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1. SUMARY

1.1 ODJECTIVES

The objectives of thin renearch program are to determine bond 
strencth under ynemie lomdimg. to cony re bond strengths under static and 
dynamic loeding. and to toot the ede cowry of ACI Butiding Code bond re- 

renew to for structural elements subjected to blamt Iwade.

1-2 RESEARCH PNOGRAM
The rear arch program consisted of atattc and dynamte tea to on:

1)

2)

3)
43

Specimens with •6 bars embedded according to NCI Building 

code. Type v1.
Spectmens Ml bars embeddod s". Type v.

Specimens with •4 bars MmI z". 3" and 4". Type vt
Specimens with •6 bars with standard hooks. Type VI l

In dyummic testm blant londang was simulated by • triangular load 

pulse with a rise tUn of 10 to 25 milliseconds amd a decay timo nt o.s to 

S meconds.

1.3 COmCLUSIONS

These tests have abo— that local stetic bond strengths may be 

an high ad 0.75 t^ and that under dynamic loading thia strength increases 
_ • to Fe- For all practical lengths of dment of bare. steel failure la

to be expected both under statac mnd dynamie londing- Such bare louded 

dynamically will carry a larger loud than bare londed statically, this 

increase la load carrying capacity of bare being solely due to the increase 

of steel strength under dynemic londing. ultimate bond stresses abhorred 

in these tests are presented La Table 1.1.

- 1 -
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TABLE 1.1 BOBO STRESS AT FAIIRE

m-

TYPE TYPE or FAILRE STATIC DYAMIC PERCENT INCREASE

•6 Bars
E dded Ascording
to ACI Code (11**) 
Type VIII

Steel
Yracture 1370 psi 1530 ps 125

•6 Bara 
Embedded s"
Type V

Spitl-Oat IMO pat 1620 pat O

•4 Bara 
»a»I at 1a 4"
Type vi

Steel
Fracture S31O pat 2550 pat lOS

•4 Bara .
tpi i i 11 a 3"
Type VI

Pull-out 
without 
Bplttttar

0.56

•4 Bara 
nphi aa»a aM 
Type VI

Pull-out 
wathout 
splitting

O.T» r 0.98 < SOS

08 standard
Hooks 
Type VII

Steel
Frac ture

30.5 kipe 
par hook

34.0 ktpa 
par Pa all US

- 2 -
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3. INTRODUCTION

3.1 PREVIOUS WORK
Bond is the phenomenon la reinforced concrete which is respon-

Bible for the transfer of loads betwen concrete and reinforement. The 
word bond 4s probably most commonly mssociated with adhesion of ao— sort, 
although even for plain steel bar*, which — the —at common reinforce- 
ment La the earlier days. bond was aho— to be more a friction than adhesion 

c2)•phase—now. la a deformed bar, which is a cu— hi reinforcing todany. the 
bearing of defer—it le— — the surrounding concrete takes most the res- 
possibility for load transfer. —d friction and adhesion have lost their 
significance — factors in boad strength.

Theis is extensive literature on bond tests between concrete and
st—1. Bond tests base been performed on pull—t specimens and bo—e and 
it has base found that pullout specimens represent bond conditions in boa— 
with reasonable accuracy. For this reason pull —t tests for bond are com- 
parable to cylinder compression tents for concrete strength.

Tests C1*“ ha— shown thst bond strength 1) is greater for 

deformed bars than plala bars; 2) lucres—s with average height and bearing 
area of deformations: 3) decreases with the inereas ing ratio of shearlap 
to bearlap a—a of deformations: and 4) is unaffected by the pattern of the 

do for— t i oss.
Bond of plala bars Inereases with co——to strengths below 3000 

pel. Abo— 3000 pal the i——a— la bond strength with increasing co—— to 
ro——sal— strength is very snail. — that for most practical cases, bond 

(3) for plain bars in Independert of co——to coop—sal— at—ngth. A. P. 
Clark- has shovn that for defer—l ba— at the sane amount of slip, bond 

stress 1———on with 1—— ing co—to compress1— strength.
The orientation of ba— at the tl— of the east lap of co——to la 

C3 3) — inportant f—tor. ' Be— oriented borts—tally will draw up water 
beneath then and a stiff co——to nix. as it settles. will draw a—y from 
the bar. resulting in poor bond. The oho— f—to— a— elminated if the 
ba— at the time of casting a— oriented vertically. Vibration of co——to. 
and ba— especially, 1—— —as the quality of bond in both horizontal and

* Superseript numbers la parenthesis are references presented La the 
B abl LoE raph y.

- 3 -
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vertical casting.
The distribution of bond stress alone the bar is such that it

reaches its maximum almost immediately inside the effective bond length 

at the loudecd end and drops off toward the unloaded end of the bar. At a 

length of 24 diameters true the loaded end of the bar. bond stresses are

practically zero. Therefore, inereasing the bond length does not nec- 

esssrlly inerease the resistance to pullout of a bar. As the losd on the 

bar is inerensed bond will be broken near the loaded end and the peak of 

the curve of bond stress vs. length of bar will travel towards the end of 

the bar. Average bond stresses have been observed as high as 1600 psi.

but investigators have pointed out that in sost of their tests the bar

Fractured and that bond strengths were probably in excesa of those
. . (5,8) observed.

There are no reports of bond tests where the test specimens were

loaded otherwise than statically. There is s complete lack of information
on bond behavior under rapid loading conditions.

2.2 RESEARCH PROGRAM

Due to the complete lack of information abou bond stresses under 
dynamic loading, a research program was conceived by Holmes & Narver, Inc. 
This research program was dessigned to give information about bond stress 
under dynamic loads stall ar to those experienced by structures under nuclear 
blast loading. This infornation is necessary in the design of splices in 
re in f orcemen t, anchorage of reinforcement for hinges, anchorage of tension 
reinforcement in beams, and anchorage of reinforcement through construction

Joints.
The above informat ion was to be obtained from laboratory testng

of 24 specimens of 4 general types:
Type V. Specimens of this type were designed to pull out, so that 

the effectiveness of bond to resisting pullout could be studied.
Type VI. These specimens were similar to Type V, except that 

bars of smaller diameter were to be used to determine the influence of bar

aize on average bond stress st pullout.

Type VII. spectmens were designed with hooked bars so thst the 

load capacity of hooks could be determined.
Type VIII. Bars for these specimens were to be embedded according

-4-
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I
to the latest ACI building code in order to test the adequne y of the code
requiremnts rezardinc boud for structural el-ments exp riene ring blast
londs.

it was intended to test 2 spucimens statically and 4 specimens

dynemically of each type. As testing proc ressod, certain mod first ions

in the above test program were thought desirable. Since teata on epoci-
mens *1 through 56 had shoun that steel strength and not bond ntrength 
was the limitinE factor of the failure load. it was predicted that steel

1. strength would also limit the failure lead of specimens vith booh*. It was 

decided that more useful infornatio* about bond behavior would be obtained

from additional teata on specimens of Type V and Type VI. 

of specimens tested of each type was an foliose Type V - 

Type VI - 7 specimens: Type VII - 2 specimons; Type VIII

The actual number
• spec tSMM ;

• spec imenm .

2.3 SCOPE OF RESEMECH PROGRAM
The type of loading was the same for all specimens tested yna- 

micully. The load in bars was measured at the loaded end and for some

4
specimens near the unloaded end, so that an indication of the distribution 
of bond stress along the bar could bo obtained. The deflection of the 
specimen relative to the supporting franc was measured. Ephas’s was placed 
on the comparison ol ultimate load capacity and average bond stress of 
specimens tested statically and dynamically ss the two basic parumeters, 
effective bond length and bar diamoter. sure varied. Bond stress distri­
button and loud deflection characteristics of spocimen wan a socondary 
interest. Recommendations are given for future tests so that conclusive 
information can be obtained to fora a basis for rational design where
ynamic behavior nt bond ta involved.

- 5
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3. TEST SPt.NS

3 .t DLSCRIPTIOK or sPclNS

A specimen conmsted of a reinforced comerete block shou in
Fgures 3.1 and 3.3 into -hich bond bars -ore er 
totnl of 24 specimens of 4 general typen:

There was

Type V. • spocimens with 446 deformed bars each having an 

appro* lento bond length of s".
Type VI. 7 specimens with • 24 deformed barn. la three 

specimens each bar had a bond length of 4". Two specimons were with 
bond lengths of 3“ and two with z".

Type Tit. 3 apse tmas with 4 •6 booked bare. Only the booked 
part of the bar was allowed to bond. while that part of the bar tn front 
of the book was prevented from bonding by an aluminum sheet sleeve.

Type VIII. 6 spec tanas with deformed bars embedded 
according to A.C.I. building Code (ac 318-56).

Petal is of bond bars are eboen tn Ficure 3.3 and individual
spocimen Lnformation Is presented in Table 3.1. The general appearance 

of all specimens mas as shoum in Figure 3-1, except that •14 and •15 WW 

with hooked bars with hooks turned diagonally inwurd and specimens 818-24 

were with • •4 bars placed 2" on centers.

Sleeves, ends of a thin aluminum sheet, were employed on speci- 

mens *14, SIS, and •1s-24 to prevent concrete from bonding to steel bars.

This permitted the placing of the effective boad length of bars far inside 
the specimen where there was adequate reinforcing to prevent splittin* and 

cracking-
Most specimons had 3 gages on each bond bar as shown in Figurw

3 .3. Spoctmen »1 had 3 gages on each bond bar. Thia arrangement broke 
up the cffective bond length An short lengtha and wnas abandoned. Spec- 
ments »13 and SIS were prepured without gages, and *17 was prepared with 
only one cage on ench bond bar, rith the intention to determine if the 
gages bad any appreciable effect on bond stress. Specimens *18-24 were 

prepared with only one gage became* another gage would break up the 
already abort bond Length into even shorter pieces.

7
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TABLE 3.1 GEMERAL DATA OF SPECIIENS

r

r

Spec imen Type
Inches

b
Inches

«
Inches

Total Bond 
Length of 
all Bars, Inchen

Steel Strength, ksi

Yield Ultimate

1 VIII SEE FIGURE 1 44 3/8 4110 50.0 80.6

2 VIIX 3/8 4 1/1

3 VIII 1/8 4 1/2

1 1/1 44 1/4 4040

Ca

. 5

♦
1

4
I ♦ VIII 1/4 4 3/4

3 l VIII o 4 3/4
I -

3
4

7

4

VIII 1/4

1/4

1/4

4 3/4

2 7/4

2 5/8

*....... -.......

2 3/4 43 1/2

2 3/4

2 3/4

2 1/2

2 1/2

2 1/2

♦

50.0 *0.4

42 7/4

43 1/4

43 1/4

21 1/4

20 5/8

. r
4 1/4 2 3/4 2 3/4 20 1/2

1O v O 3 3/4 3 1/4 20

11 Bar 1
2
3

v O 
O 
o 
o

3/4 
1 7/4 
2 5/4 
3 3/4

4 1/4
3 1/4
2 3/4
1 1/2 14 3/4

| 3880

-

4340

4100

3430

4200

; 2440

3320

3440

4240

t
30.0 80.6

50.0 40.4

50.C 40.4

30.0

43.3

43.3

43.3

43.3

45. 3

* 
i

1

I

40.4

74.3

74.3

74.3

74.3

74.3

*

1

)
»
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TABLE 3.1 GENERAL DATA or SPECINENS (Cont "d.)

Type
Inches Inches

e
Inches

Total Bond
Length of all 
Bars ♦ Inches

Steel Stremgih, ksi

ps: Yiele VI t arzte

13 Bar 1
2
3
4

1/4 
1/8
1/2 
1/4

-4
—

» 20 3990 45.5 79.3

14 Bars 2,3
1,4

13 Bara 1J

16=

IT

18=•

19

30

22

32

23

24

VII

VII

v Q

VI

TI

VI

71

VI

VI

71

*

1
1 7/8
2 3/4
4

s 1/4
2 
1 1/4 20 1/2 3780 45.5 79.3

4 1/4
4 5/8

2
5 1/2 39 1/2 5290 39.6 69.3

-
• */N 2

3 3/B •4 3/4 4860 39.0 69.3

5 20 5040 45.5

S 1/8 20 3/ 4490 45.5

4

4

3

3

2

2

32

32

32

24

34

14

14

• •,b, C, nee Figure 3.3, are average walues of all bars. 
ee Specimens without ceges

4310 44.7

4400 44.7

4400

4700

5400

4570

4000

44.7

42.4

44.4

44.3

40.2

-

*

79.3

70.3

77.6

77.C

77.0

74.5

73.4

77.6

71.3
-
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3.3 PWOTEITIES or MATEILLAtS

The conerete mta wan desicned for 3500 pal at 7 days and con- 

sisted of:

3 .
1 part by “eight high early stremgch Portland cement, 
l.n parts by =vight of fine agxregste, 
3.00 parts by =eight of coarse asgregate, 
• .4 zallonss of water per sack of cement .

