beau% 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 these

3



quantities, In turn, Is Influenced by the yield strength of the reinforcement, The j
allowable rcaq:& -1 thes( qt.ontities for various yield-strength siel? and 'he Influence
of' these cjuont;'- - n 1+ trengih and ductility of a concrete boom~ are discussed in

The succesdino a-Isussion assumes that- (1) the reinforcement t_!2"birs
flat-top" stress" tin!1 relvt.K. '-with a we!i-defined yield stress, Und (2) plane

sections remain pit.-t- befcoro 'and uf*,z ' .nding. The first assumption is not valid
'or most high -steen-1i~ 'set k loy %vc.. the error In thi- l"~umption ih si-all for
steels such as those ub, n tewqm fosts desc~~bed later in this rarort.

Reinforcino in~dex, It '-, pett!.vi that a concato beam he utider-roinfurced
to eliminaite the , ,RflII-/ of -, brit f-l1wme and to gin !hit additional strength
off@-a'd by high -straiv) lf steel;. T,-s j that the reinforcing kdeio, defined In
the following paragraph, k-. 64L ihn to & *t co-i~sponding to faikire by Initial
yielding 'F the tensile steol follow.-,' '.u ,kshing ot the concrete in compression.
The allowabW~ ranw!, of the rti Ircn 'eoA for various grades of steel will be
clatermined %i.b' quro.& Y.

d ~0 r 1 rbdilu
A,'T 1  Eu :--l kik3f.Cb

-hIneutral --

A, Pbd

Figur 2Se prsnsteasuettaninotesdstiuinonrascino

an R/C beam at ultimate-moment capacity. With reference to Figure 2, the positin',
of the neutral axis Is given by

u C su

44



For internal equilibrium of forces,

p'bdf' + klk 3 fcah = pbdfsu (lb)

Combining Equations ]a and lb, the reinforcing index is defined as

q (pf -p'f') 1  k-lk3 (Pfsu -'su V u c su,

For the special case of a "balacced" beam in whic;i failure occurs by simultalaous
yielding of tensile steel and crushing of the concrete, csu = Cy and fsu = fy .hus
the "balanced" reinforcing index is defined as

-L = I u I u y (2)
qb= (Pf - P'f'u )  klk3u + (2)

For beams with no compression reinforcement, p' = 0, p = Pb' and Euation 2

becomes

q b f I lk 3  (2a)
c u y

Based on an extensive compilation of experimental data, empirical equations for
kl1 3 and c have been established. 4

3,900 + 0.35f'
II13 3, 200 + f' (3)

c

f,

0. 004 - (4)
u 6.5 x 106

From Equations 2, 3, and 4, the balanced reinforcing index, qb, 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.

5



Curve (psi c.+ael - ___-

A(4si00 
ASTM, A15-58T

A 40.000(intermediate grc,:!e)

ASTM, A432-59TB 60,000 (bilIlet)

C 75,000 ATA3-9(high-strengil. billet)

D 90,000 ASTMA Std in Progress

A q k u IcfP ,U P b y

0.5

CC

.E0 .

De

o ACI 318-56 Building Code

2 3 4 5- - - -

Concrete Strength, V (kips per square inch)
C

Figure 3. Balanced reinforcing inde x for various grades of steel.
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A beam which is under-reinforced insures that the yield strengi4: of the tensile
steel will be utilized (tensile steel will yield) but does not insure thai lh! beam has
sufficient ductility to resist the imposed blast loading. For example, .*" q rb the
beam will provide the greatest resistance and least ductility, and it w;ii fail by
simultaneous yielding of the tension steel and crushing of the concrete. If q is much
smaller than qb,, the beam will not provide maximum r.'sance but will be capable
of undergoing large plastic deformations before collapse. Beams with iniermediate
values of q will have resistance and ductility characteristics between the two extremes
described above. The value of q to be used in bicbt-resistant design will de- end 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 qb are only theoretical, the maimum-allowabte
value of q to be used in design must be significantly less than qb. The pcrcent increase
in the yield strength of steel under blast loading decreases with an increase in the static
yield strength. 5, For steels with fy < 60,000 psi, the increcse is about 30 percent
for the strain rates in most beams (0.05 < j < 0.20). For fy > 60,000 psi, thi-increase
is less than 20 percent. Therefore, the limiting value of q to be used in blast-resistant
design should be about 0. 60qb for intermediate-grade steel and about 0.70qb fo high-
strength steels.

The limiting value of q recommended by the ACI Building Code (318-56) 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 s.only safe for fy <60, 000 psi
(as stated in Section A603 of the Code). An empirical equatior propsed'by the
auihor for the maximum-allowable value of q to be used in blast-resistant desigp,
which covers the practical range of steel and :oncrete strengths, is

q = 0.510 - (I. 9 Fy + 22f )1 (5)

This expression insures that q. will never exceed 62 to 68 percent of qb for-the r zviyt
of steel and concrete strengths shown in Figure 3.

It is desirable, under certain conditions, to partially prestress the tenss; i steel
of a concrete beam; this has the effect of increasing tho balanced reinforcing Index.

-7



Figure 4 shows the stress a.-d strain distribution at ultimate moment at a section
of a partially prestressed conci'ete beam. From equilibrium of forcos an' by relating
the strains,

q (Ps su) f'ff klk 3  (6)
3 - - Ccu se (ce su

For thoi pecia' cuse a balanced beam,

kk(f uqb (Pbfy- P su k I k 3(ic~ cT (7)C€"qb~~~ (b " p su - = k3 u - se - Cce + C

This equation show. that the higher the prestress (i. e., the larger Cse), the greater
the balanced reinforcing index. Therefore, Equation 5 can also be used to obtain
a conservative estimate of the maximum-allowable reinforcing index for beoms which
are partially prestressed.

H b~~ ~ k3fc -

oe o7 I 20. jP bdf ,,,
Ap'hd Tt1 0kjk 3f.'*.bA =plbdn~utral

axis

A, rbd

O 0 0 pbdfsu

su

Beam Section Strain Stress

Figure 4. Stress and strain distribution at ultimate moment for P/C beam.
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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 c :ertain minimum
amount, Esu"* By rearranging Equation 1,

C -C II (8)

Equation 8 gives the maximum strain in the tensile steel at ultimat,;-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 roint of maximum
positive moment in restrained beams. Also shown in Figure 5 is the approximatestrain-
hardening strain, ca, for intermediate-grade steel and a chromium-alloy steel with a
well-defined yield stress of 91,600 psi.

4.0

2 f, = 2,000 psi

C 2
V': 2.0

o for structural. cnd
~Intermedlat.--prode steel

";fo hrmum-alloy steel

fe 7,000 psie?;

9# I I IAIE2

00.1 0.2 0.3 0.4 0.5
Reinforcing Index, q

Figure 5. Maximum steel strain at 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!Iy grec-er than 0. 08
and rarely exceeds 0. 2. Within this range of the reinforcing index tfie following con-
c lusions can be drawn from Figure 5 about the tensile steel in sipl ;-,orted beams:

1. The strain in the tensile steel at ultimate moment, csu, is gi,:-ztr rin co
for all grades of steel except possibly structural- and intermed~ute-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 .. ximnum 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 at 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. Wiiwther full advantage is taken 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 eu < Csy

a -d' c= 
E 

(9a)
u su su

Rearranging Equation lb,

f -f d (9b)

u c 1 k3

Combining Equation 1, 9a, and 9b, if f' = V
su y

10



+k .(9)

Any d'/d less than that given by Equation 9 will insure that the comprc..ion steel
yields before the beam section reaches its ultimate-moment capacity. :quallcn 9
is plotted in Figure 6 for a 3, 000-, 5, 000-, and 7, 000-psi concrete stren4; .. Values
for k1k3 and cu were determined from Equations 3 and 4, respectively.

As stated, the reinforcing index seldom exceeds 0.2 for beams properly designed
to resist blast loads, and, except for very deep beams, thu practlca! !ov'-r limit for
d'/d is about 0. 15. Figure 6 shows that within these limits for q and 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 additional strength offered by- high-streilth 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 reported beam tests. 8 In the reportedseries-C
beams, d'/d was 0. 17 and f. was 5, 100 psi. For fs = 0, the value of q calculated
from Equation 1 was 0.09. In several tests the strain gages on the top-and bottom face
of the compression steel showed that the neutrol axiswas located-in the compression
steel prior to beam collapse. Figure 6 supports this behavior.

