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| L.87S _OF REINTORCED BRICK COLUMNS
by Inge Lyse® .

| 1. SYNOPSIS |

'This paper pregents ﬁhﬁrﬂatg obtained 1n the first
ex%@gsiva inﬂestigaﬁian evem~mad@‘én r@inf@rsaé»bxiek cols
umns, The results were very gratifying ingpfar as they
fmrniahééfa basis for the development of xaﬁimnél design
formulas. The strengths of the columns were found to be
mede up of the effaatiﬁe.stéangﬁh:ef'th@ masonry plus the

yield-point a%mength'gf the longitudinal reinforccment. A4

study of the type of mesonry mortars revealed that portland
cement mortar containing 15 per cent oxrdinary brick elay‘by
welght of the cement gave better results than did eny of the

. other types used.

For completeness, & review of all known axp@riﬁen%a

- on brick piers and columms ig incorporated in the payeé,

2+ INFRODUCTION

Numerous teets have been made in tha»ga&t on the
aﬁ?@ﬁgﬁh‘@f_plain.bfi@k pi@wa'amd-eaxﬁmns@ but until re-
cently no data were available on the advantage of reinforce-
ment in E?iﬁk columng.,. Th@'in%:g&uatiaﬁ of r@inferﬂﬁﬁ‘hfiak
construstion into the field of structural engineering made
it imperative to secure relisble data on the structural bes
havior of these columnss Dufimg the esarly part of 1233 the.
Fritz Engineering Laboratory of Lehigh University, tested

*Research Assistant Professor of Engineering daterials,
Lehigh University, Bethlechem, Pénnsylvania



33 @elummﬁ, the r&sulta of whieh &xa presented in this paper,
All polumns wers about 18«1/@ by 18~A/¢ ins in eross=seetion
and 10 fﬁ,lip.l@ngth,_ Five of the ¢olumps had no reinforces
'r@mt, six had l@n@ituﬂin&l-at@@l only, nine nad la%ayal rein=
 forcement only, and thirteen had both xmmgi%uainai &nﬁ lator-
al,r@infareament. The bricks used weve of three typa&, e@mm@n
solid stiff mud ﬁrick, dewaired solid brick, aﬁé ée«aireﬁ PELrs
forated brieh; A1} threo types @f brick were of g@@& quality,
%he @aaired types being @xcellan%. Tive ﬁypem @f:m@r%am were
Lﬁ@ﬁ“ straigh% portland cemend m@rtar, eﬁm@nt m@rtmg @ant&inw
ing 15 end 100 per cent lime by volume; and eaman% neriar con~
ta;ﬁiag 8 p@r;cent selite or 16 per sent elay by'ngghﬁ @f the

gementa

W&&%ﬁ of hriak piarm a& %h@ %ﬁtart@wm.ﬁx@aaai &n 1862
are r@poxt@& in Kidder's ARCHITECTS AND BUILDERS @@G@ﬁﬁksﬂﬁﬁ.A
The cross«seotion was & by 18 in, and the nominal height var~
ied from 20-1/2 to 23 in. “Common” lime mortar; 5 parts lime
mortar and 1 part portlend cement, 5 parts lime mortar and 1
parﬁ'nmﬁura&\eémen%@ 112 portland é@mﬁﬁﬁi@ﬁ?ﬁﬁﬁﬁfﬁﬂﬁilﬁg nate
ural cement mﬁr%aé-wmﬁa useaax'wkauegmpme@sive.aﬁﬁ&ﬂgtﬁ~@f |
the piers varied from 1562 o6 3020 ib. por sq.in. or from
12:8 to 248 per cent of the compressive strength of the brick,



Other %@éﬁ@,m&ﬁ@ at the Watertown Arsenal sare roporied
in several of the annual veports of TESTS OF METALS. Tests of
twelve brick piers for the City of Philadelphia in 1883 gre ro=
ported in the 1884 volume. The plers or cubes wore 13 by 13.5y
13 in, Tour kinds of bricks and two kinds of mortar, ii4 lime
mortar end 1:2 natural cement mortar were used, The compresss
ive strength of the piers ranged fr@m.ldg? t0 26,3 per cent of
that of the bricks, In the 1B84 velume, results are also given
for tests of 33 pilers varying from 8 by 8 in. %o l@,éy 16 in,
in areﬁséﬁaetianxané from 16 in. to 10 ft. in length; using
portland cement mortar; natural cement mortar, and lime mortar.
The ecompressive gtrength 0f these plers ranged from efi.ﬁe 2?.2
per cent of the compressive strength of the briek used. In the
1986 volume the resulbs aré fiven fa@7§$,piara r&ngiﬁg‘in sizes
from 8 by B in. to 16 by 16 in. in,eraﬁmwseatian ﬁmd from & %0
12-1/2 f£t. in length, using a natural cement mortar, Thé
strengths of the columns ranged Trom 6.4 to 18.2 per cént of
the strength of the brick. The strength of the columns was
found to be inversely proportional to the ratic between longis
tudinal and lateral dimension, for a ratio of 3 the eolumn
strength was 17 per cemt of the brick strength, and for a ratio
of 15 the column strength was only 13 per cent of the brick

strength.
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In the 1893 volume the resulis ave given for #ix brick
pless varyingAfwam 8 by 8 in. to 16 by 16 in. in cross-section
and from 6 to 8 f£3. imhh@ight,\ Line mmr%&v end neat portland
cement paste were used in solid end hollow piers; with bricks
on edge and Tliat, Th@fgempréssiva strength of the'piers ranged
from 601 to 4623 1b. per sq.in. In the 1904 volume of TESTS OF
METALS tosts of 26 brick colwms, 12 by 12 in. end 8 £t, long,
are reporieds The mortarz used were neat portland ecoment paste,
1:2 and 1:5 occmont mortar, and 1:3 lime mortar. The eolwmns
h&ving~n@at.eamen€ipasﬁs haﬁ'an:averag@ strength equal to 30
per cent of the s%reggﬁhfcf the brick, for 1:3 portland coment
- mortar the average strength was 24 per ¢ent @ga for 1:3 line
mortar the column strength was only 13 per cent of the strength
of %hézbriek, In the 1905 volume, a report is given of 13
colimns havim@fa&ay-bgiﬁk,anﬁ one column having sand-lime brick.
These columng weﬁ@ lﬁfby 18 in. by & £t. with solid or hollow
¢orés in neat portland cement wortar, 1:8,; 1:3 and 1:% cement
mortars, and 113 lime mortar. The columns having neat cement
mortar gave strength from 1500 1b. g@r 8q.1n. for sands=1lime
brick to 4550 1b. per sq.in. for clay brick. Columns having
153 lime mortar gave strongths between 652 ahd 955 1b. per sgs
in. The 1906 volume contains a report of tests of 15 briel
piers 12 by 12 in. by 8 or 9 £t. Neat portland cement paste,



1:1; 133, 1:5; and 1:6 portland cement mortars, and 1:3 lime
mortar and 1: 131 and 1:1:3 cement-lime merters were used. The
strengths of the ¢lay brick columns veried from 850 to 3440 1b.
poT ag@ia., and that of the sand~lime briek columns from 480 %o -
1400 1b. per sqe.in. In the 1907 volume of TESTS OF METALS re~
sults are given for 32 columas about 12 by 12 in. by & ft. long.
The morters were nsat portland cemsnt ﬁaa%@, l:1, 1:2, end 1&5
portland cement mortar, and 1:3 lime mortars The strength of
the columns were found to be closely related to the strength of
the mortar used. The strength increased considerably with the
immmé in age of the column, in one case wvarying from 2100
1b, per sqein, at i*éum mﬁm 30 4560 1lb. per sq. in, at seven
days for neat cement pastc.

