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FOREWORD

This paper was prepared for consideration for publication in

tae Journal of tlic American Concrete Institute, The manuscript was

apnroved for publication by the Office, Chief of Engineers in

Docember 1966. As indicated in the footnote on page 1 of the paper,

it is based on U. S. Army IZngineer Waterways Experiment Stationm (WES)
Technical Memorandum 6-412, Report 2, which describes worx done as

a part of item ES 026 of the Engineering Studies Program of the Office,
Chief of Engineers.

Directors of the Waterways Experiment Station during the conduct
of the work discussed and the preparation and publication of this
report ware Col. R. D. King, CE, Col. H. J. Skidmore, CE, Col. C, H.
buan, CZ, Col. A. 2. Rollins, Jr., CE, Col. E. H, Lang, CE, Col. A, G.
Sucton, Jr., CE, and Col. John R. Oswalt, Jr., CE. Mr, J. B, Tiffany

was Teciunical Director.,
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SIZLT SXPOSURE TESTS OF REINPCRCED CCONCRETE BEAMS *

by E. C. Roshouveww

Synonsis

wo scries of reinforced concreie beam

[&]

were made and exposed to
severa notural weathering at Treat Island, Maine,
variaplcs uader study.were thickness of concrete cover over and tensile

survess o the reinforecing steel, position of the steel, end :ype of concrete

xesulcs after 15 winters of exposure of tae first seric ol baams
JSeries A) indicated that the air-catrained becas were signiiicaatly more
cesistans o tne weathering that the nonair-entrained beams, and that the
Uiwas With reinforeing sceel having deformacions conforming to ASTM
Stundard & 3205 were mord recistant vo the weathering than those with

reindorein,: steel having oldestyle deformarions, --Thiese. tests formed the

“#Zrorarce for submictal to cho smerican Concrete Institute for comsideration
fsr ,ab.-ca:ion. This ia & summary, including some later results, of a

v.zoss by L. €. Roshore catitled Tensile Crack Exposure Tests, Results of
... cu ol Loinforeed Con-‘;cv Zeams, 1955-2.963, Technical Memorandum No. 6-41i2,
aepocc 2, “ssuad by the U, S. Army Engincsr Waterways Experiment Station (WES),
Vic.sur,,, Aiss., in Novemuer 1964, copiez of which may be obtained from
Dirczeor, U. S. Army Engincer Waterways Cimeriment Station, Vicksburg,

V.iino. 39250, for a paywment of $0.50. I copies of this report become

enav.ilal s from the WES, reprocduced copies can be obtained from ACI Head-
¢uisid¥s o cost of rcproductzou.

s legesseh vieterials Engineer, Thoumal Resagren and Durability Section, v
Zng.aceric; Sciences Branmeh, Concrete Divisioa, U. S. Army Engineer Watexwuys

Zxseciment Scatlion, Jackeson, Wiss.
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dasis for a change in Corps of Ingineers practica in 1958 by wihich allow-

Corps of Zngincers construction averaging $1.25 million per year since
the chenge was made.

Results after 12 winters of exposurc of the second series of beams
(Series 3) indicated that more exposure is needed to produce deterioratica

sufficient to permit unambiguous conclusicns. :

Nt e,

Exposure of both scries of beams is continuing.

AR 4o 3 A
LNLTOoNUCClon

1 2 . . - . - * J
Kennady > descrived the first series of specimens made and tested in

«
(2]

taic program, summarized and discussed the results to 1954, and mentioned

That an additional serics ol specimens had been made. Results of both

sevies of specimens througa 1964 lhiave been publishad,3 and results after
. ' . 4
1964 are weported annually.
- 0 A Al ] - ’ 3 * A
The Iindings as reported in 195647 arve sumiiarized here and the data

Vv
ace brought up to date as oi 195665. siess” reported that, as a result of

tae carly ovservations in these tests, the Corps of Engineers in 1958

increased allowable steel

(3]
¢t

per cq ca) with a consequent saving in cost nm its projects alone amounting
£5 $7.50 million over the six-year period following the making of the
caLanze,’

The ctudy was begun in 1950 to develop information on the wulation
vat.cen various deprees of steel sirass in reinforced conerete beams made

2 .

zesses from 18,000 to 20,000 psi (1260 to 1400 kg
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with both air-entrained and nonair-entrained concicte and deterioration
caused by severe natural weather'ng.