From the standpoint of beam strength Equation 18 lows that the contrlbutc
fiom compression steel is relatively small. Therefore, the error in coMputing 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 stcol ik
large. This follows because the ultimate deflection (Equation 19)-increases considerably
with an increase in the ultimate rotational capacity (Equation 19b) of a beam secticn.
The ultimate rotational capacity, in turn, is inversely proportional to the reinforcin;
index (Equation 18d) which, in turn, decreases with on increase-in the amount of con-
pressiorn 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.

11
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Therefore, an error in the calculate 'd steess in the compression Steel can resulf,
in a large error in computing beam ductility but a small error in computing belai
strength.

Tensile Steel Ratio. In design, the steel and concrete strizngtt, are generally
selected first and then the dimensions of the cross section and the aa-.-.t of reinforce-
ment are adjusted to give the necessary strength and ductility. Thercfore, when the
designer adjusts the reinforcing index he is actually, limiting the amount '; 'ansi Ic'
steel that can be used. In other-words,. heAis'ad justi ng the tensile stee; rat 3 to a
value less than the steel ratio correspbiidipgit e, aiu-alwberenoc
index, qa.

Th6 equation Girl the tensile steel ratio--corres iidingi.to.q. is determ~rad- for
beams 'without compression steel (p' =0) by rerbnging Equaf ion 2aq -)d etting

P a~ (1V
y

Equation 10 gives the maximum-allowable steel ratio pa for beams with no compression,
steel and is plotted in Figure 7. The values for q0 w--&e-cdfpqted fronv qud~tion 5.

5.0

C 4. - - -

S2.0 6

0 Pool - Ps

E

P,, by ACI CodeQvslon9 p. 0

2 3 4 5 6 7 -'
Concrete Strength, f.' (kips per square inch)

Figure 7. Maximum-allowable steel ratio for R/C beams with no
compression steel..
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In section 1601 of the "Proposed Revision of Building Code Requirements for
Reinforced Concrete (ACI 318-56)" 9 the allowable ratio of tensile steel is given by

S985klf 0,0
P, 0.75[ f* \90,00 + f*)J

Y Y

where f* = 0.8f, for f 75,000 psi
y y
f* = 2f/3

kl = 0. 85, for f* < 4, 000 psi
c

k = 0.85 - 0.05[(f* -4,000)/1,000], fo, > 4,000 psic c

The latter equation for Pa is compared with Equation 10 in Figure 7. The proposed
revision to the 1956 ACI Code does not pemit 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.

c

For beams with compression steel, the all'wable tensile steel ratio is P. If
= qa then pb = pC and Equation 2 becomuis

ccq= (POf -pf 1 (ha),
a ay sc

Solving for q. in Equation 10 and setting it equal to Equation 1 Ia,

= (P Pf ( l1b)
c y

f'

Rearranging p P +  (" (11)

y

14



where f

Equation 11 gives the maximum-allowable tensile steel ratio, pa, corr.:",nonding to
the maximum-allowable reinforcing index, qa' for beams with compres;k.n steel.

The steel-stress ratio fsu/fy, for the case when the compression sic,:- -rs not
yield, is determined by rearranging Equation 9 and letting q = qa.

f' = E c 1 "'d" 1(12)
y J

where q. = 0.510 - (1.9f + 22f) 10 -  (5)
ay c

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 compression steel has yielded. If the compression steel has not
yielded, fu/!y < f / f , and the steel-stress ratio taken from Figure 8 should be
used in Equation 11." K the compression steel has yielded, f = /f f !Y , and the
ratio f,'f should be used in Equation 11. Thus: 'from Equation 1 an' Figures 7 and-
8, theymYximum-allowable tensile steel ratio can be determined for a beam with
compression steel.

In the proposed revision to the ACI Code 318-56,9 the stress ratio to be use i
in Equation 11 is either zero or unity. If the compression steel stress is less th'.n the
yield stress, f*, the stress ratio is assumed to be zero exc-ot whe.- a generr,' an-ifySIS
is made. 9 Thus, for this case no increase is permitted in tne allowable fdnsilestetA
ratio; i.e., pa = p9. If the compression steeldoes yield, the stress ;atio is astumed
to be unity. For this case, a stress rato greater or less than unity is not perMitted
because the ACI Code does not spec;I for beams reinforced with two different grades
of steel.

It is interesting to note from Figure 7 that, within the pructical range of stee!
ratios used in design, there is little chance of over-reinforcing a beam with structurc2-
or intermediate-grade steel. However, the des;ner 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 strucl.-7 may rcughlyclassified as: 10

1. Adequate safety against failure

2. Limited cea-:k formation

3. Limited deflection (sufficient rigidity)

Each of these requirements can impose an upper ceiling on allowable stei:stresses
and, therefore, the grade of steel to be used in a c€bftcrete, strucfre. -Item 1 -has
already been discussed. The influence of the girade of steel on-items 2"&nrd 3;is
examined in the following paragraphs.

In general, the higher the yield strength of a steel, the less desirable -it becomes
to use such a steel in unprestressed concrete becauseof excessive deflection and
cracking under static service Iqads. Although; zs stat~doa given yi6ld resistance
can be obtained more economically with high-s~rength steel, the beam will not be
as stiff and will deflect more under static service loads. Therefore, another factor
which wil: influence the-feasibility of ushitg high-strength steel in unprestressed
concrete will be the dccepta6!e limit for defkctions. -However, this-factor will
become less important as the magnitude of-the blast load-increases.

Yield-LWid Factor; The greater the e,,io between the static service load'and
the static yield resistance required to withstcnd the imposed blastl16ading, i.e.,'the
greater the yield-load factori the more fea_'ble-if ecom.-s to usehigh-strength st,,-e!
in unprestressed concrete. The physical prLperties necessery to resist large blast
loads (e.g., depth of beam and steel perce .tage)-will generally put deflections under
static service loads Wiihin acceptable limits. - - .-

The acceptable limit for deflections depends.upon te type ,and intended Funu'.n
of the structure. However, the maximum-allowable deflection is commonly l hited to
some fraction of the span. The minimum yteld-locJ ractor requiredto lmit-deflecions
to some fraction of the span is a function of the support conditions, span-to-d;tih
ratio, yield stre.ogth of the reinforcement, the percentage of steel, and eff cive -

prestress level. The relationship between each of these variables is discussed below.
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Shown~ beiow is the distribution of curvature along a unifon-,Iv lotu'+!d simple.
beam. Th., mid-span deflection at first yielding of the tensilc steel cani expressed
as

(y L 2 3a)
Y '48, y

From the resistance diagram shown below,

2 > yy r ) (I Jb)
s y

2nd-degroo Y-
parabola I

Y, Yy

Mid-Span OefIoctlon, y

a) Curvaturo diagram at y y Yb) Resistamce diagram

From the strain diagram shown in Figure 9, the unit rotation of the beam at mid-span
when y = y 5i

E f f f
Oy d I k) s d( k(1 3c)

Let the allowable deflection under static loads be

L ~(I3d)
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Then, combining Equations ia through 13d,

5 __ L

mnii-um yield-load factor (M. L. F.) I )N (-)Y(3
For beams with no prestress, fse = 0. Equation 13 gives the v1ld-load f.c'etor at
which the mid-span deflection, Ys, of a simply supporie becn uni--r e ,;atic 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

dT kd A,' f,

neutral

As pbd O I@001T '--':A ----

:" Stress
Beanm Section Strain

Figure 9. Stress and strain distril-. ion at yield moment.

Equation 13 is plotted in Figure 10 for typical L/d ratios and steel perch.iages.
The curves are based on a limiting deflection under static se,'vice loads of L/360.
The minimum yield-load fuctor for any other deflection 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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Figure 10. Minimum yield-load factor to limit deflections for various
grades of steel.
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For the deflection critcrion and rang-e of variables conzidered i:, Figure 10, the
following conclusions can be drawn about simply supported unprestrc..d beams:

1. It is uneconomical to use steels with a yield strength mut! arec. than
60, 000 psi for unprestressed beams designed to resist on ly st-at -c -a.cds.
This assumes that the yielId-osd factor, for Ptatic designs is generc f 1 less
than 2.5.