In the Transactions of the asscciation of Civil Engin~-
eers of Cornell University for 1897-928 and 1899-1900, results
are given for teste of brick columns made at Cornell University.
One group of tests consisted of 18 piers; 18 by 13 in. verying
 from 2=1/8 to 7=1/3 £#. in length, with 1i2 portland cement
mcarmr,; The strength of the plers vaxmai;jpj@w:@w @:34'3 and 1093
1b. per sq. in., or betwsen 17 and 31 per 'eént of the brick
strength. Another group consisted eof 14 plers, 11 ef which
had .hﬂz'ifzontal reinforcement consisting either of iron straps;
wire netting, or iron zal@.‘&es-.l The piers were 13 by 13 in. and
6=3/4 %, long, with 1:2 portland cement mortar, The results



showed that the average column strength in p@reantag@laf
brick strength éms 30 for the plain beick celumsg 24 when
iron hst’raps were used in every fourth course; 22 in svery
éix$h~eauraa@ qq&-aé'psr cent in every eighth course, Feor
wire ﬂatﬁin@ the percentage wae 48 for nattia@-;m,@vaégi
Ag@urgeg and 33 for netving in eVe#y;ﬁ@eema:e@uréég'vF@p
i&&m plates in every fmurth,emur@@‘th@ percentage was ﬁég'
' A Ax the ﬂhivarai%; 6f Torenteo l? br1ak ﬁiars w@r@
| ﬁ@at@ﬂa a r@p@rt of which is given in DIGEST OF PHYSICAL
| ?Eﬁ?a, Vol. 1, Ho.3; 1896. ‘The piars ware«ﬁ by ¢ in. in
9rass~secticn and varied 1n 1angﬁh from 16 to 72 ia. The
mnrtara ua@ﬁ were 1:2 lime mortar and 3113 portland cement
mortar, Th@ eolumns h&ving lime mmrtar gave atren@%h BVers
aging 17 per cent af the brieck utrﬁn@th and the aolumﬂa hav; '
ing pertland cement m@rﬁﬁr avprag@g& 42 pexr eont of the
brick atrength, | J

. A% Purdue ﬁnlvaraitj tests were mad@ in l@@ﬁw07 on
32 mhor% ealnmns of elay and sanﬂwlima bricksg and a report

ef the r@sulta is @iV@n 1n~EEGIHEERIN$ NEWS , rabruary 25,

| 1@09. A lséwl/ﬁ lime mortar was used for ali pi@ra whian
ha& a cross~sectional area of za by 12 in. &n@ a maigh% @f
4 £%. 7The compressive aﬁw@ngth of thege piers ran&ad fram
$7@$ to 38.0 per ecent of the strength of the brick.



Bulletin Ho. 27 of the University of Illinois (1008) '
oontains o detailed report on testa of 16 brick columns &na.
16 terra cotta columps. ‘The briek colums were 12-1/2 by
12-1/2 in. in séassvaaeﬁinn ﬁﬁ@ilﬁ e in lengthe Two grades
of brick were used, an excellent building brick and a soft
grade hrick; The best grade briek averaged 10,Y00 lb. per
sqsin. in strength énﬁ the saft brick averaged only 3800 1b,
Por 8Q.ins TDleven of the briwk columns had 1315 portland ce-
mont mortar, two had 1:5 portland cement mortar, one had 13:3
natural cemsnd morter and two had ls&'lim$~mortar,‘ The per=
centage of the average strength of the eolumn to that of the
brick at an age of shout two months was 31 for well laid 1:3
portland cemont mortar, 87 for poorly laid 1:3 portland ce-
ment mortar, 21 for well laid 1:5 portland cement mortar, 16
for well laid natural cement mortar, and 1¢ for well laid 1:2
linme mortary, when Tirst class brick was used. TFor soft brick
columns the average percentage was 87 for well laid 1:3 porte
land cement mortaer. The initial modulus of elasticity varied
from about 4,000,000 %6 5,800,000 lb. per sq.in. for firste
class brick columns in well laild 1:3 portland cenent mortar;
botween 3,000,000 and 5,500,000 1b, per sg.in. for well laid

15 portland cement mortar, was 800,000 lb. per sq.in. for
1t3 nstural cement mortar and varied batween 101,000 and
107,000 1bs per sq.in. for 1:2 lime morter, For soft brick
columns the initiai noGulus of elasticity was about 430,000

ib. per sqsin. for 1i3 portland cement mortar.



. The ENGINEERING RECCRD for March 22, 1913, ?ﬁg@f%@_ |
teste of two large brick pierss The plers W@E@‘&S»by,%é in,':
in oross section and 18 £¢. in height. The mortars used wero
1:1 portland cetent and i1l 1&m@¢ The pier having ee@@nt~msr«
tar ‘gave compressive strength equal to 28.9 per cent and that
having lime mortar 7.5 p@rngént of the strength of the briak?'

At Columbia University tests were made in 1914-1918
on-69 brick piers, %he plers wore 8 by 8 ine in crose sags
tion by 7 £%. in height. Thé‘mgr%érm used vere 1:3%. portland
cement with no adnixture, with 10, 15, 25, 80 and 75 per cent
lime as admizture; end 1:8 limmzmnrzar‘ The age af, tost vare
{ed from seven. days te thr@@.mgnﬁhs@ Two types of brick W@fﬁ
used, with compressive strongths of 10,500 end 3221 1b. per
8q+in. With stratght 1:3 coment mortar the strength of the
piers inersased slightly between the ages of 7 and 286 days,
but ghowed no ﬁhem@ms@~h6$waen 28 days and 3 months. When
lime admizture or lime mortar was used the strangth of the
piers imoreased consistently upnto the age of ﬁhre@~m@ﬁtns,:
The test results indieated %ﬁa&,%ﬁa nightst strength wes ob=
tained by the uael@f cement moritar containing 25 per é@nt
- 1ime, The eam@r@séivwvétr@ngth of the piers ranged from 14.6
to 52,1 per cent of thaastreng%n ef‘%hefbriskﬁ, A %@péxt on
these tests is given in Bulletin J of the Hydrated Lime Eﬁreau
of the Hational Limmﬂamaaqiation@ June 1, 1916,



Tests of 50 drick piers at the Bureau of Htanderds
Laboratory at Pittsbugh, Penbsylvania, erée reported in |
TECHNOLOGIC PAPER N6. 111 of the Buresu of Stsndards, The
piors were 30 by 50 in. in cross secbion and oither 5 or
10 £%, long. Different grades of brick werc used with 1:3
portland cement mortar without sdmizture and with 15 per
cent 1;me;'ané 1:3 &nﬁ'iz@ lire mortarss One or the piers
hé& wire mesh in every joint amﬁ-an@thﬁr‘é&@ ﬁ@ﬁ~wir®‘mﬁﬁh
in every faurﬁh'jmimﬁx Thé»@ampr@aeive 5%xang%h'éf the
" plain brick columns ranged from 7.6 to 7541 ger.e@nt'af the
atrength of the brick, The wire mesh in every joint raised
the percentage 1o 02.7. '

Tests of 14 brick plers at the Universisy of Toronte
are veported in Proceedings of the Fifth Annual Meeting of ’
the Building Officials Conference, 191%. .The piers were 8
by 8 in. in oross sée%ian and varied from 1 to 9 £%. in
héight., The mortars were 1:3 portland cement morter gith 15
pér cent lime end 1:3 lime mortar. The bricks had a strongth
of only 1C0C 1b. per sq.in. flat, 'The'yiaxs:aith‘@@manﬁ mors
tar gave strength varying from 54 to 78 per cent of the brisk
str@ngéh,‘whiler%he piers with live mortar gave values betﬁ@én
30 and 55 per cemts The short plers geve higher strength than
ai¢ the long piers.
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Eﬁ@IﬁEﬁﬂiﬂ@ NEWS=RECORD for August 31, 1932, eantainﬁ
& report of tests of four brick pi@rﬂ eul from mﬁ&mnry 68
- wroeked builéings, 106 gaara cld. The piars wore 12 by 18 in.
4An oross seobion and vé%iﬂﬁ'in-hmignﬁ from Bile1/8 te~%?‘in.”
113 y@r%lanﬁ caman% martar was used in the piers. The cowmr&sw'
ﬂiV@ &ﬁr@ngth of the piars varied from 897 1b. por ﬁ%.in. for
a pier with unevaa bearing plate to 2085 lb. per sQ.ib.