The fine aggregate had a fineness modulus betwen 2.7 and 3.0 and the 
coarse abrogate size reagad betwen 1/2" and 3/4".

I

gacoMaa specimens could not al ways be tented after 7 days, the 
concrete strengths glows in Table 3.1 are an—wa a l la variance with the 
design walue.

All bead bare were of the dismond deformation type manufactured 
by Jones b Laughlin Steel Corp. The yield stress of etool varied between 
30.0 Mal and 90.0 bat. Steel strengths for sch specimen are given in 
Table 3.1. and a typical stress etrala diagram le above la Figure 3.4. 
The a trees etrala propertlee of bond bars were a pan abet affected by 
welding as eh own La Figure 3.4.

It in well knou that metals with a sharply defined yield point 
exhibit a delayed yield effect when subjected to a fast rate of strata. 
The yield strength of ateel wader rapid loading can be eat law ted by the 
. . (10) formula:

‘dy ‘y - 3-S -OEaot
‘ay 
",
t

yield strength under rapid loading, ksi
yield strength under standard rate of loading, ksi 
line to ronch yield point la seconds

3.3 PREPARATION OFSPECIENS
Preparation of bond bars was started by catting the bare to 2" 

lengths and cleaning thom with a wire brush. The deformstions of the 
bond bars were removed at two places diametrically opposite free each 
other by grinding and filing. Each of these surfaces was eandpapered 
and cleaned with acetone to receive one SR-4 strain gags. Gagne were 
mounted in line with the a* ia of the bar with fast drying strain gag* 
cement, and were allowed to dry for 34 hours. When dry.the gagoe were 
connected la aeries and lead wires were attached. Waterproof lag consisted

-•e
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of two coats of neoprene rubber cement covered with plastic tape and a 

cost of wax. Lead wires were draped in plastic tubes to avoid injury 

during the placing of concrete. Each gage point took up 1 1/4" of bar 

length and appeared in diameter about 1/4" larger than the bar. For 

specimens •14, =1s and «18-24 thin aluminum sleeves were employed as 

ahom in Figure 3.3. Both ends of a sleeve were seale«® with tape and 

wax to prevent bonding of concrete to stoel and -o protect the gage which

was inmide the sleeve.
All bars with strain gages, except the hooked bars, were 

calibrated in a Dalduin-Tato -Emery testing machine. Booked bars were 

not calibrated because they could not be fitted into the tooting machine. 

The calibration procedure is described in 4.3 Memsuroment of Stresses in 

Bars. After calibration, bond barn were cut to the proper length and

cleaned with acetone before Innertion in the formwork.
mhe formwork for all specimens connisted of a 1/8" thick steel 

plate placed horizontally on two wooden blocks, to which 1/8" thick steel 

plates were bolted in the form of the elevation of the specimen shown in 

Figure 3.1. The two cages of reinforcement, shown in Figure 3.2 were pre­

pared. placed in the formwork, and welded together with steel bars. West 

the bond bars were inserted through holes in the formwork and their pro- 

truding ends were tack-welded to the formwork so that they would 'ot 

change their position during the piecing of concrete. strmin gage loads 

were taken out through special holes drilled in the formwork. When in 

place, the bond bars appeared horizontally, and their horizontal position 

was maintained during casting . It is known that vertical orientation of 

bars gives better bond, but casting these apeel mona vertically was con­

sidered 1mpractical because of the shape of the specimen. Concrete was 

vibrsted thoroughly and it is believed that good bond was obtained.

Concrete for all specimens and standard test cylinders was mixed 

in a 1/3 cubic yard rotating tilted drum type aixer. One batch was suffi­

cient for one epecimen and three test cylinders.
Specimens were allowed to set 24 hours after which time forms 

were removed and the specimen was laboratory cured until the day of testing. 

Before mounting the specimen in the loading machine, each of 

the two rows of bond bars were welded to a plate, shown in Figure 3.1,

- 14 -
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tronarurred the bona bar lons to ah suvportinc frame- "-n the

spectmen OMI An place in the mnchine-
connected to recordin equipment
equipment.
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nnd strain xages connected to recordine
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4. ECUIPMNT AD INSTRUMKNTATTON

4.1 LOADING MACNILNE

Loading of the spucimens was provided by th* large capacity dynamic 

loading machine designed and constructed under Contract DA 49-129-Eng-325

with th* Department of th* Army. The machine was designed to supply a maximum 

load of 300,000 in 10 mi 11 iseconds. It is capable of producing a variety of 

different pulses with rine times not less thar 10 milliseconds. Th* machine

can niso be used for static Lests. For a more thorough discusmion of the
loading mnchine see reference Wo. 11.

To receiwe the test mpoc imen th* support arrargement of th* machine
as tasted *~ teat shear walls was slightly modified. The new support arrange-
ment is show in Figure 4.1. Esnent tally it consists of a supporting frmme
which holds th* npecimen (see Figure 4.23 and which is turn As supported by

an A-frame. The load is transferred from the specimen to the supporting 
frame which transfers the load to the truns of the machine via a strut.

4.2 MRASUREMENT OF IDAD
The applied load was sensod by a st.ain wage bridge located on the

ram of the machine. For details of this losd cell see reference Wo. 11.

The output of the ran load cell in a dynamie teat was displayed on 

two oscilloscopes. One oscilloscope displayed the totsi pulse and at the

smme time the other oscilloscope displayed on a expanded scale the rising

part of the pulse. This expanded display of the load pulse was necessary

for an accurate determination of the rise time of the pulse. The oscillo-

scopes were Dumont - Dual Beam Type 322, 3222 and 333: The trace on each
of the oscilloscopes was recorded on polaroid film by Dumont Oscillograph
Recording Comeras, Type 297.

In a atatic teat the load was increased slowly in suitable inere-
ments. The output of the ran load cell, was displayed on one oscilloscope 

and the deflection of the trace was recorded directly after each increment.

Tne ram load cell was calibrated at the beginning of thia series

of tests and again when the tests were completed. Both calibrations agreed 

1 within less than 37, and an average value of the calibration was used to 

calculate the load of all pulses.

The load as determined by this method could be in error by not more )
than 5 kps, which for the majority of pulses corrosponds to less than 57.

16 -

4



b

STRUT

£ OF TRUSS 

MEMBER

SupPORrING
FDAME

1 I RAN

: mq 1

«*•

T

t

dhisih

- -- -
L 4

I
SPECIMEN

-FRANE

FIGURE 4.1 SUPPORT ARRANGEMENT FOR TEST SPECIMEN



#

LVDT

C~

ce

I

7

/

63

•ritwamG PLATE

f -2

BCn aa73

✓

1-

) LDaDueo PL ATE

F‘9y9E « } "osrTioruno or SPECi e- m 
sPpOra FoA,r

8co 3ans

)



«

c 4.3 NASUENr OF STRESSES IP THE BARS

Gemerm1ly, stresses la bond bars were messured at two places: 
Laved lately before the atari of hood and at a place tear the unlonded end 

of the' bar (see Fgure 3.3 for gege locations). The main purpose of the 

front gege was to messure the load in the bond bar. The gage near the 

unlonded end of the bond bar was to give a one indication of the bond ntress 

distribution. la tee opaci ne as the local tow of the ascend gage was different 

for each of the four hand here so that a more mccurate distribution of bond
mtresm could too obteined.

The atrata cnges umed were the SR-4 Type A-19 and A-7 manufnctured 

by the Baldwin-Lima-Hemilton Corp. it was necensary to switch from A-19 

to A-7 la the middle af the test neries becaune A-IP wus not readily

evmileble. The only dirference, ms far aa theme tests are concerned, between

the 3 Eeges la that the 1-11 has a resistance of 60 oboe, but the A-7 130 shoe. 
The results are not mffectee in any way by thin change. Each gage aerie up 

a lop in e strain cape bridce, -hose balance was spirt when the bar was 

stressed. The mignml due to thin unbalmnce was weened and sap) if led by 

Amplifier Eystem D, Type 1-113 manufec tured by the Consol idatee Electro- 

dynsmics Corp. (C.E.C.). The migmal from the aaaplifler area receivod by 

calvemometers of 3 Ma th away Type S-14-H oscillographs. The deflection of 

thene galvenometers was recorded as a continuoun trace.

All bond bars except ne oho eere calibrated by stressing them in a 

Hald-in-Tate-Emery Testing Mnchine c6o-7E-1371) to 751 of their yield strens, 
and recording the output of the strain gage mt this level of stress by a 

3 channel Sanborn rcorer. Since la tests at rain gege outputs were 

recorded by the C.R.C. »be output of the Senborn recorder baa to be correlated 

with the output of c.E.C. This ata done by shunting a resintor across one
of the ares of a strata cage bridge.

was recorded by a Sanborn recorder at
The omtput of this unbalanced bridge 
the time of calibration and nenin on

all channels of the C.E.C. just before testinE.

The output of gege el of specimens al - 11, s)3 and olf ia not 

believed to represent the actual londs carried by bond bars in these 

npecimens. The rennon for this belief la that the weldine of benring plstes 

to bond bars after calibration of cages affected the properties of nteel and 

the output of the cages. All other ganes which ore not in the lawn d late
vicinity of welds are believed to give necurate londm.

-19-



4.4 MKASURKMENr or TIE MOVEMENT or SPECIMEN

Horizontal «aml of spc amens relutive to the supporting frnme
) .

was sensed by a linear variable differential tranafermers - LVDT’s, at the

• points shown in Figure 4.3. The LVDT’s wore of the movinc core type. Type 

2000 s-L with a lanenr range of • 1.0" and an accuracy of 0.1% of linear

range, manufactured by Schaevitz Eng Aneering Company-

Small angles were attached to bolts (see Figure 3.1) located at 

the abo-e-mentioned 3 points and a flexible aluminum rod was employed to 

connect the angle and the movable core of the LVDT. To protect the LVDT from 

dumage, the rod was peened Urmei a booh lap located between the LVDT and 

the angle which prevented the rod from moving out of line as the spec less 

moved. The flexible rods were equipped with long nuts, mo that the core
weary to fecili-

tate balencing of LVDT"s which was essentimlly the location of the core at 

the LvDT"s wall point.
The moving of the LLT core with the specimen upset the balance of 

the LVOr. Both c.E.C. and two Sanborn recorders were wood to record the 

signal free the unbalunce of the WDT‘•. Horizontal" it of points 1.
1*, 3. end 3' waa recorded by the C.E.C-. and that of ponts 3. 2’. 4 and

waa rded by the two Sanborn rec rs.

The LT*s were calibrated 6 tin during the duratiom of this
toot series. Calibratioms dated nesrest to the testing date were weed to
interpret the recordangs of a test- Calabrataom consisted la moving the 

core a certain dastance which ms aa ns ired by an Ames diml, and recording

the output of the LVDT at the eed of each it by the C-E.C- or 8 an bora

ding <m which was used to the output of a particular
LVDT am a tes:.

The error am the t of deflections Anduced by the mon-

limearity of the LDT output with the movement of the core, the calibratiom mnd 

interpretation of the c.E.C. traces has been estimated at 2 0.005 inrhes.