In 1951, 82 beams (Series A) were made at the Waterways Experiment
Station and installed at Treat Island, Maine, where they are exposed to
vhe effgcts of severe natural weathering. Other variables were type of
reinforcing steel, type of deformations of the reinforcing steel, thickness
oL concrcte cover over stecel, and position of steel in the beam at time of
casting. Ailter only three years, it was apparent that only air-entrained
concrete beams were able to withstand the exposure.

In 1954, 76 additional beans (Series B), all of which were air-entrained,
were made and exposed at Treat Island., Comparison of the effects of steel
stress, type of deformations of reinforcing, and posifion of steel at time
of casting were to be made.

The exposure of the beams in Series A and B has been continuous
since 1951 and 1954, respectively. The remaining Series A beams have now
undergone 15 winters of exposure; all of the Series B beams have had

12 wintcrs of exposure.

Severe Weathering Exposure Station4

The test spccimens are instailed at mcan-tide elevation. A cycle
of freezing and tihawing consists of the raduction of the temperature at
the cencer of a beam to below 28 F (=2.22 C) and its subsequent rise.‘
The aumocr of freezing-and-thawing cycles obtained annually since 1951

ranzed between 71 and 167 and is as follows:



[LERST

v e

E Winter Number Winter Wumher Winter N, er -
; 1951-52 101 1556-57 144 1961-62 89 f
] 1952-53 85 195753 71 1562-63  1uo :
t 1953-54 121 1953-59 150 1963-64 135 4
1954-55 145 1959-60 71 1964-65 163
1955-56 167 1960-61 141 1965-66 130

Materials

The concrete contained crusued limes:tone ag-regate (3/4-in. or 1.90-cm)
and type I1 portland cement, JConcrete mixture da:aS are given in table 1,

In Scries A rail-steel bars coaforasilo; to ASTH A 16-50T and billet-
stecel bhars coniorwing to aSTH A 15-50T were used. The billet-steel bars

had ceformations conforming to ASTH A 305-30f. Sowe of the rail-steel

" NPT

bars used had deformations conforming to ASTH A 305-50T and the others had
deformations which did not conform to thiése requirenents.

In Series B all of the reinforeing used was rail steel, Half of these
bars had deformations conforming to ASTM A& 305-50T while the other half

had old-style deformations.

Test Leams

The test specirens were 7 ft 9 in, long (2.36 meters) and either 8, 9,
% : or 10 in. wice (20.32, 22,55, or 25,40 cm)., Beam depths varied from
12-3/&6 in, (20.96 cm) to 14-1/4 in. (36.20 cm). The reinforcing bars
vere 7 £ 5 in. long (2.26 m.cers), and cither No. &, No. 9, No. 6, or

¥ : Mo, 7 (or eguivalent); two bars were positioned in each beam either neasr

o o S

the top or at the bottom of the bean at tie time of molding. 1In Series A

e
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the barg were placed so that the nominal concrete cover over the steel
was either 3/4 in. (1.90 cm) or 2 in. (5.0% em); a nominal concrete cover
of 2 tn, (5.08 cm) was provided in Series B. o
The beams were moist cured to an age of 28 days prior to'ﬁégagéézg and
shippin; to the exposure station. Beams of similar size and of similar
concrete insofar as possible were paired and loaded by thir-'-point flerural
loading*;sing spring and yoike devices with spacer gages., Noni 2! loads
used (stress in reinforcing steel) were 20,000, 30,000, 40,000, sud 50,000 psi
(1400, 2100, 2800, and 3500 kg per sqy cm),
In Seriea A, 72 beams were loaded; 10 were not loaded. In Series 3,
64 beams were loaded and 12 beams were not. " ll&u{a{:gbdi;,
Cracks developed in all of the loaded beams during seeesst®s. The cracks
were all fine and irregular. The width of these cracks was not measurea

prior to exposure. Since 1956, the width of the cracks in both series

of beams has been measured annually (exccpt Series A in 1959).