A% cﬁlumbia Un?verai%y teasta w@re mmﬁ@ of 131 brick
piers; repert of whieh:is glven in Bulletin 2, Department of
.Civil Enginecring testing 1abara$0ri@s, celﬁmbia ﬁniver&i%y,
1823, The piers. were 1? by 18 in. in eraea se@tiun With a
‘height of elther .:5-3./2 cr 7 £, with 113 pertland cement
mortars Clay brick, s&némlim@ and coneyete brick were used
ig the pierﬁg Thaveempres@iva strength of ﬁhe<pi@rs ranged
from 17.6 to 99,0 per cent of the wtrang%h of the bricl,

@e&ts of &7 brick piers in Enalenﬁ in 1395»13%? are
wwport@é in Royal lnﬁtitut@ of Hriﬁlsh Architects; H@pért '
on ﬁriakwarh T@ﬂtﬁy 19&5, The Ei@f% varied 1n ¢ross section
from 13 by 13 ins to 18 @y 88 ine aaé were 6 £%. in hoight.
Different grades @f bricka were usaa with 1t4 @@ftlanﬁ a@mﬁatv
mort_- end with 1:2 linme mortar. 7The compressive streéngth of
the plors varied £rom 7.8 to 46.8 per cent of the strength of

the bricks.
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A report on tests of 57 brick pievs at the Swedish
Technieal Institute is published in TONINDUSTRIE ZRITUNC,
September 9 and 21, 1916, The plers vavied in cross sec-
tion from 8 by 8 in. to 11 by 11 in, and in height from §
in. to © ft. The mortar used was either 1:3 lime mortar or
a mixture of cement and lime in the following proportions:
1 coment, £ lime; 9 sandy 1 cement, 1 lime, & sand;

- 2 cement; L lime, 9 sand; 1 cement, 2 lime, 7 sandj and a
1:3 p@rﬁlénﬂ cenent mortay., Some of the piara wers cocens
trically loaded, The results showed that the shorter the
- pier the greater was the atrongth. They also shewed thab
the eéccentricity of loading decrsased the strength m&t@riw
milym. The 1:3 cement mortar gave higher strength then aia
any of the other mortars. The compressive strength of the
plers ranged frem n minimu@ of 10,2 per cent for piers
1caded at thevguartar-peint to a maximmm of 71.8 per cent
for concentrically loaded piers.
4 summary of the teste of brick pilers is presented
in Table I. |
"

The investigation of reinforced brick columns was

4s ACKHOWLE

undertaken at the initiestive of Judson Vogides; wropresentas
tive of the Hational Brick Manufscturers Research Foundae
tion. Tﬁe Lehigh Brick Works of &Lllentown, Pennsylvania;
through Robert X. mbsaer,fsugplmsa all materials and build
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the columne. The testing of the celumis wes done @@\part:éf
the reseorch experiments of the Fritz Engineering Laboratory
of Lehigh University. B

\W%@'bxiak@ used in thﬁﬁ-in@aﬁtiqaﬁﬁen.wer@~af three
types; solid brick made by the stiff-mud process, solid dew
aired brick; and perforated de-aired brick. The bricke were
manufactured by the Lehigh Brick Works at &ll@ﬁﬁ@w&;iﬁaﬂnﬁylﬁ
venies The de-aired brick gave excellent strength results;
the average strength for seolid brick for one group being
. 13,760, 10,070, snd 10,680 1b. per sg.in, for flat; on end,
and on edge respectivelyj and for emother group 11,000 1b.
per 8q.in. flat. One group of ﬁﬁxfaraﬁe&‘brick_haa,ﬁﬁr@ngﬁb
of 18,190, 6760 and 7780 lb. per aq.in;¢ and another group
7880 48@0‘anﬂ $080 1b, per sq.in. for flat, on end; and on
efge respectively, The bricks of the old stiff-rmd type gave
- an averase eem@r@ﬂsivﬁistr@agth,@f 8000 1b. per 8gs.in. flat,
'3789 ib. per sq.in, on end, and 7670 1lb. per sq.in. oh sdges
The rate sf abéeyptgen for the three types of brick used io
shown in Pigs 1. The perforated brick showed ebsorption ebout
twice that of the solid brick for less than ten minutes of sub-
mersion. The solid stiff<mud brick showed a higher sboorption
than did the solid desaired brick. The difference in structure
0f the do-aired brick and the stiffemud brick is shown in Fig.2
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'for bricks saved into secticnes. It is noted that the stiff-
md brick had laminations and small shrink&gaAGraeks, while
the de~aired brick snaw@&va v@ry dense and uniforn structurd.

The average weight of tne‘séliﬁ;a%iff—muﬁ brick wes
2116 grams per brick, the solid de-aired brick B264 grems,
and the perforated de-aired brick 2000 @rams,g |

@he é@m@mt uﬁ@ﬁ for the %ﬂr%ar in the investigation
wa& &taﬁdﬁrﬁ pernl&nﬁ cement manuf&atur@d by th@ L@nigh
Portland Cemsnt Companye |

The mértar sapd was a few Z@ra@y'&aéa sand having a

*

sieve um&lysia as f@llﬁ@ﬁz

_ Fer Cent Retained on ﬁiava Eewvgm

> - p . @ - Tincness
100 28 14 8  odulus

N M W T N Y

This sand proved %o be very satisfactory and was nged
throughout the investigations |

Three different admiztures were used in tho mortar.
In one group éﬁ colunns hyﬂraﬁad,lim@ in smounts equal %o
15 and 100 per cent by volumn of the cement was used. The
morter which contained 100 per oent liw@-h&é 8ix pafts sang
to one part cement. All other mortars had three parts sand
to one pari cement by loose vélumgg‘ex@@pt the mortar for
. the last five colwms which haﬁ\ﬁwn p&rté gsand by weight to
~ono part cement. One sack of cement (1 cu.ft.) was taken
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as weighing 94 1b., and cne sack (1 au,ft;) hydrated line
as 50 lb. In snother group of solumns 5 per cent celite
by weicht wes used a8 an admixture to the eement mortar in
order to provide fnr tﬁe nesessary plaaticityw L thiid
.mauy had 18 per a@nt by weight of ordinory brimk clay adde
ea to the nmortar. The sleve analysis of the brick ¢lay was

as follows,

) Per Cent Retained on Sieve lio, ,
200 100 _48 28 A4 8
84:. 6 %7. ﬁﬁa& wﬁﬁ o‘gn 8? »7 5.3

The 113 cement mortar which contained no admixture lacked
plasticity end wos considered unpractical for ordinary
nasonry. 7The aﬁﬁiﬁ@an of 15 per cent hydrated lime im@reved
~ the plastiaity somewhat, but did not produce the neceasary
workability. The B per cent celite improved the workability
of the mortar bub 414 not produce the plasticity obtained by
100 per cent hyér&ﬁga lime or 15 per cent olay. Every indi«
cation pointed towards the mortar containing 15 per cent clay
as the more desirable ones It had the plasticity of the 100
p@r cent hydrated line norter and had strength nhearly equsl
to that of the straight portland cement mortar. The results
of the compressive strength at 28 days of 3 by 6-in, mortar
specimens made from different batches of mortsr pave average
values of 2700, 1420, 2290 and 2370 lb. per sd.in. for
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@%raigh%-céﬁan% mortar; mortar containing 100 pavve&nt lime,
5 per cent celite and 16 per cent clay, respectively.