In atatic tests Ames daal cuges were employed te provide a cross-
ts re corded by the C.E.C. and 3 an bem recorders. Points

of at tar h—et of Ames daal were the ni — n1 •s th mi for LDT’s ihew la

Figure 4.3.
The LVDT attachment was such that it measured the elongation of

steel etween load plate and front face of specmen. Since the front stran

- 20 -
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guges are believed to give unreliable outputs it Ls not pousible te deter- 
mine the omount ot deflectaon due to elongation ot steel, «hich An turn 

tt —■ - it Amponsible to determane the —unit ot slip of bond bars. The same

c

la true for the Ames dial deflections.
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». TESTS

5.1 GENERAI

la atatic testa the load on the specimen was lac raaotd la muitable 

Increments and the deflections, bar stresses and load recorded after each 

increment. As the ultimate load wam approached continuous traces of deflec-
tionm Md bar stresmes were taken, mo tbat their values at tae instant of

failure of the specimen could Ite obtained. Before test was started a
emall atatic load was applied and removed to qheck all equipment and to puah 

Ute bearing plates solidly against the mupvorting frame-

la dynamic tests Ute shape of Ute applied load pulse was approxi-

mately trinngulur with a rise Um betMaa 1O and 2D —ill law read a and a total 
duration between SOO and 2000 millineconds. A typical load pulse la shown
La rigure 5.1. To check all equipment a loud pulse of ebout 40 kips was 
applied before the etart of testing. A 40 kip pulse wm Ute smallest load 
that could be applied satisfuctorily with the ■aril—.

The natural period of vibration of a teat epecimen wm estimated 
at 0.5 Uli—dt. Since the ri — time of a load pulao wm never lens than
• ■Hilda rm—, the ratposea of the specimen to the load pulme was expected 

and abaartad to be esmentially static with rapid londing eftecta on steel and

concrete.

5.2 fW T*** *111
s.2.1 Static TOata. Results of atatic tents pertormed m specimene

•1 and rd are presented la Appendix 1.

specimen Pl failed at a load of llO kipe and SO at 138 kipe which

La 143 higher than •1. Both specimens were considered m failed when one of 

Ute bars fractured. specimen el failed at a lower load than eO probably

b of • slight eccentricity of the applied lomd whch loaded one of the
bars of Pl aara muverely than Ute others, =hile Uto bare of •6 "ere —era 

evenly stressed. Ute total ultimate tensile strength of 4 bers of both 

specimena was estimated at 142 kps, uhich was very neariy reeched la the 

test on se. Strain gages s" from Ute unioeded ende of bare la mpecimen di 

showed loads at yield or very near Ute yield load of bars. Geges 2 1/2"

from the unlonded ends of bars in specimen «6 loeds considerably lower

then those of •l.
Both specimens were split extensively at front near the bars and

- 23 -
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Sl also showed extensive cracking at the top of specimen.
Concrete strength of •6 was 3850 pet. or 7% less than sl.

’ s.2.2 Pynanic Tests. Results of dynumic tests performed on specimens 

S3, 3. 4, S are presented in Appendix 3 and Appendix 3.
Failure londs of these specimens were IM, 161 . 1M and 1M hips 

respectively. No bars were fractured in any of these specimens. A specimen 

was considerd failed when the deflections had reached the order of megnitude 

of 1". Further deflection could not be allowed without endangering the safety

of measuring Anstruments.
Eleven pulses were applied to specimen =2 and nine pulses to speci- 

non S3. It was necessary to apply so many puises because of the dirficulties 

with recording equipment and because of the high failure loads of specimens. 
As a result of this, both specimens were subjected to large repented loads. 
Gage S3 registered incrensing loads with repeated application of a laxge lead 
which indicates that large repeated loads i ad was progressive bond fmilure. Only 

two pulses, a anal l pulse and the failure pulse, were applied to specimen St. 
This specimen probably would bare resisted another pulse of a mngnitude tits 

parable to the failure pulao of IM kips. However, since the effect of thia 

pulao would be to ancrease the deflect tone and induce progressive bond failure 

as shown by specimens S3 and S3, the specimen waa considered failed. Pour 

pulses were applied to specimen #5.
All four specimens were badly cracked ia the same manner as la

static temts-
Concrete strengths of thew specimens varied from 3880 to 4860 psi.

since all specimens talled at practically the sume loud there is no correlmtion 

bet ween ultmate load and concrete strength.

5-2.3 Discussion. A ■—ry of type VIII toots la prenented la Table
s.1. Becaune one of the bare fractured in both static tests, even though the 

total loads wore dl f ferent, both specimens can be considered as failed at the 

same average bond stress of at least 1370 pel. Large failure londa, which 

imply large steel strains, and high stresses near the unloaded ends of bars 

are a good indication that bond was broken nenr the londed end. Pros the
loads sured by the aecoM gage It is estimated that not more than 1/2

of the original bond length of 11" was effective la resisting pullout at 

fallure. Therefore, average bond stress at failure ia static tests la esti- 

mated at 2500 pel or more.
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TNBLE s.i SUMARY or TYPE nn TESTS
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Steel 8
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Static

Number of
Pulses
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Load,
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I
The average bond stress st failure in dynamic tests averaged to

at least 1530 psi. This is a 11% increase over static tests, which is due 

to the increase in the ultimate strength of steel under rapid lending con 

ditions. The increase in ultimate steel strength of 11% is rather high an

the ultimate strength la generally supposed to be time insensitive.
The loads measured by gage #2 vary considerably and are mot capable

of comparison to values of static tests- Progressive bond failure due to

the large number of pulses applied to specimen #2 and •3 is partially respon-

sible for this variation.

An estimate of the effective bond length at failure is not possible
from the scattered loads recorded by gage #2. However, it is believed that 
as in static tests not more than 1/2 of the original bond length was efective.
Therefore, average bond stresses at failure are estimated at 3000 pai or more.

Since in both static and dynamic testa steel strength was the 
limiting factor, these teats do not give any conclusive information regarding 
ultimate bond strength in either case. The tests show, however, that the 
pullout capacity of bars embedded according to ACI Building Code CACI 318-56)
is increased only as much as the ul t mate steel strength ncreases under

dynamic loading. There are indications that under repeated loads near the 
ultimate tensile capacity of bars, progressive failure of bond occurs.

5.3 TESTS OF TYPE V.
5.3.1 Static Tests. Results of static tests performed on specimens

•7, 11 and 17 are presented in Appendix 1. 
Failure loads of these specimens were 66, 84 and 84 kips respec-

tively. No. 11 and <17 failed at a load 32% higher than <7. All three 
specimens failed by complete pullout with very heavy splitting at the front 
near the bars. Bars of specimen- #7 were removed and the failure surfaces 
were inspected. This inspection revealed that on two of the bars there was 
fine material, ground up by the sliding of the bar, over the entire length 
of the bar. The other two bars showed fine material only over the length 
between gage <2 and the end of the bar. Between gage <1 and gag* «2 the 

} 
impressions from the deformations in the surrounding concrete were clearly 
visible. This indicates that a crack had reduced the effective bond length 
of two bars from 5}" to 22". This is probably the main reason why <7 failed 
at a much lower load than <11 and <17. Failure surfaces of <11 and <17 were 
not inspected. Generally, failure surface inspection was made only occasionally

27
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bucause of the difficulties to removimg bars.
Gag* =2 which -as lorated at the midpoint or bond length, aboard 

an average of 10 kips at failure, -ttch to 1/2 of the ytele load of 20 kipn of 
ewch bar.

Movement of specimen =7 =es of the order of 0.1". that of oil 

and »1T of the order of o.2".

Concrete streneths of these three specimens ere 4200. 4240 and
4400 p«l respectively. No correlation of concrete strength and failure
load la possible because of the large influence of eracking and splittng
OU failure load.

5.3.2 byaanlc Tests. Results of dynamic tests performed on spei- 

mens SO. 9. 10. 12. 13 and 16 are presented in Appendix 2 and Appendix 2.

Failure Inada for these specimens were 73, 98, 71. 71 and 75

kl pa. No record of the failure load was obtained for specimen O1O because 

of difficulties with recording equtpment. All specimens failed by pullout 

with be ary cracking and splitting. Failure load of so is 341 higher than 

failure loads of other specimens la this group. Thia dfterence la probably 

due to cracking, or rather the absence of cracking in •9 and pro ounce of it

In all other specimens of thin group.
There La a considerable scatter in the loads messured by gage «2

at failure. However, they tend to be higher than the LO kips nanon rod la

static tests.
Moremant just before failure of all specimens was of the order 

of 0.2“.
Concrete strengths of these specmens ranged from 2960 to 5040 

psi. There la no apparent connection between failure load and conerete 

strength as exewplfied by spectmen r® shich had a concrete strength of 

3520 psi and failed at 9s kipa and specimen =16 -hich bed a concrete 

etrength of 5040 pct. but failed at 75 kips.

5.3.3 Dtscnaaton. A si—cry of Type v tests is presented in Table 
5.2. Since all specimens of Type v /ailed by pullout, the average bond 

stress at failure bears some relation to average ultimate bond strength. 

Ignoring crachin* and assuming that at failure the total orginni bond 

length was effect ire in resisting pullout, the average band etress at 

failure, and therefore, average ultimate bond strength for all specimens

-28-
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tented both ntatienlly and dynamically was computed to be 1620 psi. 
sidering the ruduction in effective bond length caused by cracking.

Con-
and C

recocntzine the fact that in some bars this reduction was 50%, a specu- 
lative eat mate of average ultimate bond strength would be 3300 pal. This 

is supported by the fort that la dynamic tests loads up to 20 kips ww 

recorded by zage •2, located from the unloaded end of the bar. This
means that 30 kips was resisted by a bond length of giving an nverame 
bead at fees of 3400 psi.

Thp above estimates of ultimate bond strength depend on the 

definition of failure of bond. If cracking and splitting are considered 

as an essentinl part of the failure procens, then the value of 1030 pal is 

a good estimste of average ultimate bond strength both under static and 

dynamic loading. If. however, cracking and splitting are considered as 

side effects of bond failure and mensures are taken to prevent them, then 

the 3400 pal estimate for dynamic average ultimate bond strength would be 

more correct. In this and following considerations splitting and cracking 

will not be considered as essential parts of bond failure, but their 

effects oa the resistance to pullout of bars are recognized. Therefore, 

specimens of Type V can be considered as failed prematurely due to splitting 

and an average ultimate bond strength of 3400 psi or nore could be expected 

if splitting was prevented.

Conparing the average ultimate load of 3 static teats to the 

average ultimate load of • dynamic teats It is found that the tea values 

are the same. This is probably due to splitting which involves tension 

strength of concrete which is believed to be insensitive to rate of strain. 

Because of extensive crocking at failure, which baa a const* 

derable influence on the sine of the failure load and which is not con-

sidered here ms an essential part of bond fallure, these tests do not Eive 
any conclusive information regarding either static or dynamic mvermge 
ultimate strength of bond. even though all specimens failed by pullout.

la specimens *11 and *13 the location of gage •2 was varied to 
obtain a bond stress distribution along the bar. Curves of percent of 
total load in bar vs. bond length of bar and bond stress vs. bond length 
for ststic test on specimen ell are presented in Fizure 5.2, and Figure 
S.3. respectively. Curves of Figure 3.3 were obtained directly trom test

4
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results of spec l sen *11 presented La Appendix 1. Bond stresses in

Figur 5.3 were obtained by taking the darference of londs measurud by 
adjecent geges, which were used in Figure 5.2, and dividing this differ- 
ence by the bond area betwven adjacent gages. Curves in both figures are 
rough approximations since the load on which percenteges of Figure 5.2 
were based, varied as ancb as 20% from bar to bar. The curves of Figure 
s.3 even though approximate, point out the wave-like distribution of bond 

stress along the bar observed by earlier investigators. Curves for 
specimen *13 uhich wee tested dye—1 rally could not be obtained becsuse of 
scarcity of data.

5.4 TBTB or TTPB VII
Only two specimens of this type were tested- Specimen 214 was 

tested statically and spec lean ws dynamically. Test results of these two 

spec teens are presented in Appendix 1 and Appendix 3 respectively. The 

state of both a poc tea a a at failure is summarized in Table 5.3. 
Specimen *14 was considered as failed when one of the bare frac- 

tured near the location where bond bars were attached to the bearing plate 

by welds. The failure load was 113 hips which is close to the ultimate 

tensile coper ity of 133 kips of 4 bond bars. The deflection of the specimen 

just before failure wee of the order of 1.5"- Specimen «15 failed at a load 

of 136 kips. specimen was considered as failed when it had reached the end 

of its allowed length of travel of 1.5".
There was no splitting or cracking nny share on the specimen, 

because the hooked part of each bar, which was the only part of the bar that 

was allowed to bond to concrete, was located in the heavily reinforced part

of the specimen.
One of the sages located tj" free the beginning of effective 

bond length, measured around the bend of the book. indicated a load of only 
• hips at failure. other gages at the same locatiom of both »14 and *1S 
showed even smaller loads. This indicates that the transfer of load from 
steel to concrete takes place more intensively near the beginning of bond 
length oa books than on straight bars. which is to be expected because of 
the additional bearing of book as a whole ngainst concrete.