2. Stealu w'th a yield strength as high as 90,00QL- psi can be used in unpreitressed
beamvs if the yield-load tactor is greater than about 4.5. A yield-load factor
as large cs 4.5 would seldom, if )ver, be~used for static des'igns. However,
for blast-resi~tant design it is highly ?robable that the yield-load factor will-
be Tl'is large.

3. The smoiler the L/d ratin, the more economical it becomes to use high-
strength steeis if defiection i2 the limiting criterion for design.

Tho minimum yield-load factor computed by Equatiot-, 10 such that ys :r L/N
agrees well with experiment*! data. A comparison is shown in the section of this
report entitled "Theory Versus Experimental Result.

Control of Deflections. Prestresiirtg the tensile reinforcement will reduce
deflections and cracks,. increage allowable working loads and provide more efficient
utilization of ihe higher-strength steek16and concrete. Therefore, 'it would seem
reasoralble thot, in using hibh-strenigth-ductile steels, a b-am design should be-
selected which provides the necessary ultimate strength and ductility to resist the
blast loading. Second, the ratia pf the static yield resistance to the static service,
load, ry/w. should be computed. if ry/ws is gre~ter than the minimum yield-load
%actor required to limit deffoctions to 1.7N, the design :-sufficient, If r,./w" is
tfiin the minimum yield-lood factor, deflectkir will be Creator than L/N, and the
disign must b& revised. Three alterhativen msy bo:used t6 revise t1-e desiqn:

11. increcse the depth of sectiin, and/or the steel ratio.

2. Redesign the section using a lower-yield -strength steel.

3. Partially prestres5, the tensile stfeel. The level of prestress should a
adlwted to insure fhot the cracks and deflecti~ns at static service load;
are within acceptable linits for the intended function of the structure.



EXPERIMENTAL WORK

Test Specimens

Description. Sixteen simply supported concrete beams were inc *_ied in the
test program. All beams were 12 inches deep, 7-3/4 inches wide, and IS feet long.
Th5,longitudinal reinforcement consisted of high-strength deformed T, 6 bo.
(f 91,600 psi, p = 1. 135 percent) for tensile reinforcement and intern-:dk.e-grade
No. 3 bars (fy = 49, 900 psi, p' = 0.426 percent) forcompression reinforce-ment. The
web reinforcement consisted of No. 3 intermediate-gra'u ;es (f. -- 49, 9C0 osi)hooked
to the compression steel. Extra ties were placed in the center portion co die beam to
contain the concrete and prevent buckling of the compression steel at large deflections.
The arrangement of the reinforcement and the physical details of both the partially
prestressed and conventionally reinforced concrete beams are illustrated in Figure 1i.
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-hearti. chromium-alloy steel.
These bars were made to meet 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 and A-5160H of the American Institute of Steel and Iron
(AISI). These bars exhibited a linear stress-strain relationship up to a well-defined
yield stress of 91,600 psi.

Some alloy-steel bars have less ductility thc.a cold-worked bars and are relarively
more difficult to bend. To determine the bending qualities of the chromiurn--i!oy ars"'
for stirrups, adichorage, etc., six random specimens were bent at room temperature,
through 90 degrees around a 3-inch-diameter pin. None of the specimens showed any
signs of cracking on the outside of the bent portion of the bar. It isinteresting to
note that although ASTM A431-59T is most nearly applicable to these bars, they et
the relatively severe bend-test requirements for structural-grade bars (ASTM A15-$%).
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-I-- T" "-- -- ' - -- -- -- "" -- -r - -I 1111I I i I I I I I I I I iti ,
IIIIIIIi I t I I Il I t I ilj i

317-1/2" 7

Typical Front View

3 No. 3 baI 
Instrumentation

Location Mark Measuring Device

1 Sl 2, A12.2 electric strain gages

lt 2 S2 2, A12-2 electric strain gages

12 2 No. 6 2, A12-2 electric strain

4ars Ci 1, A9-2 electric strain gage

5 a Statham accelerometer

No. 3 6 BP2 Boums'potentomster
stirrups 7 BP1 and rotating drum

Typical Section

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

Tensile Properties!/

Bar Yield Ultimate Modulujs ;F Elon,.-uion
Size Strength Strength Elasticity I in 8 lnche:(psi) (ps;) (106 psi) (percent)

No. 6 91,600 143,000 28.2 11.3

No. 3 49,900 71,500 27.3 24.2

Geometric Properties!!

Deformations (inches)
Bar Area
Size (in. 2) Spacing Height Gap

(avg) (mn) (avg) (max) (avg)

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 II. The concrete
was made with type-Ill portland cement. The maximum size of the coZ:' .= aggregate
was 3/4 inch. The concrete mix was 1:2.4:2.5 by weight, with a water-cemenr ratio
ranging between 0.43 and 0.55. The slump of the concrete ranged fronm 1. 3 .
3.5 inches.

Table II. Properties of Concrete 1

7-Day Properties at Time of Beam Test

Beam Compressive Compressive Secant Tensile
No. Strength Age Strength Modulus?/ Strength3-

fc (days) f' E f(psi) (psi) (106Cpsi) (psi)

P1 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
P6 5,830 68 7,740 - 725
P7 4,840 62 6,130 - 685
P8 5,630 42 6,690 3.41 625
Ri 6,160 61 7,630 3.58 665
R2 5,600 56 7,160 3.42 700
R3 5,800 68 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 3.41 7 0

j/ Each value listed is thn average for two control specimens.

/ Secant modulus at 0.5fc.

/ From modulus-of-rupture specimen.,

26



Methods of Prestressing. Many methods of prestressing steel entail intricate
operations and the use of highly skilled labor. In addition, most methods are adapt-
able only to plain bars, wire strands, .and'cables. 11

Three methods of prestressing high-strength No. 6 deformed bar,; *'ere evaluated.
In all three methods, the prestress force was applied to the bar by tight.rning a nut
onto a 1-inch-diameter threaded stud. The first method involved wed:,,= c -id to
each end of the deformed bar for gripping. -A maximum bar stress oi 30, 000 psi could 
be developed before fracture at the weld. The second method involved threading
each end of the bar. Thismethod proved inefficient bu' - raximum bar sircss of
70, 000 psi could be developed. The third method of prestressing cnnsisied of welding
the threaded stud to a Howlett Grip Coupler (Figure 13a)'which in turn gripped the
reinforcing bar. The Howlett Grip Coupler consist, of an outer cosi'g and an inner
sleeve, joined together by buttress threads. The sleeve isslotted to permit "ts-diaretr
to be reduced. When tension is applied to thebar, the sleeve moves. This movemeint
decreases the sleeve diameter forcing its,teeth to compressively engage a d&gifp 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 to be twisted onto the bar
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 to 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 latter
method was chosen; it was simple to use and its application is broad.

Fabrication. The beams were cast right ide up in steel forms-which had a
movable side plate to facilitate removal of the beams. After the rielhforcing-cage
was assembled, a Howlett sleeve was twisted onto each end of the bars to be
prestressed. Next, a cage was positionqd in each--of three steel forms by hydrostoe
spacers placed at the quarter-points of the cage, with a wooden spacer box at each
end. The prestressing jig was then .assembledon the bars of the cages to be prestressed,
and the anchor plates were bolted onto each end of the th, oe forms (rigure 13b).

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 gage measurements on the bar was also compared with the bar stress as determined
by a lcad-cell measurement. A typical curve of the measured torque, nut revolutions.
and bar stress versus load-cell stress is shown in Figure 14.

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 -,cCe
tested.
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Ldefor.d'bar 1-lwleft Grip Coupler tLhreaded stud

a) Gripping device
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reintllorcing bar
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prestressing nut chnnlfr
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-Howlett Grip Couplers

b) 'Anchorage assembly

Figure MAnchorage and gripping apparatus used to prestress bars.
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The loss in prestress of each P/C beam was measured at periodic 'i.,rvals
between the time of casting and testing. The instantaneous losses at traTjfer were
measured with strain gages mounted on the bar at mlid-span. These lcss aq.-aA,
well with computed losses due to elastic shortening and bending. Estimat. 0! ;he
total loss in prestress were determined from-strain-gage readings and measi:ements
of the increase in mid-span deflection. A tpical relati-',. -ip betwean ne prestress
loss and time, for beams with an initial prestress of 90, 000 psi and 45, 0ON psi, in
shown in Figure 15.