) The longitudinal reinforcement consisted of four
bars with milled endse besring directly againot the end
plates of the colwmss The physical properties of the

lon@iﬁaﬁin&l.?@inf@@e@m&at«WQfa as follewsy

| T@nﬂile Etran@%h Elemga&ian
b, pexr sq.din.  in 10 in,

| - Y.P. Ult. wﬁar,@emt_
in. aiam. inﬁe?meﬁiat@ 45,600 83,000 20,95

1
% in. square high strength 60, ;000 92 ;500 22,2
ine s@umr@ hi@h m%rength 94,5@0 188,500 60

!

The lateral reinforcanent consisted of goft steel
tied of either 3/8 or 1/4 in. dimmeter; placed fn differs
ent mortar joints. The ties were bent inte 8=in. sguare
sections with at loast S=in, laps. Gn@-éwlumn-haa wall
strips for lateral r@infara@mént. Table II gives the in=

formation for the colums used in gnia3mnv@&ﬁ1@mtian@

6. CONSTRUGTION AND STORAGE OF COLUMNS

The reinforced brick columns were constructed by
brick masons in the employ of a contractor in Allentown,
Generally, a column was eémpleted in one day. @@6&51@3&11?5
h@weve$, a column was one-half completed on one day and Lin-

ished on the next day. The lateral tics were pressed into
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the mortar in the joints where they were used. The thick-
nesa of the mortar joints was approzimetely 1/8 ﬁneh; The
iéngi%&@in&l reinforcoment was lined up aﬁiﬁh@'hase plate
vefore the comstruction of the column bBegan, the brick
followéqd the alignment of the é@@@lﬁhahﬂ the last laydr of
 brick wds elightly below thé top of the steels After the
columns were coupleted they wore capped by a 1:l coment
mortar. The capping plate was pressed down so as $0 bear
against the milled ends of the longitudinal reinforeing
steel. | o

:véha~celumn@ wareigtarad on the main Ploor of the
la%éfatgryg Bu;in@ thé f&rst.$@V@n,ﬁaya the colunns wers
sprinkled with,wmiér aneé;im the mgpniﬁg and onee in the

aft@rnégn, The i@gt five columns; h@@aﬁ@r, were sprinkled

..A4féw‘mf1tha;aélumna,w@mé.ﬁ@wt@d‘at-th@wﬁg@»mfw?-@ayaﬁ
while\ths m@§anity‘ﬁé@@x%@stéﬂ'aﬁ'%h@ age of 28 days. The
faelumns.m&xa,gian@ﬁ-inwtn@~t@$tis@~maahin@~aith~b0%h,baae and -
%ép plat@ﬁ-aﬁ%aéheﬁ to the ﬂalﬁmns¢ The base of the coluwm
rested directly on the table of the testing machine; and on
the top of the columm the load %ﬁﬁ~%&ﬂn&ﬂ@k&@& from the moves
,ab;e head of the machins to the column by means of e sphorical
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boaring block. Tho load was applied in insr@m@nﬁshéf @iﬁhér
25,000, 50,000, or 100,000 1b. 4 complete set of deformas
‘tion observations was taken after cach inorement of loadings. .
The deformation inotruments were renoved whon the columns
had been loaded to approximately tanthixés»@f their strength,
and further load was applicd gm&ﬁually.ﬁnﬁil the wltimate
strength Waﬁ £@aeha&@ | | |

| 8. DEFORMATIONS

" The lenﬁituéinam,aa%aﬁm&%méns were observed aﬁ'@aan
inérgw@m%-af loading by meens of 1/1000«in, Ames dials works
ing on a gage line of about nine feet. The dials were clamped
.%e'& eollay whi&h»was.aﬁtéchﬁﬂ_ﬁ@ the columm about & in. from
the botiom. St@@l‘barsv{i/@win;Asqaara)-W@r@‘&lamyﬁﬁ to a
eollar~whiéh was attached to the column at about G.iﬁ. from
the top of the column. These bars bore against the plunger
of the diale which were attached to the collar near %hégbaa@
of the column. The total mavwmeﬁt\éf*ﬁhe'ﬁwn'eﬁllﬂrs was
r@giaﬁwgaa.hy ﬁh@*ﬁia&ﬁa .Lﬁﬁﬁrﬁl deformation m%agur@m@ﬁts
were taken on some of the columne by means of lfla,aaé;in.
Anes aialég T&gme_ﬁi&lﬂ’war@ so attached to steel frameﬁ ag
%o‘giva:th@'é@f@rmaﬁiem iﬁ a géga iaagthcaf about i1 ine
Laﬁeralfﬁeflsﬂti®§ moasgurenents were taxen,03 ﬁh@ firsﬁ aroup

of columna, but dus to the amallness of the deflection these
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moasurements were abandoneds TWo of the coluwmns. had Fuggens
bergor tensometers a%t&eh@dJﬁa the bricks end also across
%heamgrtar Joint. - These instruments gave the relative ﬁméf
f@mﬁaﬁm&n of the brick and the joint, and als S0 furnished
&at& fram'whieh to eampu%e the modulus of @i&ﬂtieﬁty of - the
brick. The s%re$%~&%xain eurve for the brick and for the
joint ia sﬁawn in Fi&o s It is noted t&aﬁ'th@.&niﬁi&&.@aﬂé
ulus of elasticity of the brick was about 5,000,000 lb, pexr
5Qe ilke . -
0. TYPES OF FATLURE
. Three distinet types of feilure ocourved, The

solumne whioh had no reinforcement Gollapsed compledely ups
on redehing the maxizmm lond. The columns with longitudinal,
but no lateral reinforéement showed vertical splitting. When
the leed approsched the meximum, sounds of cracking were
E@ﬁ%ﬁ-anﬂ'v@?%ié&l-ﬁr&ekﬁ'w&%@rgéan‘%é follow the vertical
mortay 3@1&%3 ané\aﬂﬁéighﬁ ﬁhr@é@h the briek b@ﬁW@@ﬂ.ﬁh@ﬁc‘
Jjointse Thus, long vawtiqal ara@&s ccourrad and at mmgimum :
load the eolumn Pailed in s&eei@nﬁ as 18 indicated in the
 photegraph shown in Pig. 4. The colwmns which had both lons
gitudinal and lataral reinforcoment showed locel failure
without collapsing.. For emall amounts of lateral reinforce~
ment the cracks followed the vertical joints s for columns
without latersl ties, Pig. 5 shows a typical fﬁilure-af'a



coluan with both longitudinal and lateral ties. With large
smounte of lateral reinfercement, however, the splitting
action took place at the layer of the ties and the bricks
spalled off culteide the ties,; causing failure by buckling;

ag shown in Fig. 6.