It is apparent froa these two tests that steel strength is the 
l1miting factor of load capacity of books loaded either statically or

- 33 -
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TABLE S.3 SUMARY CT TYPE VII TESTS

1
ca

Type 
of Teat Specimen fC •

Static

Dynamic
14

IS

5290
4860

SteelStrength,Kips
Yield

70

S1

Ultimate
Static

Number of
Pulses
Applied

Failure 
Load.
Kps

Rise Time 
of Failure

Load.
Bill 1 seconds

122
122 S

113
136 IS
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I dynmmically- This muat be qualified by requiring that crackng and
splitting be prevuntod. If the hook had buen placod immodiately inmide 
the spocimen, it would have split out an exemplafiod by the heavy 

splittine of Types v and Will. The increase in load capacity of PIS over 
<14 la egain as in Type will solely due to the ancruane of ultimate 
tensile strength of a tool under rapid londing condtions.

Any dltcMaion of bond stress to arrelevant since hooks transfer 

load to a somewhat different aeons r than straight bars.

5.5 TESTS OF TYPE VI
5-5-1 Ste.l*c Teats. Teat results of static tests performed on 

spocimen «19 and «22 are presented to Appendix 1.

Specimen «19 was considered an failed steen one of the bars 

fractured at a total load of US kips on the specimen, which la very near 

to the total ultimate tennion load capacity of • bars of 1X3 kips. speci- 

non #22 failed by pullout at a total load on the specimen of 114 kps 

which is also very near to the total ultimate tension load capacity of 

the steel of 11T kips. Deflection of specimen =22 was of the order 1.2" 

or 50% grester than that of specimen PIS.

The reason for the two different modes of failure is mainly 

the dirference to effect lee bond lengths of toe two spocimens. Back bar 

of «19 kad an effect lee bond length of 4" as r naps rod to only 3" on each 

bar of P33.

There was no splitting or eracking anywhere on either specimen. 

Concrete strength of these two specimens were 4400 and 5400 pet rospec- 
Mealy.

5.5.2 Dynanic Tests. Test results of dynamic tests performed on 

specinens <1S. 30. 31. 33 and 34 are presented La Appendix 3 and Appendix 3. 
These mpecimens can be arranged to three croupe according to the bond length 

oa each bond bar.

Specimens <1S and P2O wita 4" bond length on each bar comprine one 

group. In both spec Isens steel failure was oboereed, though PIS failed at 

1ST kips, bat •20 only st 119 kips total load on the specimen. This differ­

ence is probably due to an eccentricity of the applied load.

Specimen «21 was the only one with 3" bond length on each bar. 

which was lasted dynamically. No rcord of the failure load was obtained

-35-



due to difficulties with the recording equipment. The specime failed 
by pullout.

Specimens «23 and 034 had 3” bond lengths on each bar. Both 

specimens failed by complete pullout. Specimen 23 tailed o* 113 upe 

but •24 •* 97 kips. It la to too noted that both steel and concrete wero 
stronger in 033 than in 084. end that ateel yielded to both even though 
esch bar had a bond length of only 2".

5.5.3 Discussion. Th 0*0*0 of oil mpecimons of this type at 
fmilure to summarized la Table 8.4.

The average static bond stresses at failure of spcimens si9 

and 033 were co=puted to too at lenst 3310 and 3030 pei respoc tively. Since 

e tool failure was observod la #19, end the load on 033 was qure near the 

ultimate tension load capacity of steel, mplying largo strains. 1* la 

believed that the original bond lengths of 4" and 3“ respectively were 

reduced a* fmilure. Thia indicates that local wit mate bona strength la 

quite poar to Um compressive strength of concrete.

The dynmmic test cm mpocimen 018 abaca aa increnne la load 

capacity over specimen 018. its wtatic counterpart. mhis incrense to 

mzaim about ill and la due to the incremse la ultimate tone ion strength 

of steel under rapid londing conditions. Spocimen20 was considerua an 

failed at 118 kipe elthough it ta believed that it coula have resintea 

another pulse of about 130 kips which would aupport the dlucusston of 018.

The average bond stress at failure of spocimens #23 and 034 was 

coupe tad to toe 4800 and 3080 pel. which in BOS and 973 of concrete strengths 

of 4570 and 4000 psi resper tively. Since tooth specipens failed by pullout 

the above bond stresses are ropresentative of dynamic ultimate average bond 

strength.

5.6
Becmune • comparinon of static end dynmmic bond strongths could 

not be obtmined from tests on the 34 specimens of this researeh program, 

mdditionnl otatle toe to aw re performed. This supplementary program con- 
sisted of two parts:

1) stetie *oo*a on three spocimens tazs. 26, 27) wirh one 04 

deformod bar embedded 2" and splitting prevented, to 

determine 0*0110 01*100*0 average bond strength mnd to 2
I - 36 -
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TABIE S.4 SUNAARY or TTPS VI TESTS

C 
0
C

Type 
of Test Specimen Total

Bond 
Length, 
Inches

Steel

d-
C-3

Static 19 32

Dynemic IS 33

f

4400

4310

Yield

72
82

Dynamic 30 33 4400 S3

33 34 5400 74
f 
u

* Dynamic
Dynamic

-- -

33 13 4370 37

24. 13 4000 74

Strength,Kips
uitimate 
Static

Number of
Pulses
Applied

Fallure 
Load . 
Kips

Rise tiM 
of Failure

Load.
Milliseconds

Averace
Bond Stress.i 
u, at 
Pel lure .psi

u •
^c

■

♦

123

133

133

117

134

114

4

5

3

*

11«

137

110

114

113
•7

30

31

33

33

>310 0.56

2730 0.63
3370

3030

4300
3860

0.53

0.54

»

*

0.94 i
0.37



facilitate a comperison between static and dynemic 
ultimte average bond strengths.

2) Static tests on three specimens 28,29,30) with one
•4 plain bar

<

2" with mplitting prevented, to
determine Um bond strength or Um frictional umnd 
adhesive forces and dimplecements of plain bars no 

that a better understending of the mechanism of iced 

transfer between deform d bars and concrete cow Id be 
gmined.

The appearance of a test specimen of thia supplementary 

progrem la shown in Figure 5.4.
Concrete mix for 6 specimens and 3 cylinders was the sane and 

prepared under the sane conditions as La the main program of this 

research. Form for spec lawns were thane wood to cent cylinders. Spiral 
relnforceneat extending the whole length of epee Ima was prepared from 

1/0" di am ter steel wire. Mond bars were oriented cortical ly at casting 

and the miz was vibrated thoroughly. Specimens were laboratory cured 

for 7 days at which time the strength of concrete was 4000 pat.
Stool strengths of defamed here were 44.9 hai yield and 73.3 

hat ultimate. mone of plain bars were 43.3 Itai yield and 64.5 hat 
ultimate.

A spocimen was supported m the top cross-bar of a Baldwin-Tate-
Emery Testing herb Im (6-1371) and load was applied by the lower cross-

bar of the ear b l ao. Load was Increnned continuously at a rate of 10000 

per minute on a pec Imao with deformed bars and at a rate of 2500 per 

minute m specimens with plain bare. Slip of the wal oodad end of bar was 

■ —mil with an Ima dial to 0.001".
specimens 25, OS and 27 with deformed bars failed at 0.00, 

9.57 and 0.30 hi pa respectively. At these loads bare slipped in Janpo 

with load deczeasing at each slip. Specimens did not fall muddenly by 

pullout become the load was not allowed to follow the deformation, an 

the tootles nerhine is a oomtant strain not coantant load eachtas. At a 

total slip of o.s" specimen •25 still carried 3 hips. Load deflection 

curves of opscinane r3S, PM, 27 are presented to Fgure 5.5. Mo deflec- 

• tons were recorded wp to 3 kips for specimenn •25 and 27 and large

- 38 -
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3%"" $ SPIRAL REIFORCING 
OF Ye" WIRE

N 4

12""

«

I o

6"*

►

I

»

AMES DIAL (0.0001")

ALUMINUM SLEEVE

SPIRAL REINFORCIHG

2"* BOND LENGTH

AMES DIAL ATTACHMENT

SUPPORT FROM 

CROSS-BAR
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MACHINE FT?

BAE

!• ATTACHMENT TO LOWER
CROSS-BAR OF TESTING MACHINE

FIGURE 5.4 TEST SPECIMEN OF SUPPLEMENTARY TEST PROGRAM
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I deflectionn started nt 9 kips. The failure of specimen «28 was much 
more brittle with large deflections starting almost suddenly at 
kips.

Specimens “28, “29 and *30 with plain bars ailed at loads 1.83, 
2.22 and 1.64 kips respectivei y with alaoat no deflect Lon at all before 
failure. After fnilure specimens continued to carry decrensing load at 
increaning deflect loma.

From thene tests the statie ultimate average bond ntrength of 
detormed here wee established at 2980 pel or 0.75 f^. A bonding strons 
of 600 psl was obtained for plain bars.

i •

I
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GENKRAL DISCUSSION

All tests can be grouped Lalo a lx cetegories mccording to the 

length of anti) ddmatit of ench bar of a specimen. For ench of these groups, 

except hookn, the avernge bond stress at ailure, u, and the ratio or 

averaze bond ntrens to cylinder compressive strength, “/r". is prenented 

in Table 6.1. This table shows that there are three modes of failure: 

failure by fracture of steel, failure by mpltout, and failure by pullout 

without mplitting.

The failure of a bond bar by fracture of steel requiren a 

certain bond stress which is a function of steel strength and length of 

oahadaant, but not a function of concrete comprenstve strength. Therefore, 
for thia aerie of failure the ratio “/r" in meaninglens, and only ntatic 

and dynmmic bond stresmes should be compared. Any ancrense of dynamic 

bond stress over static bond stress at failure ia nolely due to the etrain 

rate sonmitiveness of steel strength and waa obnerved to be 10 - 19%.

In nplitout tests the load capacity of a bond bar depends on 

conerete tension strength and on the shape of the failure surface. Since 

both of these factors are hard to evaluate quantitatively, it la wore 

reasonable to express bond stress at spittout in psi rather than involve 
another parameter, numely fe. Because it ts believed that concrete tension 

strength is, I sensitive to strain rate, it is not surprising that the 

load capacity of bond bars did not increase under dynamic loading.

Dynumically ter ted pullout specimen #24 and statically tested 

pullout specimens «25, #26, and «27 had the same cylinder compressive 

strength of 4000 psi, which made the comparison of static and dynamic 

ultimate average bond strengths possible without involving cylinder com- 

presalvo strength. For the dynamienlly tested rallout specimen #23, 

cylinder compressive strength was 4570 psi or 24% higher than that of 

specimen <24. The dynamic ultimate average bond strength increased 17% 
but the ratio “/f for both F23 and *24 remained essentially the same. 

This has led the author to believe that comparisons of static and dynamic 

ultimate average bond strengths of pullout tests should be based on the 
ratio “/r, rather than on bond stress. Thia ia by no means a conclusive 

observation becauee of the limited data on which it ia based.
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TALE 4.1 BONO STEESS ANO RATIO OF BOID STRESS TO COMPRXSSION 
STRENGTH AT FAILRE

Type Type of
Failure

Static 
u, pal u/f Upua u/’e

Ri re eat

•6 Bara 
Embedded According 
to ACI Code (11">

•6 Bara
■Wiki 1 4 4 1 4 s"

•4 Bara
Embedded 4"

•4 Bara
Full i aii t 3"

•4 Bara
Embedded 2"

PS Standard 
Hooka

Steel
Fracture

Split-Out

Steel
Fracture

Pull-out 
Without 
Splitting

Pullout 
Without 
Splitting

Steel
Fracture

1370 0.33 1530 0.36 12% 3%

1430 0.34 1030 0.44 O 16%

3310 0.33 3430 0.58 10% 12%

3030 0.34

2980 0.73 4130 0.98 40% 30%

30.8 kipa 
per book

34.0 kpm 
per book 11%

TABLE 4.3 BOND STRESS AT FAILURE

Type Type of 
Failure

Static Dynamic Percent Incrense

•6 Bara • 
Embedded According 
to ACI Code (11")

•6 Bara
Embedded 5"

“G Bara

#4 Bara
Embedded 3"

#4 San

•6 Standard 
Hooks

1

Steel
Fracture 1370 pal 1830 psi 127

Split-Out

Steel
Fracture

Pull-Out 
without 
Splitting

Pull-Out 
without 
Splitting

Steel
Fracture

L56

1430 pal

3310 pal

0.84 t c

0.78 f, C

30.5 kips 
Par Hook

- 43 -
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1430 pal

3830 pal

0.98 f. c

34.0 kips 
Per Hook

O

10%

30%

11%



The darference La static ultimate average bond strengths of _ 
3" pullout bars and 2" pullout bars is due to bond struns dastrbution 
nlong bar. Previous investigators have observed that bond stresses are 
essentially sore at 24 dinmeters from the loaded end. Since 3" and 3" 
represent S and 4 diene ters respectively it follows, and tests indicate 
this, that at the end of the bar there are substantial bond stresses. 
Mowver, La the 3" bar these stresses are higher than in the 3"bar, resulting 
in average bond mtrengths as presented in Table 6.1. For the above reasons 
the ultimate average bond strengths given for the 2“ bars should be very 
near to the ultimate local bond strengths.