Test Equipment

Loading Machine. The beams were tested-in the NCEL blast-simulator (Figure 16).
A schematic of the beam in the s imuqtoroii-showni in Figure 17. The simulator;ccnssts
basically of a cylindrical pressure chamber to contain an air over-pressure and two
parallel walls which extend vertically down from-the bottom ,f the tank. These walls
extend the full length of the cylinder and enclose the sides of he 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 chamber. A blast pressure is generated by detonating -explosives inside the
chamber, and the peak piressure is controlled by the amount of explosive. The rate
of decay and duration of the pressure is controlled by a series of valves which vent
the chamber to the atmosphere. - --

Instrumentation. Pressure, ac leration, deflection, and.strbin atAe-locaons
shown in Figure 11 were recorded asaifunction of time. The applied pressureo.as
measured by pressure transducers at three locations, two a; the-center and ore ai:- I

end of the blast simulator, 1 inch above the top of the beam. The accelerfiOn -was
measured with a 100-g a ccelerometer. The deflections at the quarter-points of the
beam were measured by a linear potentiometer and a direct-recording rotating .dru .
deflection gage. The strain in the two tensile ars and the center cmpr&si . ...bar
was measured at mid-span by two A12, SR-4 strain gages placed diametrically poP:!i
each other. This arrangement of gages permitted an accurate meawrement of the
force in the bars at large L-eam 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 eaeil
transducer, except the rotatihg-drum deflection gages, was sent through a carrier
amplifior and recorded by an oscillograph.
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igvre 16. Illast simulator.

pressure chamber

su-pport seal

Section A.A

Figure 17. Schematic of beam in blast simulator.
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Test Procedure

Preparation of a beam for a test was the samie wh.thor the ttet w,.. static or
dynraiic. 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 k:des ef the
middle quarter of the beam. The Teflon was very effective in reducing iri-:::'-'al
forcei if the beam rubbed against the simulator walls. It also containea .'hIe, jshed
concrete at collapse of the beam. The whole unit wcs then rolled between the walls
of the bl-.t simulator, and the carts were anchored to the coi,.v ete foun,4.-n.
Finally, all measuring instruments were fastened to the r;L.um, -dl e!k-tr.ol crnnec-
tiorns 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 bz..ns was measured
by displacing the center of 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 nc.ural period
was measured with and without the Teflon seal in place and with the beam cracked
and uncracked.

Static Tests. In the static tests the beams were uniformly loaded by introducing
compressed cr 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 overcame. 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 wet- loaded by detonatin;- c-
expiosive charge in the pressure chamber. First, one channel of the electro-mec',,,nical
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 cops 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 explo-:.i
charge, and controlled the air vents.

After the shot, the permanent strains and deflections were recorded, and the
beam-cart assembly was rolled out of the simulator. The beam was itispected, crack
patterns were recorded, and photographs taken. If the beam was not seriously damaged,
it was rolled back into the simulator and the above procedure repeated.
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Table 11l. Summary of Statki-Test Results!/

Cracking Yield Ultimte

Beam Load Defi1. Load DefI. Load ~ Dfeto i~
No.c ry Y r~ Mid-Span Quartepr-"oVt'

(kips/ft) (in.) (kips/ft) (in.) (kips/ft) Yu U

Rl 2.35 1.60 2.72 3.92 ..5 2. 55I

R2 - -f2.39 1.61 2.92 4. 00 2.55 2.57

P 1 1.16 0.25 2.36 1. 11 2.80 - - -

P2 102 015 2.20 1.20 2.70 3.99 2.47~ 2.48

PBI1.30 0.30 2.8 0.80 2.86_ 3.93 12.4 6 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 receivet: 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 Al-A1O of Appendix A. These
figures include load versus mid-span deflection and load versus steel and concrete stac."p.
An idealization of the load-deflection curves as two straight lines is also shown.

The results of the static tests are summarized in Table Ill. The values give-" 'n
Table III correspond to the idealization 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 .Jc fori of
table!, figures, and photographs. The load and response characteristics, nm',' .ium
and permanent strains, damping characteristics, and dynamic yi?!d resist'nce 're
summarized in Tables IVa, IVb, IVc, and V, respectively. Figures BI ara B2
(Appendix B) contain plots of effective peak load versus ir,tf*c m{rum didlection
for the R/C and P/C beams, respectively. The deflectad shap versi; th,.' for a
beam which rebounded is shown in Figure 113. A-damage curve for each type cl
beam is presented in igures B4 and B5. Pi'otographs showing the extent and distri-
bution of cracking of each beam are includcd in Figures C2 through C5 (Appendix C).
Typical oscillograms showing the time variat'on in the measured quanlities are presented
in Figures D1 through D3 (Appendix D).

Most of the tables and figures are self-explanatory. The logariflimic decrement
and damping factor shown in Table IVc are lb'oied cn the assumption of viscous damping.
The values were obtcined from the oscillag',aph traces by measuring -uccessive peak
ampiittdes of free vibration A, and An + 1 after the'Abcam had reached t5 initial
maximum displacement. Then the logarithmic decrement was domputed from the
following relationship:

A
= n- (14)

"'n+1

It was nat possible to ralculate the logarithmic decrement by considering the reduction
in displacnent alnplitide over more than one cycle of oscillation because the free
vibrations damped o-jt so quickly.

The amplitudes of free vibration were very small for the boams which exporienced
large plastic .3eflections. Therefo-., the logarithmic decrement was not measured '
these beams because of the accuracy of the amplitude measurements.

Finally, the viscnus dampina factor was calculated from

6B 2%151
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Table lVa. Results of Dynamic Tests - Load and Response Characteristics

Loading Mid-Span Deflection Struin ,,2_

eam Peak Du'ration Max -Tcm. I Accum. Time to Dompedb Tens. -C-. .
No. Effec. -Actual Y Pen". Max x Max Period Steel %to.YmIYa YmI tm I ~d s€

(kips/fl) Te  T (in.) Yn P m m Tni
(nrsec) (,,sec) (I.) (in.) c ,./n./,ec) (ir.,/in./,e()

R3-1 0.64 2 3 0  850 0,4 0  03 0 . 4 0 2 5 2
RJ-2 1.36 450 900 1.33 0.16 1.36 j 32 66 ---

3-3 1.89 330 1,030 2.04 0.66 2.20 37 64 0.20 0,03
R34 2.29 245 1,020 2.92 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 ,.20 350 1,100 3.57 1.66 3.57 49 66 0.21 0.05
11-1 1.22 250 1,140 1.15 0,23 1.15 33 60 - -
R6-2 2.19 225 1,120 2.64 1.16 2.87 41 68 0.22 0.04

2.16 270 1,100 2.90 2.07 4.06 40 72 - 0.04
R54 2.04 270 1,150 2.75 2.73 4.82 38 67 - 0.05
R6-1 2.44 290 1,120 3.74 1.83 3.74 48 61 0.24 0.04
R6-2 2.15 385 1,170 2.74 2.54 4.59 39 63 - 0.05
R7-1 1.21 100 140 0.92 0.16 0.92 30 63 - -

R7-2 1.75 93 145 1.46 0.26 1.62 32 67 0.15 0.02
17-3 2.42 90 145 2.45 0.96 2.71 36 73 0.18 0.07
R74 2.55 545 1,190 5.51 4.20 6.A7 63 59 - 0.07
R8-1 1.84 85 140 1.66 0.23 1.66 35 70 0.15 0.03
RO-2 2.54 375 1,180 4,41 2.54 4.64 55 62 0.31 0.06
?3-1 0.52 030 1,010 0.22 0.00 0.22 19 40 - -
P3-2 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 63 0.17 0.06
P3-4 1.89 335 1:40 2.D2 0.00 2;34 36 63 0,24 0.05
?3-5 2. 545 940 7.46 5.85 8.26 83 - - 0O, 0
?4-1 0.58 400 1,000 0.23 0.00 0.23 10 e - -

P4-2 0.51 225 900 0.18 0.00 0.18 17 40 - --

P4-3 2.40 420 I,QO' 3.36 1.35 3 3 53 60 0.17 0.07,
P4-4 2.46 270 1,04a 3.91 3.34 j5.46 52 66 - 0.07
P5- 1  1.72 200 900 1.11 0.09 1. 11 30 :5 --
P5-2 2.18 285 930 2.32 0.81 2.41 40 64 0.18
P5-3 2.33 250 920 2.95 1.83 3.76 44 70 0,29 0.06
P54 2.28 270 940 3.11 2.88 4.94 45 58 - 0.06
P6-1 2.64 315 9i0 3.74 1.85 3.74 52 54 (. 17 0.09
P6-2 2.30 210 920 2.74 2.54 4.59 38 69 - 0.'05
P7-1 0.86 90 125 0.32 0.00 0.32 20 45 -, -
P7-2 1.92 85 140 1.14 0.03 1.14 30 58 I -

P7-3 2.11 95 150 1.78 0.34 1.81 33 66 0.21 0.06
P74 2.37 825 1,000 4.00 2.34 4.34 56 - - 0.07

jj Value corresponds to the period of the beam oscillations at mid-span after initial maAimom response.