10, SYPE OF MORTAR

The type of mordar used for reinforeed brick colwms
had a marked effect upon their strength. Columns 18, 19 end
20 were identical exoept for the type of mordar used, The
masons were strongly in favor of the mortar contaiming 15
per cent c¢lay. This morteyr ebuck to the trowel and could be
worked better than any of the other mortars included in the
investigation. From a worksbility stendpoint the mortar cone-
taining 100 per cont 1imé was the second choice of the masons.
However, the high lime content reduced the strength of the
mortar to such an extent as to eliminate this type where high
strength was raquiraﬂ.. The 5 per cent celite gave a Tairly
plastic mortar; but ¢ould not compete Qith the 15 per cent
¢lay and the 100 per cent lime mortar. Hortar eontaining 15
per cent lime was 4ifficult %0 handle aﬁé 80 was the straight
cemont mortar to a atill greater extents. The strength of the
column containing mortar with 15 per cent clay waes greater
than for a straicht cement mortar end for a mortar conteining

5 per cent celites No doubt the better workability gave a



more compact Joint and therefore contributed to the strength,
In genoral the sﬁren@ﬁ?.th@jﬁarﬁ&r*ﬂa&ﬁ;‘the aﬁxeﬁﬁ@@ wa$‘ﬁha'
celumn, For these columms the @@meét éﬁrtarieéﬁ%ainmﬁg 15
per cent ordinary clay wés-by far the most s@%isfaétary.mgfa
tare Tho Bﬁ?&@ﬁ*&??ﬁiﬁ aia@r&m,fér eslumns haviﬁ@ straicht
cement mortar, IO @@r-e@ﬂt elsy admizture and § per cent celw
ite admixture, ia‘giv@§ $§ Figs 7. Porforated de-aired brick
wag used in these colums. The combined eff@ét of the type
of mortar and type of brick gn'th@ %ﬁﬁﬂl&ﬁb0f~$lﬂﬁﬁi$iﬁ§ of
the column is shown in Fig.8. The results of tests on the
33 columns inelq@&ﬁ in this 1hves%iga@ian-ax@ g&?@n in Teble
ir. |

Throe types af’briak@rwar@~&ﬁéé, old ty§@~&@li@ a%if%ﬁ
mud brick, Ge~aired s0l1d brick, end de-alred perforated brick,
For mortar containing 100 per oent lime the columns with golid
gesaived bricks were abeut 1000 1bs per sq,in. stronger than
similar ea&amnﬁ.?i@h perforated bricks. For sﬁ?&ignt comend
nortar the difference in strength waz less. The de-airsd pere
forated bricks, however, gave strongth éf'QQZUEﬂﬁ in excssg ef
thoss with ordinary solid stiff-mud dbricks. Column 82 had an
inferior type of an under-burned solid ﬁa;aire&.bﬂiaké The
strength of ﬁhig solumn.was theréfore correspondingly l@wey'
than that of othor colwms having solid de=aired bricks. For
given conditions it may be considered that the strength of the

¢olurm 18 in proportion to the strength of the briok used,



The workmenghip of the masons ﬁfﬁ@a%@a_%h@‘ﬁﬁramgﬁh
af’théVaélamns, thile this ﬁgzkmanﬂhip varied considerabiy,
& veriation in strength gs gréat as 100,000 1b. (or G00-700
ib. per sg.in.) may be attridbuted to this causes The varis
ation was nﬂturally differsnﬁ for the azr ‘eront types of
mortar used, but in @en@ral th@«m&aaﬂ whafbuii% the strongey
columns with ong typo of mortay ﬁsula aleo ae»sa-@ith‘éﬁa
other type of mortar. |

The iwnﬁétudin&lfwainf@xaﬁmanﬁ.@wmﬁwzbugﬁa beth to
the vigidity and the strength of the columns, In genoral,
the lerger r@imfﬁrain@ bara 4id not centribute their fa&l
vield=point streagth nor 4id they contribute thelr full
elastic rigléity as seon from Fig. 9. This 1szpr@bab;y due
to the difficulty of producing as good o aﬁhﬁ@f'ﬁ@fti&n@f
the colusn with the large bars in place as with smaller or
5o bers. The emall bars (1/2«in, @Qﬁaw@}xbﬁnﬁvihéﬁaﬁ their
full elastio rigidity end also added their full yield=point
value to tho Strength of tho coluzh. Tig. 10 shows & load~
deformation dingran foy & ¢olwam with small verticml bars.
In the doeoign of reinforoed brick columns account may thores
fore be taken of the ful&‘yiﬁlﬁégﬁint vaiue of the lengiltue
&iﬁéz r@imf@raemant,/graﬁiéeﬁfth@*béra'ar@*small and suffi-

eient laseral reinforoement is used. L



th&e.ﬁn@ latersl ties did not seem to comtribute
ﬁirectly‘tblth@ s%f@ﬁgth of the co;umnaw they influcnced
\tﬁ@~§y@@v@f foilure materialiy. 'ﬁig;~é an& 5 show the type
of failures @f ?aiafcra@ﬁ'bwiek columns with end without -
laﬁafal'ties, For columme with no lateral ties the vertis
eéi:frﬁétura conmpletely disrupted the column, while for the
columns with sufficient lateral ties the failure was locals
izs& and the mein part of the column remained unbroken. The
aimount of lateral ties 4id not seem to affect the type of
break until too large dismeter ties wore used. For 5/8-in.
diemeter ties in every or every other joint, the type of
failure was of the nature illustrated in ?i@¢'6§ Inat@aa gf
erdcking along the vertical joints and straight across the
bricke in line with the joimts, these columns eracked in
lire with the loeation of the ties, The bricks broke off ia
line with the tiocs and the golwms failed in a typical bucks
1ing faeshion. The inerease in thickness of the jeints with
the heav&er:ti®s prebab1y tondoed o d@ereaﬂe-th@vatrength of
the colums, | | |

The test results indicated that 1/4=in. dlameter tics
in every fourth joint would be sufficient as lateral rein-
féré@m@aﬁ for the 12-1/2 in. squére ¢olumns used in this ine
vestigaéien, The dismeter of the lateral reinforcement should
be 1/2 or less of the thickness of the mortar joint. ﬁelé@&,



ties Gi4 not give as high 4 streéength as lapped tiss. The
excess thickness of the tics due to the wolding, probably
couged local Pailures befors the full strength of the
eoluim was reached. Ordinavy wall strips used as latoral
reinforcement dié not hove any offeot upen the dehavior of
the columns

thile this investigation 4id not cover all the
features involved in the ﬁstxﬂemml behavior ef reinforced
brick eolumns, it furnished infoérmation on which te base
preliminary design formulas.

For proper workmenship under rigid inspoction the
atrength of thé roinferced brick colwm having sufficient
lateral refnfamez@ntz, may be .estimated as made up of the
effective strongth of the brick, plus the yield-puint

gtrongth of thé longitudinal reinforcoment,. The sffootive
strength of the brick iz e function of the strength of the
brick, the atrength and workebility of the mortar, the pro-
portions of the column, thé worlkmanship of the masone, the
thickness of the morser joint; and the curing-of the malonry.
the strength formila may therefore do expressed asg

S & Ayt s A0y (1)
. ory since Ay is nearly equal to A:

5 = MKif] ¢ DS @
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whores:

total strength of calumn'

73]
8

_—

total arce of columm

Ap a‘érea.ar brick masonr§
Ay
1
f@ = yisld-point stress of longitudinal stesl

#

ares of longitudinel steel
-ultimate strength af‘briax

L

p = ratioc between arca of longitudinal stecl
and of colurm
k = sffectiveness ratio of brisk masonry,
that is, ratio between the strsngth

of masonry and the strength of the
brick used.