For the reasons discussed above it is believed that Table 6.2 
is more reprsentative of the behavior of bond wader static and dynamic 
loading than Table 6.1.

Bond strss-slip curves could not be obtained for reasons given 
in 4.4 Messurement of the Movement of Specimen, for any specimens, except 
25, •26 and •27 which are premented La Figure 5.5. The deflections pre­

sented La Figure S.S indicate that most of the deflection is specimens 
Fl - 24 was due to the elongation of steel between loading plate and the 
front face of specimen.

It is of interest to look into the mechanism of bond of deformed 
bars which is capable of transferring stresses of tbs order of f from 

concrete to steel. At failure a bar of specimen «23 carried at least 14.1 
kips, which is the- total load applied by the ram divided equally among 8 
bars. Because of a slight eccentricity of the applied load which is un­
avoidable, scam bars carried slightly more then 14.1 kips and others less, 
so that the 14.1 kips is a lower limit on the maximum load carried by a 
bar at failure. The surface area of a 2" long *4 bar is 3.14 Ln. 2 The 

ratio of bearing area of deformations to shearing area of 44 bars with 
diamond de fo rest ions is 11.6. Assuming the area of deformations is small, 

2 2the she wring area can be taken aa 3.14 in. and the bearing area as 0.29 in. 
Concrete with a strength of 4.57 kai, with its strength corrected in 
accordance with the rate of strain, could provide a pullout load of only 
slightly larger than 1.6 kips, if the pullout capacity of a bar was derived 
only from the bearing of deformations on concrete. This means that 13.S 
kipa would have to be transferred by friction and adhesion at 4000 psi..

- 44
2 n C
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This is not possible because previous Investigntors have reported plain 
bar bond stresses of only 300 pel. and because tests on specimens zs, 
«29, #30, which were with plain bars, indicated plain bar bond strength 
of 600 psi. Furthormore, failure of plain bar bond takes place at very 
small deformations so that the adhesion and friction on a deformd bar 
could never follow the yield strain of a steel bar. It is dear free 
this that all load at or near failure is transferred by the deforest lone 
in bearing, with bearing stresses of the order of so ks, which inpl lea 
concrete compression strength of the same order of magnitude. however, 
since cylinder strength was given as 4.57 kai there is a discrepancy. 
This discrepancy can be explained by the high degree of continement of 
concrete undergoing compression in the vicinity of bond bar deformations. 
Tests performed by Bridgman"3‘on metals and other Mteriala including 

quarts and marble under high hydrostatic pressures show that comprensive 
strength of these sate rials increases with increasing hydrostatic 
pressures. Thess tests did not include concrete as one of the materials, 
but since the tests included a variety of materials, it is reasonable 
to extrapolate an increase in compression strength of concrete under 
lateral confinement. Since this confinement is of a high degree, a 
concrete coup manioc strength of 50 hsl is not perhaps no unreasonable 
as it appears. The fact remains that the deformations am capable of 
transferring 14.1 kips of load to surrounding concrete.

After the load has been transferred to the concrete occupying 
the spaces between deformations, pure shear strength of concrete on a 
cylindrical surface parallel to the axis of the bond bar Just outside 
the deforest ions he rones critical resulting in "bond" failure. Bond 
bars removed from specimen «22 which failed by pullout had concrete 
sticking to the bar between deformat ions, . which supports the shear type 
of failure involved in bond failure. Ass using that the shoar stress 
distribution is uniform along the bar, the dynamic average ul tina to 
■bear strength is established at 4500 pel or 0.98 r . This strength
is much la excess of the 0.50 r‘ reported by Nawy and Shah (12) However,
these authors pointed out that shear strengths under dynamic londing 
could be higher than those reported depending on the type of aggregate 
used and the amount of transverse compression applied. it s believed

3 - 45
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that the transvermo comprossion on tho fallure plane mround bond 

bars La much higher than that an th* shoar key specimons, due to 

uhrinkage and confinoment. Connidering ta» above, the observed 

shear mtrengths La thes t**ta nre not unreasonable.
Shear key tallure dtfers from bond failure in that La 

chear keys the fallure plane may have to pass through pieces of 
gravel, while La bond fnilure the failure plane paases entirely 
through the tine matorinl of the concrete mix consisting of fine 
suna and gel drawn to the bond bar by vibration. It to beyond the 
scope of this report to estimate the influence of ezgregate on the 
mhear strength La bond failure.

It La clear from the above discussion that bond failure 

Anvolves shear strength which for static loodtac La of the order 
of 0.75 f * and for dynamic londing of the order of f^. Concrete 

compresston strength and the degree of confinement under which 

concrete La compresmed ar* important La bond, bat shear strength 

La the criticnl factor. Bond strength La also influenced by the 

type of concrete mix.

I

I
-

- 46 -

U(U



•m

7. CONC1ASIONS AND HEUOMDNDAT TOnS

7.1 CONCWUSIONS
Fran the discuss Iona of the two provious mections it is concluded

that:
1) Bond is a complex ph on involving concrete compression

2)

3)

4)

3)

strength, pure mhenr strength, and the dogree of conrinement 
under which thene strengths are developed. Fare mhear strength 
uhlch La of the order of O.n r umder tetic londing mnd of 
the order of r under dynamic loeding. La the critical factor 

La bond failure.
splittine and crackinE are very importont factors influencing 
the pullout renintance of bonded bars. If thaoe factors are 
effective no increase La losd capacity of bond bars under 
dynamic londing over static londing should be expected.
The ultimate load capacity of hooks prevented from splitting 
out Ancreanen with the rate of strain. mhis inerense is 
solely due to the increase of steel strength under dynamic 
londing-
Bond strengths under both static and dynamic londing La high 
and in all but leprae tic ally short bond lengths steel failure 
La to be expected. For all practical lengths of embeddment of 
bond bars the inereane in load capacity of a bond bar under 
d ya sale londing over static londing is due only to the increase 
of steel strength under dynamic londing.
Bond requrements of ACI Build Lac Code (ACI 318-56) are ade­
quate for structural elements experiencing blast loads, but 
progrussive bond failure and large slip should be expected 
from large repeated dynamic loads.

7.2 RECOMOMGENDATIONS
In order to gain a better understanding of the behavior of bond 

under Static and dynamic loading, and to on "lish the observationa of these 
teats conclusively, it is reoommended that the present research program be 
extended to include the following investigations:

1) Static and dynamic testa on bond bars preferably 3" long with 
different diameters to determine the influence of bar diameter

- 47



on pullout renistance of bond bar*.

2) Static and dynamic. tests on bond bars with same length and

C
dded La conertes of different strength, to

determine the Incluence of f oa baa J strength. C
3) Testa involving progressive ailure of bon*.
4) Tests en boa* bars embedded according to ACI Bullding Code 

with means of investigat La* the bond stroms-slip character- 

isticm of ban* bar* under dynamic loadla*.

Xa carrying oat the above investigations it is recommended that 

■ lip of loads* and sal a ad ad end of bar be measured to 0.0001" so that 

sccurate bond strss-slip curves can be determined la all tests. Prefer- 

ably, apart naaa should consist of one bond bar to mmke the deflection 

sensing essier and more accurate. Widia* or any other process which altera 

the state of stool from its normal state, should be avoided.

a
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VKDO •l

Lond
Klw

____________ _ _________________
Gage 1 a—o 3 Gage 3

048 3
Gage 1 Gage 1 Gage 3

BAR 3
Gage 1 Gage 8 Gage 3

BAR 4
Gage 1 Gage 3 Gage 3

■
8

o 
13 
30 
57
7a

103 
ill 
lie

O
3.1
7.0

13.1
10.0
83.0
83.0
83.0 
83.0

o
1.1
3.0
0.3

11.0
10.0
10.7
10.0
81.3

O 
0.1 
0.0 
3.0 
4.3 
0.0 
7.4 
0.4 
0.0

O 
0.3 
1.7 
0.1 
0.7 

80.0 
33.0 
83.0 
83.0

O
. 0.3

0.0
3.4
7.1

10.3
10.0
33.0
33.0

O 
o 

0.4 
3.0 
0.3 

18.1 
14.4 
17.1 
10.0

O 
3.9

O 
1.6 
3.4

YIELD LOAD 22.0 KIPS

18.3
22.0
22.0
22.5

35.5

18.3
22.0
22.0
22.0
22.0

O 
0.0 
1.S 
4.3 
0.0 

14.0 
16.5 
10.3 
10.3

o
3.4
6.5

13.5 
33.0 
33.0
34.3

O 
1.4 
3.0 
7.0 

10.0 
33.0 
33.0 
33.0 
83.0

O 
0.0 
1.5 
4.0 
0.1 

10.0 
10.0 
30.0 
83.0

>(



SPECINIEN #6

Load
Kips

BAM 1
Gage 1 Gmze 3

BAM 3
Gage 1 Gage 2

BAM 3
Gage 1 Gage 3

RAM 4
Gage 1 Gmge 2

O
1O 
34 
54 
67 
76 
as

o 
U.S 
17.9 
33.0 
3S.3

103
106
110
116
119
131
125

134
130 35.5

O 
0.3 
0.3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.8 
1.1 
1.5 
3.0 
3.3 
3.3 
3.0 
3.3 
3.0 
4.6 
9.5

Q 
1.0 
7.4 

16.8 
38.0 
33.0 
33.0 
33.0

O 
O 
0.3 
0.4 
1.0 
4. 1 
6.5 
7.9 
9.S 
9.7

10.0 
11.3 
11.0 
13.0 
13.3 
14.4 
10.0 
17.4 
17.3

o
4.4

11.3
30.0
33.0
33.0
33.0
33.0

O 
0.3 
O 
0.3 
O 
0.3 
4.4 
4.4 

10.0 
-1.3 
-3.0 
-8.3 
-1.0 
-1.0 
-1.4

0 
0.3 
1.0 

-1.0

O 
10.0 
10.3 
30.0 
33.0 
33.0 
33.0 
33.0 
37.3

o 
0.3 
0.0 
1.7 
3.0 
3.0 
3.0 
0.3 
0.0 
7.0 
7.8 
0.3 
0.8 
0.3 
9.6

10.0 
10.0 
11.8
0.0

YIELD LOAD 20.0 KIPS

SPECIIN ♦

Kips Gnge 1 Gage 8
_____ HA2_____

Gage 1 Gege 8
______ BAn_3____
Gage 1 Gage 3 Gnge 1 Gage 3

O 
13 
M 
31 
36

41
44

63

--

0
0.0

13.0
10.0
10.0
10.0
>0.0
>0.0
>0.0
>0.0
>0.0
>0.0
>0.0

O
2.5
4.4
7.6
8.6

9.2
9.2
9.2

0.0
0.0

10.1

0 
-0.1 
-3.1 
-8.1 
+1.6
0.0 
7.0 

10.8 
13.8 
17.3 
10.0 
>0.0 
>0.0

O

-0.8
O

-0.0
*0.0
4.4
8.0
7.0
0.0

11.1

O 
S.4 
5.9

13.0 
IS.S
14.0
10.0
10.0
30.0
30.0
30.0
30.0
30.0

O 
0.4 
0.0 
1.0 
3.1 
4.8 
0.0 
0.0 
7.7 
0.4 

10.7 
18.3 
10.3

O
7.7 

11.0 
10.0 
17.0
17.0 
10.0 
10.7 
20.0
>0.0 
>0.0 
80.0 
10.7

•
1.9
2.6
4.4
5.0
5.6
0.3
s.5
0.0
0.4
8.6
8.8
8.6

YIELD LOAD >0.0 KIM
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SPCIMEN All