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

Deflection _ _Stroin -

Tenslon Steel Comp. Steel oncrete
BeamNo. em *ax Penn. Max Penn. .,. Penn.

(in.) (n. S I S 2 S3 S3 C

R3-1 0.40 0.0" 1,030 1,070 90 20 220 5 540 30

R2-2 1-33 0.13 2,840 2,920 200 140 550 10 1,440 35

R3-3 2.04 0.50 8,140 7,970 4,240 3,450 640 3S. 2,430 520

R3-4 2.92 1.01 7,970 8, 140 3,610 2,100 60j 5W "90G i 600

IR3-5 2.81 0.75 - - - - 65 185 2,860 290

R4-1I3.57 1.66 12,800 12,300 8,120 7,850 865 125 3,280 940

R5-;i 1.15 0.23 2, 633 2,620 460 500 565 0 1,320 20

P5-2 2.64 0.93 10,800 10,200 6,440 5,800 815 465 3,070 e,5

P5-C 2.90 0.91 - - - - 870 295 3,170 650

R5-4 2.75 0.66 - - - - 970 - 3,160 -

R6-1 3.74 1.85 14,100 14,600 9,340 9,720 805 605 3,;50 1,320

R6-2 2,74 0.69 - - .- . 1,020 350 2,750 -

R7-1 0.92 0. -16 2,110 2,100 360 380 560 5 1,240 75

R7-2 1.46 C. 10 6,440 6,210 2,540 2,350 905 55 2,120 45

R7-3 2.45 0.70 ',1I0 8,810 4,540 4,070 980 360 3,220 635

R7-4 5.51 3.24 - - - - - - 3,580 -

R8 1.66 0.23 3,900 5,520 710 1,700 715 120 2,480 105

R8-2 4.41 1.71 17,200 16,900 12,400 11,900 975 290 3,840 -

P3-I 0.22 0.00 340 31', 25 20 335 20 460 25

P3-2 0.84 0.06 2,000 1,990 145 140 825 30 1,330 70

72-3 ,J.57 0.26 7,530 7,460 3,540 3,450 1,070 65 2,380 430

P3-4 2.02 0.48 6,190 6,380 I,950 2,100 990 160 2,550 320

P3-5 .7.46 5.05 - - - - 1,110 - 3,610 -

P4-1 0.23 0.00 410 400 50 . 50 390 15 415 70

P4-2 0. !8 0.00 320 320 0 15 320 5 330 C

P4-3 3.36 1.55 13,400 12,800 8,730 8,390 1,120 270 2,C90 1,04

P4-4 3.91 1.79 - - - - 1,220 - 2,620 -

P5-I 1.11 0.09 2,380 2,360 170 185 925 50 1,520 70

P5-2 2.32 0.72 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 46.

P5-4 3.11 1.05 - - - - 1,240 - 2,960 -

P6-1 3.74 1.85 13,700 15,100 8,810 10,300 1,020 510 3,930 136G

P6-2 2.74 0.69 - - - - 1,040 155 3,3!0 545

P7-I 0.32 0.00 880 860 70 75 500 30 745 20

7-2 I1.14 0. 03 3,190 2,910 400 115 990 85 1,750 270
7_3 1.78 0.31 8,380 8,470 - 3,680 1,140 25 2,950 335

P7- - - - 1,070 - 3,790 - i
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Table lVc. Results of Dynamnic-Tests ---DampingCharacteristics

Max Logarit 'hmic, Damoing Dapn
Beam Def I. -Decrbmenti b Factor, ff atim ! y 0 a
No. Y'm S1I BP2 I , -BP2B8/B&

______ (in.) ____ ____ 'p)~ o _____

R4 0.40, 1.34, 1-2-1-
R3-2; 1.13, 1. 13, 18' y<
R54-1 1. 15 . 1.22. 20, ! medwmj~ln~
R7-1-2/ 0.92 1.24, 20: %o

R72-/ 1.46 0. 95' 15
R-'3 1.66 0. 85 14 Y~rid <'Y 'i

P7-I 2 13 0.32 0.88 14 fooad'P7-2-'-3 ' 1.14 0. 83' 13T

P3-1 0.22 '0. 723 ' A 721 11 11 ym 5,.c
P4-i 0.23 T 0.595, )-0.615, 10 q10 medium-duriationvi
P4-2 0.18 0. 612, 0. 674, 10 11, load

R3-3, 2.04: 1. 56, 25i T. 125.
R3-* 2. 92. 1. 57 25' V 5$
R3-5- 2.81 1. 67, 27 ' .351 ?5
R4-1 3.57 1.707,. 27 ' - V$ 35 1

R53 ' medium: uratiorn ior
P3-3 1L57. 1.521 24! "~2182 1

P51- .1.11. 1.541 24, 2.182,15
P73" '1.78,.: -

R3 5 / A2/235 s 4  ' 82 )0.7 64. 16, Vi raibi: i,- .R3 0psiO14.tA. 66~rto:
R3 0 si~ ~O'352. [O. 392. F,6 66

R18 -0/ 0 psi-j 0. 385 jO356, 6 6 1_____

P3 0 psi., 0. 182. 1] .248, 4"__________

j/Based, on~fE = ,20' p~cent~forIR/C b inand 8 EI percent.,forwP/C be6rms.e

/ No seal, shkitdurtitiondbad.,-

~/Bbamv rebound:ed._,

4j StqtiZ; prbssure.on 'bean 'durn .1,bratirntbst.

.~Uncracked.

6/ Cracked;
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Table V. Measured Increase in Yield Resistance

Strain Deflection Rnference 6

Strain Dynamic1  Increase2J Dynamij increnqe/ !ncrease
Beam Rate Yield in Yield ill i in

No. C Strain Yield Strain- befl.- Yield Deft. ! Yield Stress
(in./tM,/ec) yd (Iy - 1 -(

(in.in.sec)u iy i .d (Eyd -/ ) )/y i.'d (Yyd " o d - y )/ y y I, (yd -/) fy )/ fy

(uin.in.(in.) ('j o

P3-3 0.17 3,880 21 1.29 12 11
P4-3 0.17 - 730 16 1. 31 14 11
P5-2 0.18 4,050 26 1.38 20 11
P6-I 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

1/ Eyd = elastic strain in tension steel prior to test plus measurad strain to yield.

2/ Based on a static yield strain of 3,200 iin./in. 4 -e Figure 12).

3_ Yyd = mid-span deflection at first yieldin- .r Tension 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

The accuracy of a dynamic analysis depends to a large degree on how well ne
shape of the static resistance diagram (load-deflection curve) of a beam can be
predicted. Therefore, a theorevical analysis was made of those beams which were
tested statically. The material properties listed in Table II and VI were used in the
theoretical calculations. Computations were maae of the load and deflection cor-
responding to initial yielding of the tensile steel and ultimate collapse of the beams.
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 Ill) 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 Ly

8/f A I t!

r -r8f Ai(d -kid) It, se As I + ft I (16)cr ." se / bd(h - kid) h- -k-d

where I = (1/12)bh3 + (n - 1)A (d -kd) 2 + (n - 1)A!(kd -d')2  (16a)

k'd [h (b/2)+A'(n-)d'+Ad(n - 1)]/[(n - 1) (A + A') + hb] (16b)
s ) + s

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

f. k _- d' (17)

where k = /2n [p + p, (d'/d)] + n2 (p + p,)2 - n (p + p') (17a)

V = ([k - (d'/d)]/(1 - k)) (f - f) (17b)

S y s

The yield deflection is given by Equations 13a and i3c and is repeated here for
completeness.