The pernissible working lﬂﬁ&‘Mﬁy‘b@ considered egual
to 1/4 of the ultinate load, or the factor of aafety squal
to 4. Thus the design working load would be squal to:

Pp = autp=§ - Zipefs + ubg = Slury + Detg) (3)
or the working stress:

fy, = %(kgrﬁ + Datiy) ' (4)

A ﬁaaﬁa@ of scafety of 4 is considered ﬁm@l&, aspeG=
ialiy so in view of the fact that the factor of safety on
ultimate strength for reinforced concrete columns proposed
| by the columm gormittee of the smerican Conorete Institute
is as low as 2g1/z for fast loading and 2.0 for sustained

load.



‘Zhe value of k should be detormined from oxperiments,
4 convenient method for dotermining k would be to nake tests
on smell plain brick colums centaining the proper type of
bxi@k and mortary and the seme workmanship aﬁﬁ other condi=
tions as that %o be used in the structure, With k sgual ﬁé
0,304 briek of 18,600 1b,. per sq.in. comprossive strength, 1
ﬁ@?.a@nﬁ»lﬁagiﬁméaﬁﬁl steel of 60,000 1lb. per ﬁﬁ.iﬁm'yi%iéw
point aetress, the working stress would bei =

£, = £(0,80 x 12,000 + 0,01 X €0,000)

=% (3600 + 600) 3 2050 Lb.per sq.in.

15. SUMIARY

The most important results obtained in this investi-

gation may be sumerized as fellows:

1. Portland cement nortar containing 16 pé@ cent
comnon brick elay as an sdniztare, gave better rosults
than eny other waw%aﬁ‘usaﬁ in this invesiigation.

2e Both the gl&ﬁﬁi&ity and the strength of the
mortar affected the strength of the eolumn.

3« The strength of the brick had a marked affeot
upon the streapgth of the column. ,

4s Columns with no l&ﬁ@rﬁi reinforcenent agll&g&a&

completoly upon resching the maximun load.
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S The lateral reinforcemsnt had little if any
direct effect upon the mtrength of the columm, but gen-
erally deternined the type of failure,

' 6, lateral ties 1/4 in, dlameter in every fourth
joint gave suificient lateral reinforoement for developing
the yield-point sirength of the longitudinal reinrc}eem@nt,

7. Uith sufficient lateral tics, amall longitudi-
nal reinforeing bars added their full yield=poind a%rengﬁh
to the stronith of the columne Large reinforcing bdars
added only e portion of their yiecld-pbint strengil,

8a Eﬁe-uérkmanshig af'tﬁe'maﬁon had & narked ef-
fooct upon the strongth of the column.

9+ Beinforeced brick colums heving sufficient
lateral reinforscement gave smple warning of impending
failure. , '

10, The strength of a properly reinforeed brick
ealuwn_may be a@ﬁp&@ﬁa rﬁam.éha fﬁrmﬁlaa
| 5 = A(k.ff + paty)
| 11; The safe merking‘stresa for properly rein-
f@fé&ﬁ'briek.eelu&na}may“ba computed from the formula:

fp = 224 + pofs)
or for a factor of sefety @f 4¢

Ty = fiﬁ(k&f‘g + Pafy)

hwaﬂnwh



TABLE I - SUMMARY OF TESTS ON BRICK PIERS AND COLUMNS

Columnj Nominal | Néminal Lateral Strength of ﬁ:::zﬁ;h Ratio Agg:::—
Refer- No.of Height Dimensions Masonry
ence TN Columns = : 2o - sk = 3 % t°§§i°k Age
No. om 0 om o} om 0 ron o}
in. in, 1b./sq. in. per cent months
% 1882 8 204 23| 8xl2 - Various |1562 3020 | 12,8 24,8 5
2 1883 6 16 — | 12x12 — 1l N.C.=28 | 1021 2021 Not Given 22
3 1883 12 13 - | 13x13 —_— Various 699 2685 | 10.7 26,3 | 15
4 1884 33 16 120] 8x 8 16 x16 Various 773 3776 6.1 27.2 | 15 =24
1886 & mostly
5 1891 53 24 150| 8x 8 16 x16 1 N.C.=2S 964 2798 6.4 18.2 |21
6 1893 6 72 96| 8x 8 16 x16 Various 601 4623 Not Given 2
7 1895-96 17 16 72| 9x 9 — Various 296 2408 | 10.7 60,9 2
8 1895-97 o7 7a — | 13x13 18 x28 Various 145 1940 7.8 46.8 3 =11
9 1897=-98 18 30 78 | 13x13 — 1l P.Ce=28 | 635 1093 | 16.9 3l.1 34=15
10 1898-99 14 80 — | 18x13 _ l P.C.=2S | 780 1692 | 22,2 48,0 4
11 1904 26 96 ~— 1 12x138 = Various 465 4700 8.8 41.5 1 -6
12 1905 14 96 — | 12x12 12$x12 Various 652 4552 7.4 50,0 g%- 6
13 1906 15 96 — | 12x12 12¢x12 Various 450, 3437 | 11.2 40.3 -
14 1906-07 32 48 — | 12x12 — 1L =-233s| 178 594 7.3 35.0 1g=15%
15 1807 32 96 — | 12x12 —- Various 730 5608 Not Given 24
16 1907 16 120 — | 12x12 — Various |1030 4110 | 12,7 38.4 2 -6
17 1913 2 144 — | 48x48 — Various 767 2917 7.5 28.9 1
18 1914-15 69 84 — | 8x 8 — VYarious |1032 4435 | 14.6 52,1 - 3
19 1916 50 60 120 | 30x30 _ Various 126 3800 7.6 75.1 l=-4
20 19815 57 5 79| 9 9 11 x11 Various 371 2340 | 10,2 71.8 1
21 1918 14 12 108| 8x 8 —_— Various 300 780 | 30,0 78.0 3%
22 1919 4 22 27 | 12x16 — 1l P.Ce=3S | 877 2093 Not Given 192
23 1920-21| 131 42 84 | 12x12 — 1l P.Ce=3S | 495 2656 | 17.6 99.0 l1-3
NOTE: Column Reference No. 1, 2, 3, 4, 5, 6, 11, 12, 13, and 15, tested at Watertown Arsenal
Neo. 7, 20, tested at the University of Toronto No. 9, 10, tested at Cornell University
Ne, 8, tested in England No.14, tested at Purdue University
No,16, tested at the University of Illinois No.1l7, 19, tested at Bureau of Standards
No.18, 22, 23, tested at Columbia University No.20, tested at Swedish Technical Inst,




TABLE II - RESULTS OF BRICK COLUMN TESTS

_ Reinforcement Maximum Maximum | Type of
Mﬁi;ar igmﬁgggzg per cent Load |[Strength | Brick
Longo Lateral 1b, 1lb/sq.in. DeAired