------------

V

Load 
Kpa

BA* 1
Gage 3 Gage 1

BAK 2 BAM 3 BAM 4
Gege 3 Gege i Gege a Gage 1 Gege a

0
14
33

37

03

*3

70 
74 
T9 
*1 
04

Lond 
Kapa

13
30

54 
eo

74
T9

92

101 
102 
107 
All
113

O 
3.0 
8.3

29.1
20.0
20.0
30.0

O

1.7
3.0
4.0
0.0

11.0
13.0
17.4
30.0
30.0
30.0
30.0

O 
0.4 
0.8 
1.4 
3.0 
3.0 
4.0 
4.0 
0.3

7.3
8.4
8.7

10.1
10.0
11.0

YIID LDAD 20.0 KIPS

SPECIMEN •14

BAA 1
Gage 1 G

BAM 3
Guge 1 Gage 3

0
0.8
8.8

17.4
17.8

O 
0.1 
0.1 
0.5 
0.0 
1.7 
2.7

3.1 
3.4 
3.7 
3.0
3.B 
3.3 
3.5 
3.9 
4.1
4.3

-1.4 
♦4.3 
10.4 
18.8
10.0 
17.4

-

o 
0.4 
1.0 
1.4 
1.0 
1.0 
1.0 
3.0 
8.3 
8.0 
3.0 
3.0 
3.7 
3.7 
3.0 
4.4 
4.7 
0.0

YIELD LDAD 17.4 KIPS

- 84 -

O 
0.0 
0.0 

13.8 
10.7 
30.0 
30.0 
30.0 
80.0

0
0.1

18.0
10.0
17.4
17.4

o 
0.0 
1.3 
a.3 
3.0 
4.0 
0.0

7.7

8.8
8.0
0.7
0.7
0.0
8.8

O 
0.0 
1.0 
4.4 
0.7 
7.0 
0.3 

10.0 
11.1 
13.4 
10.0 
17.9 
80.0 
30.0 
38.0 
20.0

O 
-0.3 
0.1 

-0.1
0 
o 
0 
o
0.1 
0.4
0.0
1.0 
8.1
3.0 
8.8
3.4

A.g.a
O 

-0.2 
-0.3 
-0.3

O 
o 
o
1.1
1.1 
1.3 
1.4
1.7 
1.7 
1.8
1.8
1.0 
8.1 
8.1

0 
0.3 
3.0 
7.3 
8.4

11.1

O 
O 

0.1 
1.3 
1.0 
3.8 
1.7 
1.7

1

€ GO

bem mne



I

-- SPLCLaLX *17

Lond
Kips BAM 1 HAM 2 BAM J BAR 4

11
>1
27
36
45

54

•
4. 1
6.4
0.0

13.0
10.0
30.0
30.0
30.0

*1

•2
64
71

BO
82
84

Lond 
K°pe

O 
IB 
11 
>7 
40

54
62
<7
72
74

81
85

94

103
107
112

O 
8.8 
3.0 
3.3 
3.8 
4.4 
8.4 
6.8 
8.7 

10.7 
13.3 
18.3 
30.0 
30.0 
30.0 
30.8

o 
7.1 
9.9 

1S.O 
14.6 
17.7 

' 10.1 
30.0 
30.0 
30.0 
30.0 
30.0 
30.8 
30.8 
30.8 
81 .8

O 
-1.4 
-0.1 
• 1.0
2.5 
4.1
4.• 
8.4 
0.3
7.0
8.7 

10.3 
13.0 
14.1
10.8 
18.0

YIELD LDAD 20.0 KIPS

SPECIMEN *1*

BAM 1 BAM 3 BAM 5 HAM 7 BAM •
•

3.00
3.10
3.08

8.83
7.87
8.10
8.30 '
8.82
s.95

O 
0.07 
1.33 
3.14 
3.10 
0.33 
7.71 
0.03 
8.05
-

O 
3.37 
3-96 
8.38 
7.43 
8.88 
8.95 
a.os

o 
0.80 
1 .08 
1.70 
3.71 
3.31 
4.13 
3.87 
0.70 
8.38 
8.08 
s.95

O 
0.10 
0.80 
1 .34 
1 .82 
2.40 
2.03 
3.40 
4.38 
0.41 
7.38 
8.95 
«. as

—

.. ... -.... . ........
YIRI LDA s.95 B IBB
an nroan FOR nas 2,4,6

55 -

f

1
*



r

Lond 
KAp= 

o 
10 
22 
30 
>7

s2

63

70 
T4 
77 
•a

• 1

103
107
110
114

SPECIMN «22 c
BAn 4 BAA • BAA • BAR 7 BAR •

0 
0.24 
0.39 
0.73 
1.17 
1.46 
1.00

3.01

5.10
6.08
7.15
9.00
9.28

•
1.67 
2.59 
3.82 
5.12 
6.20
7.46 
• .Ml 
• .13

•.at

9.28
• .Ml

0 
1.03 
3.04 
3.31 
3.B3 
3.31 
3.93 
3.03 
6.61 
7.04 
• .11 
7.40 
6.60 
6.60

* 9.28 
9.28

0 
0.91 
1-39 
a.aa 
3.0? 
3.98 
4.89 
5.75 
6.42 
7.33 
8.15

0.28 
9.28
• .Ml

0 
0.93 
1.30 
1.93 
3.47 
3.36 
>.•1 
4.41 
4.47 
4.91 
5.53 
6.52 
7.58
• .Ml 
9.28 
9.28

YIEI MMO 9.28 KIPS

9-28
9.28

MO RCORD VOB BARS 1,2,3

- 56 -
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SPECIMEN W c
Lond 
0104
0 

13 
00

P*-h

O
13
33

04.3 
o

20

$-3
O 
so 
41

04 
103 
ill 
110

01
180
185
70 

HO

34

55

1OO

140
003
320

0
14

O
0

1O
30

O 
0 
O 
1

Pt .4 _--
o 
70
75
92

130

Pt.l* Pt.2* Pt.4*

3M 
456 
s55

NK» •6

0

TO
8s

O
33 
37

O 
33 
44

67 
73

4
10

o 0
4
10

96
130

44
44
43
00

180
103
307
300
430 .

53
130
104

0

is
37

103
106
110 
110
110
131
130 
180 
134
130

100
130
177
833

343

440 
•17

657
793

10
20

118

103 
000 
230

396 
040

ill

134 
ITO 
330 
304
314 
330

407 
470

63

128
170

01
100
140
100
007

0
0
7

14
31

43

03

434 395

310
257
274
297
337
381
430
473

353
303
434

030
1000

116 
137 
140 
158 
ITO 
300 
217 
344

SrCIN47

13

31

O
0

10

O
18
4

Q 0

so
27
30
33
34

41

52
72
77
77
00

0T3

57
77
87

104
100
101

47

04

801

107
100
104
140

101
174
187
202

24
40

O
3

13

03

70
91

110
140
191

O
43
51
44
72
70
03

104
150
197

300
334
301

444

000
270
000

307

4
37

O
-14
-11

•1 
57 
00 
70 
74 
00
86

30
30
34
80
41

47
00

31 
03 
TO

♦1
1
3
3

000

53
87

04

13
15
23

o

r I



i

1
i

SPECK2EN *11

Lomd
Kips Pt.1 Pt.3 Pt.3 Pt.4 Pt.1* Pt.2" Pt.3* Ft. 4*

0

33

37
44
52

0
8
8

15
25

O 
3 
3 
O

30
33

83

70
74
77
81
84

30
113
133
183
170
183
313

13

18
17
33

31
43

O
14
30
30
38
41 
80

81
71
83
31

103
107 
118
133

O 
13 
14 
14 
30 
38 
37 
27 
27

30 
31 
41 
41 
43 
47

O 
5

11 
25 
38 
53 
87 
78

138 
180 
130 
130 
211 
337

O 
1 
1 
1 
4 
4 
3 

13 
13 
17 
81

33

•1
71

O 
22 
38 
43 
54 
83 
72 
81 
30 

103 
118 
130 
132 
154 
181 
173

0
18
18
30 
83 
as

30

27

33
37

44

SPECINN *14

13

54
•0

74
77

0
30

110
130
173
333
388

O 
104 
181 
300 
814

333

•3

131 
103
107 
ill
113

434
441

441
445

0 
25
30 

103 
118
141 
M8 
383 
348
431 
545 
303 
848
738 
883

1080 
1500 
1370

O
48

113
131
145

334
303
333
443
445

555
730
925

1030

o
31

107
133
300
381
338
480
870
888 
833
330
946

1008 
1138

738

o 
81 
75 

103 
ill 
133 
153 
381 
383

0

183

74
187 
173
308 
343 
388
433
810
782 
873
313

1030 
1180
1310 
1830 
1872

0
27
43
82
88
75
83

178
387
315

)
( »



SPECIMEN #17

Lond
Kipa Pt .1 Pt 2 Pl .3 Pt.4 Pt.1* PL.2"-- Pt. 3’ Pt.4'

O 
11 
21 
27 
36 
45 
49 
54 
59 
62 
64 
71 
76 
80 
82 
84

O 
O 
O 
4 

15 
30 
35 
43 
56 
61 
73 
81 

1O1 
115 
126 
144

•
O 
0 
0
0 
0 
o 
0
2 
4
7

11 
17 
21
26 
36

O 
33 
48 
52 
65 
76 
83 
87 
91 
98 

104 
109 
122 
128 
135 
143

O 
32 
39 
44 
50 
56 
58 
60 
63 
64 
66 
69 
72 
75 
79 
81

O 
o
4

41 
16 
32
37
50
61

79 
94

112 
128 
141
153

O

-4

-1

4
6

1O
14
18
22
30

O 
45 
62 
71 
88 

107 
113 
.22 
131 
137 
143 
157 
174 
193 
197 
214

0 
26 
33 
36 
41 
44 
45 
47

50
51
52
54

SPECINEN #19

O 
12 
21 
27 
40 
45 
54 
62 
67 
72 
74 
79 
81 
85 
89 
94 
98 

103 
107 
112 
116

0
-11

14 
32
38 
43 
58
65 
84 
93

110 
135 
222
291 
327
376 
418 
476
534
648

O 
O 
o 
2 
2 
4

7 
9

12 
15 
38
56 

117 
210
248 
298 
346
401 
443
482

O
25
43
59
75
89

107
132
152
175
188
213
236
295
364
407
468
505
559
614
732

O 
13 
20 
29 
40 
49 
59 
74 
82 
94 

104 
119 
133 
145

274 
324 
360 
404 
452 
531

O

20 
31
40 
50
57 
79
68

101 
112 
137
161 
240 
306
349 
400 
425
476 
531
640

0
-2
-2
-2

3
5
6

5
7

17
36

107
188
226
273
305

0 
36 
54

90 
107 
126 
165 
184 
213 
232 
257 
383 
347 
433 
471 
538 
579 
643 
707 
836

0
12
19
28
38 
45
58
70
76
87
95

107
120
188
227
358

60

76



Load
Pt.1 Pt .3

SPECIMEN •22

Ft.3 Pt.4 Pt.1* Ft. 3* Pt.3* Pt,4*

O 
18 
22 
30 
37 
44 
82 
59 
43

70 
74
77 
•1

96 
88

103 
107 
IIO 
114

0 
0 
0 

14 
38 
86 
72 
82 

no 
133 
183 
181 
178 
204 
284

844 
448 
727 
818 
894 
887

1178

O
-1 

O
3

12
17
30
24
31
37
44
57 

ill

417
440
484
444
800

O 
22 
34

84 
80 
83

118 
134 
182
184 
181 
302
241 
280 
508
801 
444 
744
841 
818 

1028
1303

O
8

14
18
28
31
35
38
39
43

O
11
25
37 
so

O 
o
2
5

O 
31 
34

O

57
73

113

341 
434
801
843

81 
108 
133 
147 
148 
183 
188
228 
384 
440 
567 
635
710 
748

11
18
18
18
18
22
38
30
33

100 .