Field Exposure

The test becams were installed on concrete sill: =n the beach at ages
rangzing from 90 to 120 days. When Series A was initially installed one
beum of a pair was directly over the other, 1In the fall of 1956, the beams
wvere turned on their siucs to eliminate unequal exposure conditions result-

b}

ing fram the upright position,*?”

The Series B beams were placed on their
sides at installation.
The test specimens were inspected weekly for physical condition during

eacli winter season and, prior to dMay 1959, weekly adjustments were made to

5
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maintain correct deflections as indicated by the spacer gages. 1If correct

gap openings could not be maintained, the pair of specimens was adjudged

"failed" (unable to carry prescribed louad), and the date of this "failure"
A\ was recorded., In May 1959, the hardware was replaced on all remaining

s pecimens and the spacer gages were not replaced.
All specimens were also inspected annually (except 1965) by a panel

of observers, from 3 to 16 persons, and evaluations of each beam were made.

The beams were gien a numerical rating ranging from 100 (negligible

deterioration) to O (complete loss uf load-carrying capacity). This

rating was based on a system devised by Kennedyl’2 from 1951 to 1959 and on

a system devised by Bloorsi since 1959. Ratio and proportion methods were

used to obtain a continuous numerical rating with the same basis. The

- 1966 numerical ratings of the remaining beams ranged from 24 to 62 for

Series A, and from 41 to 87 ror Series B.
Test Results

The maximum width of cracks in both sceries of beams has been measured
using a measuring magnifier with a least reading of 0.005 in. (0.127 tm).
The 1966 maximum crack widths range to 0.030 in. (0.762 mm) for Series A
and to 0,125 in. (3,175 mm) for Series B.

Comparisons were made based on the 1906 numerical ratings of dates
of "“failure''of single (unloaded) beams or pairs of loaded beams. Comparisons
of each variable were only made between beams or pairs of beams in which
the variable under consideration was tha only difference betweea them (except

for slight differences in diameter of reinforcing bars and beam size),

rd
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Series A
Only 17 of the original B2 beams now remain under test. As it is

no longer possible to develop additional information about the effect of

four of the variables, a "Test of Significance" was conducted to aid in

the interpretation of these particular comparisons. The probability of

obtaining results such as were obtained for these four variables (type of

concrete, thickness of concrete cover, type of steel, deformations of steel)

was calculated f¢r each of the comparisons. A probability of 0,10 was taken

as the probability of significance; {f the probability of occurrence {is

equal to or less than 0.10, the results are then considered to be significant.

Air-entrained concrcte versus nonair-entrained conczete, in all

seven of the comparable cases air-entrained concrete exhibited greater dura-
bility in the Treat Island environment (probability = 0.02, or hipghly

significant).

Stress in reinforcing steel. Sixty-five comparis ns were made.

Based on these comparisons, the 1966 order of durability, from most durable
to least durable, is O stress, 50,000-, 40,000-, 20,000-, and 30,000-psi
stress,

3/4-in, versus 2-in. coucrete cover, In 8 of the 14 comparable

cases, the beams in which the reinforcing steel had a 3/4-in. cover
exhibited greater durability than those with the 2-in. cover (probabiliiy >

0.%0 or not sipgnificant).

Top-positioned steel versus bottom-positioned steel. 1In six of

the ten comparable cases beams with the bottom-positioned steel have

exhibited greater durability to date than beams with the tup-;usitioned

steel,
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Rail steel versus billet steel. Under the rules selected for all %

:

of the comparisons there are no comparable cases on which to base valid g
comparisons of the two types of steecl, llowever, if the 1954 numerical ?

ratings are used, there ara six comparable cases. In four of these six }

44‘

cases, beams with rail steel meeting A 305-50T exhibited greater durability
than did beams with biilet steel meetlng the same specjifications (Probability >

h
0.50 or not significant). é

In 1959, samples of rail steel and billet steel used in this exposure
were analyzed. The rail-steel sample contained 0.447% copper, while the

billet-steel somple contained only 0,.087% copper. E

Rail-steel deformations: A 305 versus old-st:le decformations.

i

"

In all five of the comparable cases, beams with rail stecel mceting A 305
exhibited greater durability than did beams with rail steel with old-style

deformations (probability = 0.06 or significant).

llr R AT s e o i ) e L

Series B
All Series B beams are still under test.