1:3 15% Lime 0 0 738,000%| 4730%* Solid
1:3 159 Lime 0 0 800 000 5130 sSoliad
1:6 |100% Lime 0 0 410 500 2630 Perf,
1:3 15% Lime{2.0 0 800 000*| 5130% Solid
1:3 159 Lime|2.0 0 810 000 5200 Solid
1:3 15% Lime|2.0 0 708 700 4540 Perf.
1:6 |100% Lime(2.0 0 628 200 4020 Solid
1:6 |100% Lime|2.0 0 473 500 3030 Perf.
1:3 15% Lime|2.0 1/4"Ties® | 800 000*| 5130* Solid
1:3 15¢ Lime|2.0 1/4"Ties® | 752 000 4820 Solid
1:3 15% Lime|[2.0 1/4"Ties® | 732 500 4700 Perf.
1:6 |[100% Lime|2.0 1/4"Ties® | 483 400*%| 3100* Solid
1:6 |100% Lime|2.0 1/4"Ties® | 584 200*| 3740%* Solid
1:6 |100% Lime|2.0 1/4"Ties® | 671 000 4300 Solid
1:6 |[100% Lime|2.0 1/471ies® | 527 700 3380 Perf,
1:3 0 0.67 3/8"Tie 530 000 3400 Perf.
1:3 0 0.67 3/8"Ties® | 452 800 2900 Perf.
1:3 0 0 1/4"TiesP | 479 300 3070 Perf.
1:3 15% Clay 0 1/4"Ties® | 594 300 3800 Perf,
1:3 |5% Celite 0 1/4"TiesP | 531 000 3400 Perf.,
1:3 |5% celite 0 1/4"Tiest | 705 000 4520 Perf.
1:3 |5% Celite 0 1/4"TiesP | 562 000 3600 Solide®
1:3 |5% celite 0 1/4"Ties® | 640 500 4100 *k
1:3 15% Clay 0 0 657 800 4220 Perf,
1:3 15% Clay |0.67 H.Y.|1/4"TiesP | 800 000 5130 Perf.
138 15% Clay 0 1/4"Tiesd | 489 200 3140 Perf.
1:3 15¢% Clay 0 1/4"Tiesd | 598 600 3830 Perf.
1:3 15% Clay 0 1/4"Ties® | 609 200 3900 Perf.
1:2 15% Clay 0 0 636 000* | 4080%* Solia
1:2 15% Cclay [0.67 H.Y. 0 690 000* | 4420% Solid
1:2 15% clay [0.67 1.Y.|1/4"Ties® | 800 000* | 5130%* Solid
1:2 15% clay |0.67 H.Y.| Flats © | 659 000*| 4220%* Solid
1:2 15% Clay [0.67 . 1/4"TiesC | 715 000* | 4580%* Soliad

* Tested at the age of 7 days, all others tested at 28 days.

°® Underburned, low strength brick.

** 501id stiff mud brick.

a, b, ¢, 4, reinforcement in every lst, 2nd, 3rd and 4th
joint, respectively.
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Fig. 2 = Structure of Brick

Top, Stiff-lud Brick
Bottom, De-~Alred Brick
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Fig. 5 = Failure of Columns Having
1/4=in. Diameter Lateral Ties



Fig. 6 = Failure of Columns Having

3/6-in, Diameter Lateral Ties
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BOND TESTS OF DIFFERENT TYPES OF REINFORCING BARS

I. INTRODUCTION

- At the request of representatives of the Kalman Steel
Company, & subsidiary of Bethlehem Steel Company,'Bethlehem,
Pennsylvania, the Fritz Engineering Leboratory of Lehigh Uﬁi-
versity conducted an investigation of the bond between steel
and concrete for’different_types of reinforcing bars. The
Kalman Steel Company has recently brought out a neﬁ design Qfe“
reinforcing barj; called the Bethlehem Bar;iand it was the pur-
pose of this investigation to study the merits of this new bar
on the basis of its bond properties. The difference betﬁeeﬁ_
the Corrugated bar and the Bethlehem bar is that the Gorrugat-
ed bar has transverse ribs while the Bethlehem'bar}has contin-
uous diagonal deformation ribs, In order to make this’invee-
tigation at’the leasé?possible expense, pull-out tests were
used fof the determination of the bond properties. A total
of four different types of 7/8-1n. diemeter reinforcing bars
were used in two’differemtfgrades of‘concrete.l Furthermore,
tests were made on the behdihg propefties of eqpefe bafs and
of round bars having equal crosseeedtional areag__:'

* Research Assistant Professor of Engineering Materials
Lehigh University, Bethlehem, Pennsylvania




IT. MATERIALS AND -TEST SPECTMENS

Pull-out tests were made by applying ten31on to one‘
end of the bar which was embedded ax1ally in a 6 by 12-in.,
fconcrete cylinder; The concretes used for the 7/8-in. di-~
ameter bars were designed to have compressive strengtns of
'2000 and 3500 1b. per sqaina"Concretes of design strength
of 2000 1lbiper sq.in. Were used. in the study of square and
round bars. : The,compressive strength of the concrete Was
determined on 3 by 6-in, cyIinders‘made simultaneousiy with
* the bond specimens. A total of 33 bond tests and 21 com-
pression tests were made. ' v

" The design of the concrete ‘mixes is shown in Table l.
Nazco cement was used in order to produce sufficient strength
bof the concrete at the age of test which was seven days. The
':specimens were made in accordance with standard practlce.
They remained in the moldsrfor 24 hours_and were cured in the
moist room for six days._»_ _
| In one group of tests the reinforcing ‘bars consisted -
of nominal 7/8-1n. diameter bars of Corrugated Bethlehen,
‘ Havemeyer and Plain designs. Another group consisted of l-in.
and 1-1/4 inrrsquare'corrugated bars and round Bethlehem bars
'naving cross-sectionai.areawequai to that of.tne square bars.

fThe types of bars used are illustrated in Fig. 1.



The.pnlléout tests were made in accordance With'ordi-“
nary methods} Fig. 2 shows the teSting errangenent§ Plaster
of Paris was used for securing uniform.bearing'or;the oonerete;"
on the plate which was on the top of the’testing machine, The
bearing'platethad a 1-1/8‘ins‘diameter hole for the:7/8-ina'
~ bars end:a 1-7/8 in, holé for the}l-ina'ana‘the 1-1/4 inasqnare
' barszv<The‘slip_of‘the bars’duringrlOading;:wes meesured~hy
means of a}OLOOOl-in; Ames dial supported byge frame;work‘car-
- ried by<the-conerete sPecimen,'with the movingvplunger of the
dial in contact With the free end of the test bar.

The orlginal data of all the bond tests are presented

in sheets 1 to,l4e

-'III. DISCUSSION OF TESTS

The bond between steel and concrete may be recognized ‘
-,at two dlstlnct stages, the adhesion bond and the frlction
bond. The adhesion bond determines the,bond at initial slip
of‘the bgr'and the friction bond determines the amount of re-

. sistance offered after the 1n1tial Sllp has occurred., :Table_2~

f.fgives the’ results of all the tests.' It is noted that the aver-

age compressive strengths of the two concrete mixes used for
the 7/8-in. diemeter bars were 2090 and 3450 lb, per sq.in.-
Table 2 also gives the individual and average 1oads at initial
end final slips; Initial slip was taken at_thg load at which



the total slip of the end of the embedded bar was as mueh as. -
oqoooos-in, The 7/8-in. diameter bars gave very. uniform re-
sults for both initial and final slip; The 1= 1/4 in, bars .
gave more irregular results, espeoially for final slip. _oIt e

is of interest to note that for the 3450 lb. per sq.ln. con—ﬁ~fe

crete the Corrugated and the Bethlehem bars of 7/8-in, dia= .+ ¢

‘meter passed the;yield—point stress of the bars beforelfinal,‘
slip“oceurreda The yielding of the bars took place at'a load
between 26,000 and 27 000 lb. eorrespondlng to a yieldgpoint
stress in the bars between 45'000 and 45,000 1b, per sq. in.