= ( (L2 (13v)

f -f
Oy y se f = 0 for R/C beams (13c)

E d(I - k) se
s

Ultimate Load and Deflection. The ultii.iate load capacity of all beams was
computed from the following equation:

-8 kk3 [(kk[3 2 Y

ru q] Ad[l- ( )q +k Afq - (18)
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Equation 3 was used to compute kl1k3 . The value of k2 was taken from Reference 4 as

f,

2 0O (!8a)

By a process of iteration, v f, u, and q-were determined from the .o!lowing

nquotions and Figure 12.

OE u = FcuoG. - 1) . C sa 186)

kkk

pf U offD
i  S,q _ su s (I 8d)

The value of cu was taken from Ftgures-Al-A10. The compctability factor, F, was
assumed equal to unity (e.g., good ,bond), The iteration procedure involved the
following steps: (1) A reasonable value ofq.wz; assumed (for the first assumptlori,

was computed frnm iquatfon 18d by assuming that f- f -and f' = ); (2) This
value was substituted in Equation I8&i and 18c to determine Esu -andfru V (3) Knowing
esu, fsu was determined from Figure 12; (4) Finally, 9 was calculate'duftom Equation 18d

and comparod w-1 the assumed value. If the assumed and conputed value of qw,.re
not the same, the procedure was repeated using the computed value for the next :'r.
The procedure was found to converge in two to three trials.

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 a section of a
concrete bearm. is shown in Figure 18a. The values ,)fW., My, and AA were ccnup:,to
with the use of Equations 13c, 17, and 18, respectively.

The relationship for o was determined from the strain distribution over the
beam cross section at ultimate-moment capacity. With reference to Figure 2 or
Figure 4,
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D = (19a)U a

u

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

n u 1 3d (1 9b)

The distribution of moment at ultimate-load cpacity a!ong the length c,' a
simply supported beam under a uniform load is shown in Figure 18b. The length o'
the yield hinge, a L, is given by13

aL = . _1 (19c)Sru

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

L2

0 ( (O - 14& +5& 2 ) + 0u(24 - 10a2 (19)

and the deflection at the quarter-span is

2
u= - + - (20)

Two simplifyiing assumptions were made in Figure 19: (1) The shape of the
curvature diagram in the outer portions of the beam where M < has little influenc,3
en the mid-span deflection. 12 Therefore, the actual parabolic distribution of curva
tui 3 can be replaced by a straight line; (2) The shape of the curvature diagram ;n the
plcstic yield range, ' L, can be adequately described by-a 4th-degree parabola. TUis
shape was found to give the best agreement between the experimental and calculated
ultimate deflection at both the mid-point and quarter-point of the span. Other shapes
predictsd the ultimte deflection at mid-span but not at the quarter-point of the -
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Figtire 18 Moment-rotation diagram and distribution of moment.
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4th-degree
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aL

Figure 19. Distribution of curvature for a simple beam at ultimate load.
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I
The effecrive prest.ain in the concrete, ce, was neglected in the theoretical

analysis of the P/C beams. This simplifies the analysis and does not introduce signifi-
cant inaccuracies since Ece is very small compared to the crushing strc': of the --;MC etae

Dynamic Tests

The effect of viscous damping on beam response can be derived F-im c- -inear
single-degree-of-freedom system with a viscous damper in parallel with CI spring.
The-motion of the mass in the elastic range [y (t) yy] when subjected to( a peak -
triangular load pulsr is

y(t) t. 1t+2g e- tF I =-
defl eto nsin s VI

T T

y te uaT n asi hT n (e, e.

A close appoximatico n for the time, t, when-the mdss will reach its initial maximum
deflection is 0

tm nd (21b)

By h e e t tbquotions and assuming hot Tpd t ),u

- Then th ~~maximum dynamic delcins

the mxmdynamic dfctior- . o.Fca the-eps was lowte fom <Equatind 2c <~21

The results axrime ein'iable II.
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Beam Variable
No. fy (ksi) fs5 (ksi) p (d) p' ()(in.) ,In. L .)

|, M 7. ... On

Q 92 41 1.14 0.43 0.156 10.0 7.75 1.50 174
92 0 1.14 0.43 0.142 10.0 7.75 .O 174

() 92 25 1.14 0.43 0.144 7.5 15 174

(0 49 0 1.55 0.47 0.129 8.00 100 174
-3.0I ___I IT_1

2.00
0.

1.31 kips/ft/In.

K = 2.48 kips/hf/in.
"U i

* 1.00

K 4.40 kips/ift/in.

K - 1.48 kips/ft/in.

0I

0 1.0 2.0 3.0 4.0 5.0

Mid-Span Deflection, y (in.)

Figure 20. Idealized resistance diagram for four types of bams.
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4
DISCUSSION

Static Tests

The individual and relative static behavior of the R/C and P/C :,-rms was
observed in terms of the shape of the resistance diagram, service load deilc-:!-'r ,
ultimate-load capacity, ultimate deflection, bond strength, and crack p.
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 .eams. T,<" curves
were plotted from the average values listed in Table IIl. A,;sc lnclud,-d g. igre 20
is the idealized resistance diagram obtained from tests of uniformly loaded R/C beams
reinforced with intermediate-grade steel. 2 This curve provides an interesting coin-
parlson between the behavior of R/C beams reinforcz:d with different grades of .:,eel.

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 smaller
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 aimost
doubling the effective prestress only increased the cracking 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 201. Thus the useful ener ,--
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 ultimate-load and deflection caplcity
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 se-vice
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loads. Whether a given beam would meet this deflection criterion vwc found to depend
upon the ratio between the yield resistance it-quired to resist the ip.c ;'J blast load-
ing and the static service load, These parameters were found to be ro;ui ,c< by
Equation 13 and were plotted in Figure 10. In the following, Figure 10 i- c.mpared
with experimental data. From Figure 20 for beam No. 2

L 14..5 )y 1?2 7

p = 1.14%, f = 92ksi, r = 2.37 kips/ft, L - 12 17.4
Y Y

From Figure 10, to limit the static deflections to L/360 requiles that

M.L.F. = 2.8, for L = 15 and f = 90 ksid y

Therefore, for beam No. 2 in Figure 20

M.L.F. = 2.8( 174) 92 = 3.32

Thus, to limit the mid-span deflection to less than L/360, the static service load
must not exceed

W M.L.F. .37 0.71 kips/ft
S M. . F. 3.32

From Figure 20, at ws = 0. 71 kips/ft

w 0,71
s = I. =8 O. 48 inches

YS= 1.48

which agrees well with the deflection criterion of

L 174 0.48 inches
360360
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Thus, csvsuming that the resistance diagram shown in Figure 20 (beam No. 2) has the
proper strength and ductility to resist the imposed blast load, the dc-sign 's sufficient
if the anticipated static service loads will be less than ws. If not, rha ,c-nsion steel
must be prestressed or more steel and/or a deeper beam section used.

Repeating the same procedure for the beam reinforced with inter..dic' )-grade
steel (beam No. 4, Figure 20),

p = 1.55%, f = 49 ksi, r = 1.96 kips/ft, d - 14.5:* -1 .
y y d 10.5

From Figure 10,

M.L.F. = 1.34, forL = 15andf 40ks
d y

Therefore for beam No. 4,

M.L.F. = 1.34(16. 4 = 1.82

Thus,

w= ry__ =1. 96 =m 1.8 ip/

S1.82- 1.08 kps/ft (maximum allowable for ys < 0

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

ws _108s K : 2.48 0.44 inches

which agrees-with the deflection criterion of

L 17436 _- = 0.48 inches
360 360
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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 compuie the minimsm yield-
load factor or maximum-allowable static service load for any other dsfl: ction
criterion by direct proportion.

Ultimate-Load Capacity. All beams failed by initial yielding of ti- .- nsion
steel followed by eventual crushing of the concrete in compression. The '.ont ate
crushed at an average Iimiting strain of 0.004 in./in. In some of the tests, greatest
destruction of the concrete occurred elaher to the left or 4-.t CS mid-span where the
spacing of the ties was greatest. This behavior supports the retiuirem,.nt bC't the
compression steel be well tied with closely spaced ties in regions of high momeat.
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 agree reasonably well with the
values predicted by Figure 8 if the computed. reinforcing index (0. 14to 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 Al-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 betwee- the ultimate strength of
R/C beams reinforced with different grades of steel. Approximately 32.5 percent
more resistance was gained with 36.0 percent less high-strength steel.