- 61

1014
1280

71 
. 44
104 
130 
148 
171 
134 
308 
227

332 
887 
880 
724 
818 
831

1004 
1130 
1380

13
18
31
25
24
38
23
22
27
33
43
83

28

9



TABLS OF DIAMIC Tsr mun
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DAR LDAS

"OTE: 2 All londs are in kips at um end at rine tame
2) The mecond set ot londs for ench pulme are ene 

reniduel deflections from that particular pulne.

- 63 -
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SPECIN •2

- 1
C

Pulne 
No. kape

Rise 
Tim. 
Mnlisac.

BAR 1 BAR a BAR 3 BAR 4

i

s

3

7

1O

11

62

72

•3

104

131

131

133

144

133

27

31

27

83

87

34

23

Gege 1 Gag- 8 Gnge 1 Gage 3 Gege i Gege 3 Gage 1 " Gage 3

4.9

34.7
1.3

34.7
17.0

34.7

34.7

YIELD LDAD 34.7 KIPS

O
O

8.8 
0

0.3 
O

4.6 O 
o

o

0.7 
o

1.3 
O

1.0 
- O

1.4

3.0

3.1
1.1

4.3
0.3

0.4
0.7 ’

3.1

34.7

-34.7
-34.7

-17.0
13.3

-13.3
-7.8

34.7
9.7

34.7
13.8

34.7
34.7

1.6 
0

1.0 
0

8.1 
O

3.8 
O

3.7 
0

4.7 
O

7.0 
O

10.0 
0.7

13.7
3.1

34.7
1.8

34.7
10.3

34.7
17.0

34.7
34.7

34.7
34.7

34.7

34.7

1.1 
o

3.3 
O

8.3 
0

2.9 
o

3.0 
O

4.3 
O

0.8 
0

7.3
1.6

13.0
8.8

1.8 
O

3.1 
0

4.4

5.0 
o

3.8
o

0

3.3 
O

13.4
1.3

13.4
0.8

C



-1

*
g

SPECIIEN «3

Pulne 
No.

Lond, 
Kps

Rine 
Time , 
Mllinec.

BAB 1 BA* 3 BA* 3 BAR 4

1

4

3

7

1

3

30 24

36

34

113

113

160

151

56

1M

13

as

17

15

15

Gage 1 Gage 8 Gage 1 Gage 3 Gage 1 Gage 3

35.3
-3.0

10.3 
O

14.8 
O

35.3

25.2+

YIELD LOAD 35.3 KIPS

IB

16

1.3 
O

0.7

O.T 
0

1.3

1.5
0.5

5.3
3.3

11.0

35.3
s.5

22.0

33.4 
O *

35.3

25.2-

SPECIX •4

1.4 
O

1.6

1.5 
O

8.0 
O

4.0
1.3

10.7
3.3

IT. 7

33.0
35.0

1.1 
0.3

1.3
0.5

35.0* 4.3
5.6

5.4
3.5

YIELD LOAD 35.0 KIM

35.3
31.5

35.3
38.0

35.3
T.1

25.2

33.3
35.3

35.0
35.0

25.0•

1.3
0.5

1.8 
O

1.0 
O

1.5 
O

3.5
1.4

T.O
3.3

10.5
4.5

1.0
O.T

T.T
5.0

3

Gage 1 Gage 3

35.3
25.2

35.3
0.5

25.2

33.3

35.3
35.3

15-9
1.5

25.0+

3.3 
O.T

4.5
0.4

3-9
0

4
4.8
o

4.4
1.1

13.T
8.5

22.2
3.0

O.T
0.6

11.5
3.5

■

-
f

4
1



SPECIIOO •5

-4

Pulse 
No.

Lond •
Kps

Rise
Time • 
Msnlinec.

BAK 1 BAR 2 BA* 3 BAK 4

1

2

3

1

3

3

12

Gege 1—-T—
38.8

1.7
0.4 

O

Gmge l Gase 3 Gege 1 Gage 3 Gage 1 Gege 3

52 10

9

1M IB

41

73

24.8 0.4

25.3+ 4.8
3.8

4.8
0.8

YIELD LOAD 25.3 EIPS

13

IB

13

YIEID LOAD 83.1 KIPS

83.4
8.8

81.8
8

25.3+

SPECIIOEN •8

18.0
3.8

18.3 
O

17-9 
-3.6

5.6

8.4 
0

81.8
1.8

1.3 
8

1.4 
O

8.1
3.3

25.3•

1.3

1.3
1.3

6.6
0.8

38.3
33.3

10.1
1.4

25.3•

33.1
11.7

33.1
9.2

33.1
33.1

o
8

O
8

4.1
3.4

25.3-

7.5
8.4

8.8 
0

13.8
0.8

38.3
18.4

38.3
3.3

25.3-

13.0 
-3.7

10.8 
O

83.1 
0

33.1

3.0
1.8

1.7

7-8 
o

25.3•

4.0 
O

4.8 
8

7.3 
0

Q
*



SPECIEN •9

-1

Pulse 
So.

Lond, 
Kips

Rine
Time • 
Millinec.

BA* 1 BA* 2 BAB 3 BA* 4

Gage 3

1

3

3

1

a

1

3

TO

80

71

14

34

IS

1*

YIEID LDAD 83.8 KIMI

13 83.8
33.3

YIEID LDAD 83. 3 EIPS

13

IS

10.0 
-1.0
80.8

YILD LDAD 83.1 KIPS

8.0
3.8

10.7 
O

18.4
1.1

83.3

O

18-8
-1.S

83.3

SPcIGN 810

8.0
17.3 83.3

SPECIEN 013

7.7 
O

1.8
0.8
7.0

8.8 
O

80.8
3.0

83.7

5.7

1.0
0.4

30.8
8.3

33.3

23.2+

83.3
33.0

8.8
1.8

IS. 8

8.8
1.7

8.8 
O

18.5
0.8

8.1
10.4

3.0
0.8

33.3
8.3

33.3
8.3

23.2+

23.2+

18 3
33.8

3.3
-0.7

4.4 
0

10.7 
O

31.8
3.5

33.3

10.8

0.8 
0

7.8



SPECIM #1s

3 
»

- •

i

e

i

Pula* 
No.

Load, 
Ki pa

Rise 
Tme, 
Millinec.

BA* 1 BAK 3 BAK 3 BAR 4

1

2

3

4

5

25 22

Gage 1 Gage 3 Gage 1 Gage 3 Gage 1 Gage 3 Gage 1 Gage 3

72 10

110

119

136

20

1*

6.4
0.7

-0.3 
0

4.5
0.5

0.6
0.3

3.3
0.6

O 
O

30.3
3.0

20.3+

YIELD LOAD 20.3 KIPS

o 
o

o 
o

O 
0

0.5

10.3 3.4
1.5

13.3
3.0

0.7
0.6

30.3* 3.0 
O

3.8 
0

O

20.3- 3.0 
O

1.8 
0

0

JU



Am

-1
Ci

(

s

SPECIIDEN trao

Pulse 
No.

Load, 
Kips

Rise
Time, 
Manlisec.

BA* 1 BA* 2 BA* 3 BAK 4 BA* 5 BAK B BAK 7

1

*
2

1

*

55 15

103

11*

IS

21

5.9
1.0

3.4 
0.8

1.4 
O

-1.8
-1.0

5.7
0.5 0

3.0
-0.3

8.0
-1.7

10.3+

YIELD LOAD 10.3 KIPS

40 10

24

7.8
0.4

YIELD LOAD *.8 KIPS

8.2
1.1

3.4
0.7

1.0 
o

9.5
1.0

8.1 
0

3.9
-o.9

10.3+ 10.3+ 10.3* 10.3+ 10.3* 10.3+

SECIMEN «21

5.0 
O

8.1

4.3 
O

7.7
3.0

3.8
0.1

8.*
-0.3

o

BA* B I

f
L..... ....... ..... ..

0.8 
O

3.1
-0.4

10.3*
1



SPECIN 933

- 1 
d.

3 
»

Pulse 
Ito.

Load .
Kps

Rise 
Time, 
Millisec.

BAB 1 BAR 2 BAR 3 BA* « . BA* S BA* • BA* 7 BA* 8

1

a

3

4

5

1

a

3

30

73

104

113

O
3.3 

0
3.3 
0

8.7 
O

1.0 
o

i*

23

22

22

YIELD LOAD 10.9 KIPS

30

•7

19

33

YIEL WAD 9.3 KIPS

8.1 -0.8 
O

3.3 
0

3.3 
0

3.1 
O

1-9 
o

19-2 10.9
10.0

8.0 
0

10.0 
0

9-8
1.0

7.5
0.3

4.1 
-1.4

10.9+ 10.9+ 10.9+ 10.9+ 10.9+ 10.9+ 10.9+
10.9

SPECIEN •24

3.8 
0

5.9 
o

9.3+

4.0

4.0 
o

3.1
0.3

3.1
0.1

0.3*

0.7 
O

6.5
0.4

3.7
0.8

8.3 
0

0.3 
0

0.3 
o

3.3 
O

3.7 
0

8.3 
O

0.3 
O

0.3* 9.3+ 0.3* 9.3+ 9.3+

o
1



(

DEFLECTIONS

NOTE: 1) All Deflections are in 10.3 inches mt the 
end of rise time.

2) The second Mt of deflections for esch pulse 
are the residual deflections from that particular 
M1M.

o - 71 -
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Pulse Locd, 
Kaps

1 62

72

92

104

121

7 131

144

SPECINN <3

Rime
TIme, Ptl
Manisec.

Ft .2 Ft .3 Ft .4 Ft -1" Pt,-2" Pt..3" Pt .4"

27

>1

27

S3

37

34

1O 133

0 
O

O

0
O

13
17

14

33
13

•3

181
03

03

13
O

13 
o

37

41
40

B1 
so

310
100

271
340

334

33
O

37
O

13
O

14
O

31
O

73
13

47
11

34
O O 0

67
0

SO 
o

o
57
34

127 60 77 
O 42

70
11

331 03
O

B7
30

73
O S3

340
87 43 0

03
14

70
O

47
33

234
43

33
O

104 
so

130
57

130 437
304

ITS 
143

151 ITO

173 143
40

STS 104
170

SIS
133

140
106

304
130

141
130

113
114

3S1
143

130
133

-TO­

8

"" 5



MMMMM

SPECIIEN •3

Pulse 
No.

Load, 
Kps

Rine 
Time, 
Hit—c.

Pt.t Pt.2 Pt.3 Pt.4 Pt -.1 * Pt.2" Pt.3* Pt.4*

1

4

T

9

1

1

9

9

30

64

119

119

190

161

1M

1M

24

12

12

IT

19

11

19

16

12

10

19

-42

99
0

90
O

110

370
397

240

IS
O

31
O

49
99

319
197

131
130

SPECIIN •4

o 
o <1

-13

43
O

03
O

1M
M

400
304

339
94

739 944 MT

4 RPC MOI M

O
o 
o

11
9 O

439
499

493
400

303

909
199

1320

-73-

86G TD

14
9

94 
M

19
-10

73
-34

59
M

0
9 O

19 
O

M
O

93
O

39
17

49
O

19 
O

54 52
O

9

404
301

o 
o

344
903

579

131 
O

341
139

1347
1130

582

39
4

439
430

725

39
3

37
7

319
991

191
309

9
-1

-14

O
T

1TB

90 •o

211 
ill

149
90

039
409

323
139

31

545

.A " 
70

14

202

956

51

T

73

•9
T



SPECIIEEX •8

Pulme Lond,
Mo. Kipe

Rine 
Time, 
Millinec.