' Table 3 glves ‘the average bond stress at initial and ‘
" final slip for the different types of bars used. In order to
'make the results more illustrative, the stresses at first |
Sllp have been plotted in Fig. 5. The stresses at final Sllp
have been plotted in Fig. 4, It is evident from. these figures
that for the 7/8-in. diameter bar the Corrugated and the Beth-'
lehem bars gave nearly the same results, the Corrugated being
slightly higher, both Wlth respect to inltial and final slip.
The difference between Corrugated and Bethlehem bars however,
is so small that 1t is wrthin the . limlt of the experimental
.errors of this 1nvestigat10n. These bars were found to- de-
”velop bond stresses far in. excess of those for the Havemeyer ;

and Plain;bars. 'The Corrugated-and,the Bethlehem'bars have



bond stress at initial slip approximately 100 per cent in ‘
excess of the bond stress of the plain bars for both grades
of concrete. The bond stresses for*the Havemeyer bars at

initial slip are only about 41 per cent for the 2090 lb.per .

_ sqsin. conerete and 13 per cent for the 3450 1b. per sq.ln.’;"t

concrete in excess of the bond stress of the plain bars.
For f1nal slip the Corrugated and the Bethlehem bars have
more than 200 per cent greater bond stress than have the
plain bars for the 2090 lb. per sq.in. concrete, and more
'than 150 per cent greater than the plain bars for 3450 lb,
pertsq.in. concrete, 'Thefcorresponding}ralues for'the‘Hare-
‘meyer bars are approx1mately 140 per cent and 85 per cent |
for the two grades of concrete. ‘ _ o '.

. : The 1-in, and the 1-1/4 in, square Corrugated ‘bars
gave considerably greater total bond strength both at 1ni-“>
tial and final.slip,.than did the Bethleham‘round.barseofl

equivalent cross-sectional aresd, 'Sincefthe‘square-bars have

~_about 11 per cent greater area than the round bars, the bond,

3 :strength was, correspondlngly higher.' However;’the”bond
types“of bars; Mbreover, the l-in. and the l—h/4 in, bars
gave a considerably lower bond stress both at 1n1tial and at

final stip than did the 7/8-in. bars of the same designs, .



This is due to the'difference in numbers of ribs ‘embedded in

the concrete. The 7/8 -in, bars hed 14 ribs in the 12- in, ems

bedment while the l-in. bars had 11 r1bs and the. l-l/4 1n.
bars had 8 ribs embedded. |
IV. SUMMARY
The following indications are brought out by this
1nvest1gat10n. | d' ‘ _

1, . The 7/8-in. diameter bars of Corrugated and Bethlehem
design had approximately the same bond stress both at inltial .
and at final slips o

2 The Havemeyer bars had bond stress considerably below
the bond stress for the Corrugated and the Bethlehem bars,
"but in excess of- plaln bars.

Se . For the Corrugated the Bethlehem, and the Havemeyer
bars the bond stress at final slip was more than twice that -
‘at initial slip. o | |

' 4, The bond stress was nearly equal for -the square Cor-
‘rugated bars and the round Bethlehem bare of equlvalent
"cross-sectlonal area.“bfg‘» ' | 7

The number of embedded deformat1on rlbs affected the

'bond stress materlally.



'TABLE 1 - CONCRETE MIXES

/2000 1b, per sq.in. cencrete - ¢/w = 1.30 - slump, 4-6 in,
3500 1b. per sq.in. concrete - ¢/w = 1,90 - slump, 4-6 in.

- Age at test = 7 days
, Net water ccntent = 38 gallcns per. cubic yard -
Absorption'alloWance = one per cent by weight of aggregates

Two batches cf concrete of each le

Materlals per batch for 2000 1b. per sq.in. concrete
15 850 grams

ll

‘Nazco Cement

]

Water = 11,730 grams

Sand 95.0 1b,

No.4 - 3/8 in, =  152,0 1b, Accumulated
3/8 - 5/4'ina = 287.0 1b. Accumilated

Materials per batch for 5500 1b, per sq.in, concrete'

Nazco Cement 20 250 grams

n

. Water = 11,650 grams

Sand | 90,0 1bs

o

No.4 - 3/8 in. 144.0 1b. Accumulated

.;5/8 } 5/4;in. 1'1325§5cib? Actﬁﬁulétea}f"‘

Make eighteen bend specimens (6 by 12-1n. cyllnders) and six
control specimens (5 by 6= in. cylinders) from the both batch-

es of each grade of concrete..

e m e e e w e wm e m e am m em e e m . em m e M e w e s e e



- TABLE 2 = RESULTS OF BOND TESTS

Strength  size . Load at Initial Slip** '~ Load at Final Slip
of ’ nge of ' . . - : :
Concrete . .BaI'S:;L"‘- Bars . Specinmen Specimen
1b./sqein. . : © in. 1 2 - 3 Ave 1. 2 3 Av,
2090 . - Corrugated 7/8 dia. 14,000 13,000 13,000 13,300 28,420 27,080 27,230 27,580
2090 Bethlehem  7/8 dia. 14,000 13,000 11, 000 12,700 26,940 27,250 26,950 27,050
© 2090 Havemeyer  7/8 dia. 10,000 8,000 10,000 9 '300 21,520 18,220 22,010 20,580
2090  Plain . _ 7/8 dia. 6,000 7,000 7,opo 6,700, -=-- .8,600. 8,460 8,530
2040 Corrugated 1<1/4-sqs 18,000 18,000 19, ooo 18 500 '34,160. 34,300 35,220 34,560
2040, Bethlehem 1-1/4-Eq.% 17,000 17,000 16,000 16, 700 ‘52;850 28,810 31,560 31,070
2350  Corrugated 1  sq. 15,000 16,000'18;000¢l6,300 38, 410,50,010 29,450 32,620
2350  Bethlehem 1 Eq.* 14,000 16,000 15,000 15,000 30,310 30,460 28,940 29,900
3450 Corrugated  7/8 dia. 19,000 16,000 ---- 17,500 35,780 37,420 ---- 36,600
- 3450 Bethlehem ~ -7/8. dia. 15,000 16,000 15,000.15,300 36,430 36,000 36,290 36,240
‘3450 .  Havemeyer 7/8 dim, 9,000 10000 ~=== " 9,500 .°25,540 25,700 ---= 25,620
3450 Plain = 7/8 dia, - 9,000 7,000 ---- 8,000 - 15,000 12,920 =--=- 13,960

*  Round bar of cross-sectional area equal to that of the square bar.
**  Tnitial slip taken ‘at a total movement of 0. 00005-1n. '



TABLE 3 - BOND STRESS AT INITIAL AND FINAL SLIP

Strength ' Size of Average Bond Stress At

of Type .Bar 401 €14 ina ,
Concrete ~ ~ Of . (Nominal) ipitial Slip Final Slip
‘1b./sqsin, Bars. 4in, _ -1b; per sq.in.
2090 Corrugated  7/8 dias 4404 836
2090 = Bethlehem = 7/8 dia, 386 820
2090 Havemeyer '7/8 dia. 282 624
2090 ~  Plain - .. 7/8 aias - .203 258
2040 Corrugated  1-1/4 sgs " ' 1585'_ - . 875
2040 ~ Bethlehem  1-1/4 Eq.* 315 . 585
- 2350 Corrugated I 'sq;- A T B40 - 680
2350 Bethlehem - 1 .  Eqg.* 352 . o2
3450  Corrugated  7/8 dia. 530 1110
© .3450 - Bethlehem = 7/8 dia. 464 - 1100
3450 -~ Havemeyer - 7/8 dia. 288 777 .

- 3450 Plain . 7/8 dia, 242 423

* Round bar of cross-sectional area equal to that of the
‘ square bar. .



Figs 1 - Types of Bars



Fig., 2 - Testing Arrangement
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