It is commonly assumed that the effectiveness of reinforcement in strengthening
a concrete member is almost proportional to the produc! of bar area and yield strezs:.
Asnn . The accuracy of this assumption can be demonstrated by comparing beams No. 2

4 shown in Figure 20. The ratio of high-strength to intermediate-grade steel n c' s-
sary to produce the relative ultimate resistance of these two R/C beams was

AH  H
A H r

s area of high-strength steel 0.88 0. 67, for u 2.82

Al area of intermediate-grade steel = 1.32 I 1 2. - 1.29
s u
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Theoretically, to develop the same relative resistance, the ratio should be

A H rH f Is = -!.- -H 2.82 ('9, =00 .69
r 0.69

s U y

Therefore, the accuracy of this assumption, as demonstrated above, ermuis
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 i6
58 percent of that for intermediate-grade steel. 14

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 uniformly loaded R/C and P/C beams. The ultimate deflection
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 q 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 :, the rotat;on 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 binge, OIL,
increases with an increase in the ratio of the ultimate to yield resistance, ri/ry ,
of beams. This ratio, in turn, will depend primarily on the stress-strain character-
istics of the tensile reinforcement. The ratio will be small for reinforcement having
"flat-top" stress-strain characteristics, as demonstrated by theresistance diagram of
beam No. 4 (Figure 19). It follows, therefore, thai the length of the yield hinge
will be relatively short for this case. The ratio ru/rv will be larger if tension r-ln-
forcement has limited "flat--top" stress-strain characteristics, similar to that 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-strain
characteristics could develop ultimate deflections comparable with those obtained
with mild-sth el reinforcement. The relative importance of Pach of these variables
descrves further study.

Bond and Cracks. The bond strength of the bars was sufficient t, devwlop tensile
steel stresses as high as 108,000 psi at mid-span. Even at these high silcs~zs the
cracks along the span were uniform and closely spaced (see Figures C:.,), ;ndicati)g
that the bond between the steel and concrete was not severely affected,

Care must be exercised in comparing the crack oit. :rbution of the beams 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 IVa). However, in
general, cracking in the P/C beams was less severs than in the R/C beams, c; 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 19c, the average length of
the yield hinge for both the P/C and R/C beams was 69 inches or- 40 percent of the
.pan. This is approximately the hinge length indicated by the crack distribution
shown in Appendix C, particularly for the beams which experienced cumulative
maximum deflhctions not too much greater than the collapse deflection.

Dynamic Tests

The individual and relative dynamic performance 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 11 and B2). The maxir,,!m
dynamic deflections were greatest for the R/C beams. However, the ratio of 1ke
dynamic to static deflections (D. L. F. ) was greater for the P/C beams for a given
medium-duration load level. This phenomena is attributed to the smaller natural
period and, therefore, greater ratio (T/Te) of effective load duration to natural
period for the P/C beams.

The maximum dynamic load-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 which
had lozt their effective prestress from large deflections in previous tests. Having
lost their effective prestress, the P/C beams had approximately the same stiffness
and energy-absorbing capacity as the R/C beams. Therefore, the dynamic response
of such a P/C beam should be similar to '.he response of the R/C beams.
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Under a short-duration load both beams experienced mcx*'num dynamic deflections
which were considerably less than the corresponding deflections procuned oy the same
load level of medium duration (Figures BI and B2).

Table VI1 shows that the elastic response of both types of beams can b- pr-dicted
by assuming a spring-mass system if the proper amount of viscous damping i; cov idered.
The excellent agreement between the experimental and theoretical results shiown in
Table VII suggests that: (1) damping in stressed concrete can 4e ,dequatel. represented
by viscous damping, (2) the beam experiences the same cmnount cf damp'nc bfore 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 beam does not increase undef
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 large as 1/4 inch and 1/2 inch at 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/Tn. The beams rebounded under load durations as high as
Te/Tn =- 1.7 when the viscous damping factor, 0, was less than 15 percent. In
comparison, beam R7-1 which had an effective load duration of Te/Tn = 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. 15

Damping. The damping capacity of materials is an important property ia, an
engineering analysis or design involving the dynamic response of a structural systam.
Large amounts of damping can be impoitant 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 !t
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 a 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 amplitude of
stress. 15, 16 In any case, knowledge of the mechanism of damping and the parameters
which influence it, as aoplied to structural systems such as concrete beams, is meager
and deserves further r;'udy.

Measurements of damping may vary widely depending upon the ,-tuterial, method
of measurement, and the test procedure. Therefore, measurements chould E-; taken
under circumstances which closely resemble those for which the irforma.'on .t needed.
In this respect, it could be expected that the values of damping listed if Table IVc
are representative of the amount of damping experiencc' by L~am unde. blast loading.
However, caution must be exercised because large aniounts o." dampin m.ay be attri-
buted to the support conditions, seal friction, and/or friction from the beam rubbing
against the simulator walls.

The measured damping factor, f0, was unusually high, particularly for the
R/C beams, and the spread is large. The damping factor ranged between 10 and
28 percent (Table IVc). Under medium-duration loads the elastic damping factor
for the R/C beams (20 percent) was almost twice as great as for the P/C becams
(11 percent). Also, the damping factor increased as the load-duration increased
for the R/C beams. Whether this phenomenon is'due to the higher average stress
at wh;ch 1  .. v;buied wiiun v,.-der Onhe medium-auroatc-i '16ad deserves further
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 range of response; -
i.e., Ym > Yy"

The effects of concrete cracking, stress level, and the neoprene seal on the
damping factor are further illustated by the results of the vibration tests (Table IVc).
Beams R3 (test 1) and P3, both uncracked and with the neoprene seal-over each, had
approximately the some damping factor of 3 perccnt. lHgwever, boams R3 (test 3)
and R8-1, both cracked and with the seal only over beam R8-1, had the same damping
factor of 6 percent. Comparison of these beams suggests that the seal had only -a
mincr influence on damping, and that damping increase: with the do'gree cf cruckng.
The effect of stress level on damping is illustrated by tha results of the vibfation test''
on beam R3 (test 2). The damping factor almost quadrupled when the bean was
vibrated under a static pressure of 5 psi. Apparently, concrete damping increase!
because stress level and degree 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 1 igh capacity for recovery, even
at deflections near incipient collapse, can absorb approximately the same a":zUnt
of energy, regardless of how many times it is loaded. 14 The resilience and multip!-
shot damage of the R/C and P/C beams are illustrated in Figures B4 and B5, respectively.
Complete damage is arbitrarily defined by crushing of the concrete in compression and
corresponds to a limiting cumulative maximum deflection, yam' of 4.0 inches.
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To illustrate the use of the damage curves, consider the curve f:r the ,'/C beams
(Figure B5). The curves indicate that if the first "shot" on the P/C beam is r medium-
duration load with a peak load of 2.00 kips/ft (indicated by an arrow in Ti- figure),
the post-shot deflection will be about 10 percent of the collapse deflectio.. Therefore,
if complete damage (100 percent) of the P/C beam were desired on the sec', .,d " I ot "

the maximum deflection would have to be 100 percent minus 10 percent - o, 90 percent
of the collapse deflection. Figure B5 shows that the medium-duration load corresponding
to a maximum deflection of 90 percent of collapse is 2.48 k./ft.

It is interesting to note from Figure.B5 that regardless of the number of "shots"
with a peak load less than about 1.4 klps/ft, the P/C bcams wili have no permanont
damage. In comparison, Figure B4 indicates that for peak loads less than about
0.5 kips/ft, the R/C beams w;ll 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 recove,'ahility at incipient collap-e. 15
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 beams not only because of
the action of the prestress but also because the stress-strain characteristics of tl,4
reinforcement and the magnitude of the reinforcing index for the two types of conci-,te
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 beams 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

q = 0.510 - (1.9f + 22f )10- 6  (5)

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 a concree beamdepends
upon the yield strength of the steel, the concrete strength, and the amount, location
and yield strength of the compression steel.

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

f,
Pa a(10)

y

The value of pamay be determined directly from Figure 7.

-b. For beams with compression steel, the tensile steel ratio should never
exceed

f,
P + (11)

y

where P',/

The value of pa and f../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 sto,.Is
cannot be utilized before the concrete crushes in compression. Therefore, in speciv!
cases, it may be more economical to use two differ6nt grades of steel, i.e., ,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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4. The amount of compression steel and its location in a beam has relatively
little effect upon ultimate load but a large effect upon beam duc.tility. "or beams
designed to withstand large plastic deflections, the designer should mok.* d'/d as
small as practicable in order to gain the greatest advantage from comp.c-Sion steel.
When computing collapse deflections the stress in the compression stee! at ultimate
moment can be estimated from Figure 6.