Ft.1 Ft.a Pt.3 Ft. 4 Pt.1* Ft.3’ Ft.3’ Pt.4"

1 41 13 103
40

43
10

33
13

13
O 38

43
>3

43
13

34
O

a 13 78
13

38
3

34
0

1O
O

80
8

40
O

18 
- 3

3 13 100 57
14

48
O

27 113
40 13 17

34
-14

4 73 13 110 303 333

1 14

a 70 14

3 13

13

1 22 13

2

3 71 13

1 13

2 71 15

SPECIIN

30

92 
o

134
43

1337

7 
o

13
3

33
O

33
O

o 
o

73
13

O 
o

74
0

84
4

83
8 o

107
17 O

137 133
34

131
80

4
O

144
131

4 
o

1453 401 1303

sPEcIEN310
304 147

130

O4WCI—■ 313
1300

11 11

37

137

130 113

1730 286

O

31

1410

88BCIMPI 413
8 43
- 18

340 3M

- 74 -

70
13

-3
30 7

373 444 333

A > 30



Pulme Lond .
Kipa

1

B1«* 
Time . 
milt—<■

33

a 72 16

a no >o

4 119 10

130

1 40 15

71 15

3 75 15

4 113 20

0 120

1ST SO

1

* 15

103 18

110 31

SPEC1N15

Pt.1 Pt.2 Ft.a Ft. 4 Pe.1* Pt-2* Ft. 3’ Pt.4"

34
O

150

433
M3

344

374

4
1

7
4

52
17

50
11

72

130 
333

264

130 
301

s“UCIIKN•16

27
O

37
0

3
4

1 
4

3 
o

11

50
2

29
O

134 
M

300 
M3

140
1M

30
O

43 
0

70

sFCWEE18-
32 - 370
306 318

172
103

133

SRW#20
31
11 -a

41
33

41
O

18
3

330
330

IM
33

130
73

- 75 -

16
3

27
O

3

63

11 
4

11
1

40
O

330
301

153 
ill

31

34
13

217
345

131

3 
o

72
13

3 
o

13 
O

44
14

4
3

1

90

4
-1

10 
o

133
103

341
440

259
315

343
344

44
O

•3 
O

na

414
345

314
107

45
14

13

334
6s9

171

43
11

33
2

13
3

31

47

14
4

13 
-1

1J
1



♦

SPECIMEN <21

Pulse 
No.

Loond, 
Kips

RiM
Tia*.
Millisec.

Pl .1 Pt .2 Pl .3 Pl. 4 Pl.l’ Pt .2* Pt.3’ Pl. 4*

1 40 16 51
O

7
7

64
16

28
0

50
12

1O
-1

84
21

32
4

2 68 24 63
48

16
-3 34

52
6

69
48

20
-2

84
43

53
-1

1 30

2 3ft 10

3 73 28

4 104 22

ft 113 22

1

2 30 10

3 07 22

SPECIMEN *23

99
32

54
31

4ft 
O 2

08
32

SO
20

58
O

6
-1

09
O

32 
ft

45
O

8
-1

0ft 
12

40
7 O

8
-1

181
81

240
100

70
24

118
2ft

219
136

8P8CIMKW <24

30
18

18
0

10
-7

68
12

180
78

44ft
34ft

ft 
1

4

-30
O

-38 
O

-76-

6
3

4
0

50
1ft

O

62
15

2
-1

0 
O

139
36

1O 
-1O

621
202

60
10

24
O

55
-3

2

O

/

4

4



APPEMDIX 3

GRAPuS or WAD PULSE, BAR UMM. AMD DEFLCTIONS

SPECIMENS #3,5,8,9,15,20,23,24
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110
APPIEDLOAD

100
APPLIED LOAD AND 

BAR LOADS IN FRONT .

90

80

70

E
8

60 -
90

40

10
YIELD STRENGTH

BAR 2 BAR 4
em em

10
BAR 1

10

0 100 200 100 400

_L 

500 600 700 800

5
BAR 4

T
BAR LOADS IN BACK

4£
8

BAR 2
1

2
BAR 3

BAR 1 %

1

1
0

_L 

100 200 100 400 900 600 700 000

TIME, MILLISECONDS 
APPLIED LOAD AND BAR LOADS VS. TIME 

SPECIMEN 3, TEST 6
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I

g
&i
8

8

U4
u UJ 5

.10

.10

.06

.04

.02

0
.14

.12

.10

.00

.06

.04

.02

0

4

100

LA A iV ili

Ll
1

100

PT 1

200

PT 2'

T3

200

300 400

PT3' .

I_

300 400

DEFLECTION OF BLOCK
IN FRONT

• -

500 600 
“I

700 800

deflection or BLOCK 
IN BACK

PT 4'

PT 1*

500 600 700 800

TIME, MILLISECONDS 
BLOCK DEFLECTIONS VS. TME 

SPECIMEN 3, TEST 6
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.08

• -06
I
8 .04

0*
K .02 7 

i 
L

0

.08

T T
PT J

100 200

PT 4

PT 1

300

PT 4"

T

400

i

T I
DEFLECTION OF BLOCK 

IN FRONT

500 600

A

700

T
DEFLECTION OF BLOCK 

IN BACK

$
1

5 
1 
— 
U.
UM 
a

.06

.04

.02
I

0

PT 3'
I

100

-----------PT‘

200 300 400 500 600 700
TIME. MILLISECONDS

DEFLECTIONS VS. TIME SPECIMEN 5, TEST 2
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.08

I
PT-

DEFLECTION OF BLOCK 
IN FRONT

.06

I 
t .04

2

u 
o

i 

g 
5 UI
E

.02
T 4

=

0

.00

.06

.04

.02

0

100 200 300 400 300 400 700

T

1
100

pt r

PT 2'

PT 3"

200 300 400

DEFLECTION OF BLOCK 
IN BACK

500 600 700
TIME, MILLISECONDS 

BLOCK DEFLECTIONS VS. TIME 
SPECIMEN 8, TEST 2
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40 APPLIED LOAD
I .

APPLIED LOAD 
AND BAR LOADS IN FRONT

30

BAR 3

€ 2 
3 30 BAR 4

10
BAR 2

0 100 200 300 400 900 600 700

20 T
19

BAR 2
BAR LOADS IN BACK

I 4
10 BAR 3

— - —
BAR 4

—me

9

0
J.
100 200 300

_L 

400 SOO 600 700

TIME, MILLISECONDS 
APPLIED LOAD AND BAR LOADS vs. TIME 

SPECIMEN 0, TEST 2
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60

T 1
APPLIED LOAD APPLIED LOAD AMD 

BAR LOADS IM FRONT
<

90

40

§
M

30

2%

10

0

20

15

BAR 4

e

BAR?

100 200 300 400 500 too 700

T

« 1 AR 3

BAR 2 BAR LOADS IN BACK

10

0
BAR 4

5 BAR 1

0 100 200 300

__ L 

400 SOO 600 700

TIME, MILLISECONDS
APPLIED LOAD AND BAR LOADS VS. TIME

SPECIMEN • TEST 3

!
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.10 =
T

o .09

.00
DEFLECTION OF 
BLOC* IN FRONT

.07
1 

f 

5 
u. 
K 
IM o

.00

.05

.04

.03

02

.01

2

hRI7
T T

PT 4

[
0 100 200 300 400 900 000 700

.12 T T
1'

V UJ 
t

G

.10

.00

.06

T 2'

w 
o .04

.02

0 100

_L 

200 300 400

TIME. MILLISECONDS

DEFLECTIONS VS. TIME 
SPECIMEN 0. TEST 3

Uo - - A

DEFLECTION OF 
~ELOCK IN BACK

500 600 700



70 AppLisoLoaI • 1

APPLIED LOAD AND 
BAR LOADS IN FRONT

M

8 

— 30

BAR 4 
PERMANENT SET

YIELD LOAD

BAK 3
BAR 2

10

0 100 200 300 400 300 600 700 000 900

12 BAW 3

10
Alt 1 BAR LOADS IN BACK

AR 4

§

3
B

6 —
BAR 2

%

4

2

1
0 100 200 300 400 SOO 400 700 000 900

TIME, MILLISECONDS 
APPLIED LOAD AND BAR LOADS VS. TIME

SPECIMEN 9, TEST 2
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.10

.00 r1
PT 3 DEFLECTION OF 

BLOCK IN FRONT

.04 PT 4

E .02

0

FT 2

100 200 200

-I—I—h 

400 500 600
1
700 BOO 900

.12 T
FT 3"

10
DEFLECTION OF 
BLOCK IN BACK

.00

1 
i 
g
#

.06

.04

FT 1*

.02
PT278 FT 4”
ii — .

0

| I 

100 200 200 400 500 MO 700 BOO 900

TIME. MILLISECONDS
BLOCK DEFLECTIONS VS. TIME

SPECIMEM 9, TEST 2
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90
LOAD

T

X
80

70

APPLIED LOAD 
AND BAR LOADS 

IN FRONT

60

E so ¥ 

8 40 -

30

YIELD STRENGTH
20

AR 4 BAR >

10
BAR

0

_L 

100

I I I 

700 300 400 SOO 400 700 800 900

3

BAR 2
BAR LOADS IN BACK

22M
g BAR 4"

1

0 100 200 300 400 SOO

J_______L 

400 700

I 

800 900

TIME. MILL (SECONDS 
APPLIED LOAD AND BAR LOADS VS. TIME 

SPECIMEN 15. TEST 2 5

0 *
1 a



T-

.20 - PT 4

PT 1 DEFLECTION OF 
BLOCK IN FRONT

.15

1

1
8 
r UJ
w o

8 
g 
525

.10

.05

0

.20

.15

.10

.05

0

100 200 300

PT 1*

PT 3

PT 4'

PT 2

PT 2

400 500 600

1

I I I 

100 200 300 400 500

>

I II
A

_L
700 •00 900

DEFLECTION OF
BLOCK IN BACK

1 I

400 700 BOO 900

TIME. MILLISECONDS 
BLOCK DEFLECTIONS VS. TIME

SPECIMEN IS. TEST 2
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50

40

APPLIED LOAD

APPLIED LOAD 
AND BAR LOADS

«m

& kt 
g 30

20

10
BAR 1

0

BAR 2

BAR 4

200 400 400 BDO 1000

10

] BAR 5

E M 
8

BAR LOADS

BAR 6

5 BAR 7

BAR 0

0 200

1

400 400
1

•00 1000

TIME. MILLISECONDS
APPLIED LOAD AMD BAR LOADS VS. TIME 

SPECIMEN 20. TEST 2

-90-
'6



A

1

.10

.01

PT t DEFLECTION OF 
BLOCK IN FRONT

h tu 
I 

f 

§ 

u. 
g

•n
I

5 
UM

E

.06

.04

.02

PT 3

1
%

\
•1

V

I 
0 200

.10

.00

.06

.04

.02

0

PI2

PT 4 
— ——-

T 3"

PT 4*——==
» 200

400 MO 1000

2"

DEFLECTION OF
BLOCK IN BACK

_L
MO MO

TIME. MILLISECONDS 
BLOCK DEFLECTIONS VS. TIME 

SPECIMEN 20. TEST 2
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80
I

T
1

70 APPLIED LOAD

APPLIED LOAD
AND BAR LOADS

SO

§ ao
3 30

20
YIELD LOAD

10
L-asa

0 200
J__ L
400 MO

s 11 BAR 1

i—r
BOO 1000 1200 1400 IMO 1100 2000 2200

10
BAR 9| 1

0 BAR 7

BAR 6
BAR LOADS

& 
M

8
^■i

4

2
BAR

1
0 200 MO 600 SOO 1000 1200 1400

till
IMO 1800 20» 2200

TIME. MILLISECONDS
applied load and bar loads vs. time

SPECIMEN 23, TEST 1
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.20

PT 1

.15

l 

g

UU
u UJ O

.10

.05

0

.20

1

1

PT 2

PT 4

-t- i l ,.^=
200 400 400 000 1000

Pt”

DEFLECTION OF
BLOCK IN FRONT

1200 1400 1400 1800 2000 2200

.15
PT 3"

DEFLECTION OF 
BLOCK IN BACK

A
i 5

5
.10

s 4'

1
MO 000 1000 1200 1400 1600 1000 2000 2200

time, milliseconds
BLOCK DEFLECTIONS vs. TIME • SPECIMEN 23, TEST 3 
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30

25

X l[
APPLIED ILOAD

APPLIED LOAD
AND BAR LOADS

£
M 
8

15

10

BAH 1

5 BAH 2 —— ---

0

7

6

5

BAH 1 —}

200 400 600 too 1000

BAR

BAH LOADS

& 
M 
g

4 BAR 6 
• — -- —

^■11—

3

2

BAH 7
-UN

1 BAR 4 BAR •

400 400 •00 1000

ETOC MILLISECONDS
APPLIED LOAD AND BAR LOADS VS. TIME SPECIMEN 24, 

TEST 2
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PT I

# 022
g

§ -w
uUM ©

’ 0

05

.04

i”
8

2 .02
o

.01

PT 3

300

300

ND

PT 1*

PT 3*

400 600

400
J.
600

DEFLECTION OF
BLOCK IN FRONT

•DO

T
DEFLECTNON OF
BLOCK IN BACK

TIME. MILLISECONDS
DEFLECTTONS VS. TIME

SPECIMEN 34. TEST 3
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