5. For the practical range of the reinforcing index generally requi.ed in
blast-resistant design (q s 0.'2), the tensile reinforcemer i ould be capub,-z of
elongating at least, 10 percent.

6. The feasibility of using high-strength stee! in blost design iay often iepend
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 yield resistance
required to withstand the imposed blast loading, r , and the stati-cse.vice load, ws,

is less than the minimum yield-load factor, M. L. F., given in Figure W-and
Equation 13. 7he M. L. F. increases with the yield strength of the tensile steel,
tensile steel ratio, span-to-depth (L/d) ratio, and deflection criterion (1/N) and
decreases with the effective prestress level fse. However, in general, the greater
the ratio ry/ws (i.e., the greater the blast- pressure) the more feasible it becomes to
use high-strength steels in unprestressed concrete.

Tests

Results of the static and dynamic testing of eight prestressed and-eight
conventionally reinforced concrete beams utilizing high-strength (fy = 92,000 p.i)
chromium-alloy steel bars indicates that:

1. The static yield rsistance of the P/C and P/C beams was approximately
the same but the static yield deflection of the P/C beams was reduced considerably,
depending urcn the level of prestress. The yield resistanc, and deflecton of both
types of beams c. be pradicted by Equation 17 and 13a; respectively.

2. The ultimate resistance and collapse deflection of both types of beams wQ,.
approximately the same and cn be predicted by Equation 18 and 19, respectively,
if th.- i;,czs-strain characteristics of the tensile steel are known.

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

4. The static service load correspanding to a limiting deflection of /360 for
the test beams compared well with the value predicted from Figure 10.
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5. Th. cracks along the span of the R/C and P/C beam: were uniformly
distributed and closely spaced, indicating that the bond between stiel Q, J concrete
was not severely affected.

6. A viscously damped spring-mass system may be used to predict tnt ,t'-:lmum
dynamic response of the R/C and P/C beams in the elastic range if the co.,-.. niount
of damping is employed.

7. The damping factor for the beams ranged betwzci, 10 rarcen at; 28 percent.
Under medium-duration loads the elastic damping factor for the R/C beams (20 p.ercent)
was almost twice that of the P/C beams (11 percent). Damping was about 43 percent
greater under medium-duration loads than under shcri-duratiorn loads.

8. The probability of rebound under dynamic loads increases with a decrease
in the ratio of load-duration to natural period and/or a decrease'in the damping factor.
Both types of beams rebounded under load-durations of 0. 14 seconds wl.;. the damping
factor was less than 15 percent.

9. The resilienc,5 of the P/C beams was superior 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

a = acceleration

a = depth of compression zone in concrete at ultimate momentu

th
A = displacement amplitude of the n cycle of oscillation

n

A = displacement amplitude of the n + 1 cycle of ,. ,-;'ation
+ I
A = area of tension steel

s

A' = area of compression steel
s

b = width of rectangular beam

B = effective peak dynamic load of the equivalent linearly decaying load
pulse - found by passing a straight line through the point corresponding
to tm on the experimental pressure-time curve and adjusting the slope
-ntl! the areas under each curve are equal up to time, tm

d = distance from centroid of tension steel to compression face of beam

d' = distance from centroid of compression steel to compression face of beam

D. L. F. = dynamic load factor

E = secant modulus of e!asticlty of concrete corresponding to O. fc c

E = tangent modulus of elasticitys

f = "compressive stress in extreme fiber of concretec

V = compressive strength of 6- x 12-inch concrete cylinders
c

f = stress in tension steel
s

f' = stress in compression steel
s

f = effective prestress in tensile steelse

f = stress in tensile steel at ultimate-moment capacity
st6
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P = stress in compression steel at ultimate-moment capacity

su

ft = tensile strength of concrete

f = static yield stress of tensile steel corresponding to = 1C /in. /secy

P' = static yield stress of compression steel
y

fd dynamic yield stress of tensile steel

F apparent strain compatibility factor

h depth of beam

I moment of inertia of uncracked transformed section (elastic theory)

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

ke = coefficient defining location of centroidal axis of uncracked transformed-
section (elastic theory)

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

k2 = coefficient defining position of compression force in concrete at ultimate
moment

fK = stiffness of beam

L = clear span of beam

M = moment

M ='ultimate momentu

M = yield' moment
y

M. L. F. = minimum yield-load factor

n = E/E = modular ratio
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N = a constant describing the ratio between the span length and the maximum-

allowable service load deflection

p = A/d = tensile steel ratio

p' = A'bd = compression steel ratio

Pa = maximum-allowable tensile steel ratio for beam with no compression steel
c =maiu-loae

pa maximum-allowable tensile-steel ratio for beam with compress:on steel
a

Pb = balanced tensile steel ratio for beam with no compression steel

Pb = balanced tensile steel ratio for beam with compression steel

q = (pf - pfsu)/fI = reinforcing index

qa = maximum-allowable reinforcing index

qb = balanced reinforcing index

r = static load or resistance

r = static cracki.ag load or cracking resistance

r = static ultimate load or ultimate resistanceu

r = static yield load or yield resistance
y
t = time measured from beginning of load-applicdtion
t = time required for beam to reach initial maximum diflection
m

T = load duration of applied load

T = effective load duration of the equivalent- inearly decayingload - foundby
• passing a straight line through the point corresponding tot_ ontheexperi-

mental pressure-time curve and adjusting the slope until the areas under edch
curve between t = 0 and t = tm are equal

T n undamped natural period of vibrationn
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Tnd = Tn. V -02 = damped natural period of vibration

w = static service load - defined as that proportion of dead plus live load which
shall be used to compute the deflection of flexural menbers

y deflection

Yam= Ym + Yap = accumulative maximum deflection

Yap yp= cumulative permanent deflection

Yc= cracking deflection

maximum deflection

yp = permanent deflection

Ys = static service load deflection

Yu = ultimate or collapse deflection

y yield deflection

yyd = dynamic yield deflection

= coefficient definirg length of plastic yieldhinge at ultimate-lodcapaciiy-

= viscous damping factor

PE = viscous damping factor in elastic range

B p= viscous damping factor in plastic range

A 6 = In (A/A +) logarithmic decrementnn+i

= strain

C = strain rate

C = strain in concretec

ce = effective pre-strain in concrete
ce
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= strain-hardening strain

E = strain in tension steels

c' = strain in compression sieel
s

4Ese 
= effective pre--strain in tension steel

e = strain in tension steel at ultimate momentsu

E' = strain in compress.*h steel at ultimate .roments u

= ult-inate compressive strain in concreteu

= static yield strain in tension steel

C yd= dynamic yield strain in tension steel

(P = ur4 rotation of beam section at ultimate rnoment-

Wy unit rotation ofbeam section at yield'moment

= fundamental circular frequency

6



Appendix:A

STATIC LOAD-DEFLECTION AND LOAD-STRAI NCUWVES
(Figures AlI-AJO)
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Appendix B

DYNAMIC RESPONSE, REBOUND, AND DAMAGE CURVES
(Figures B1-B5)
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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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(3992.8 gifl.ifl./ifl.)

(3992.8 uin.'din, /in,)

Deflection (BPI)- .-i
Figure CIL OSCillogrom for beam R3-2.
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(1.209 kips/ ft,'in.)

(0.966 n./in.)

train (S3) v I-~iiN l

(559.40 gin/in./in,)

Strain (C1) -2 1
Deflection (BP2)-

(1.715 in./in.)
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(8473.5 jAin./in./;n.)

(8391.0 Ain/n./in.)

Deflection (BPI) - - - - - -- - - - - - -

(0.855 in./in.)

Figure D2. Oscillogram for beam R7-2.
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.744 kips/ft/in.)

Deflection (BPI)

(0.975 in./in.)

Strain (S3) - - -- [ L.1 .-
(847.35 jI-n./in./in.) ji

Deflection (BP2)---------------------------------
(1.041 in./in.)

Acceleration (a) - - - - - - -

Strain (SI) - -

Stroia (S2)

Deflection (BPI,'----------------------------------------
(0.864 in./in.)

Figure D3. Oscillogram for beam P7-3.
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