Stress in reinforcing steel, Thirty-8ix comparisons were made,

Based on these comparisons, the 1966 order of durabiliry from mest durable

to least durable is 20,000-, 30,000-, 40,000-, 50,000~ and O-psi stress,

L

Top-positioned stecl versus bottom-pousitioned steel, In 33 of the

46 comparable cases, beams with the top-positioned steel hava exhibited
greater durability to date than beams with bottom-positioned stcel.

Rail-steel deformations: A 305 versus old-style deformations, In ‘

T VTPV T

23 of the 47 comparable cases, beams with rail steel meeting 2 305 have

exhibited greater durability to date than beams with rail steel with old-

style deformations,




Width of cracks - Series A and Series B

There appears to be a correlation in both series between maximum

crack width and stress in reinforcing steel; i.e., maximum crack width
increases with increasing stress (table 2). This does not appear to be

true of changes in crack width from 1957 to 1966.

Conclusions

Series A (Installed in November 1951)

It was concluded that, in this exposure air-entrained beams are
significantly more durable than the nonair-entrained beams and beams con-
taining rail steel wich deformations conforming to ASTM A 305 are signifi-
cantly more durable than the concrete beams containing rail steel with the
old-style deformations.

The exposure of the remaining 17 beams will be continued until a
sufficient number of beams have failed to provide all the pertinent in-
formation which can be obtained from this particular experimental design.
Continued exposure will develop more information on the effect of steel
stress and position of steel at the time of casting on the durability of

the concrete beams in this exposure.

Series B (Installed jin November 1954)

Test Aata developed to date do not permit definite conclusions to be
drawn on the effect of steel stress, type of deformations of reinforecing
steel,'ahd position of steel at the time of casting on the durability of
the concrete besms in severe weather exposure. Since none uf the beams have
failed, this exposure will be continued until a sufficient number of beams

9
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Table 1

Concrete Mixture Data

Series B
Series A Concrete Concrete
Nonair-Entrained Air-Entrained Air-Entrained

Slump, in. 3 to 3-1/2 3 to 3-1/2 2-1/4 to 3-1/2
(cm) (7.62 to 8.89) (7.62 to 8.89) (5.72 to 8.89)

Air Content, % - 4.5 T o.s 5.0 to 7.0

Cement factor, bays/cu yd 5.20 5.35 5.29
(kg/cu m) (287.77) (296.07) (292.75)

Water-cement ratio, by wt 0.70 0.60 0.58
Sand:total aggregate, 7 48.5 42, 42,
Avg compressive strength, psi,

(kg/sq cm):

7 days 2650 (185.50) 2095 (188.65) 2325 (162.75)
28 days 3855 (269.85) 3820 (267.40) 3240 (226.80)

E x 1078, psi (kg/sq cm) 4,94 (0.35) 4.86 (0.34) 4.09 (9.29)
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Table 2

) : Average Measured Crack Widths
1957-1966 E
Change in 1
No. of Maximum E
Beams 1957 Average 1966 Average Crack Width ;

» Remain- Maximum Crack  Maximum Crack (+ = increase;
Stress level ing Width Width — = decrease)
psi kg/sq cm 1in 1966 1/1000 in. mm_ 1/1000 in. mm 1/1000 in. mm 7
Series A :
0 0 1 0.00 0.00 0.00 0.00 0.00 0.00
i 20,000 1400 4 8.75 0.22  7.50  0.19 -1.25 -0.03
3 30,000 2100 4 8.75 0.22  8.75  0.22  0.00 0.00 %
f 1
i 40,000 2800 4 12.50 0.32 23.75 0.60 +11.25 +0.28 ;
| E
i 50,000 3500 4 16.25 0.41 25,00 0.64 +8.75 +0.23 q
; i
i Series B |
R 1
‘ 0 0 12 1.67 0.04  2.50  0.06 +0.83  +0.02 3
20,000 1400 16 12.81 6.33 10.62 0.27 —=2.19 -0.06 E
30,000 2100 lé 15.31 0.39 24,06 0.61 48,75 +0.22 f
_ 40,000 2800 16 18.75 0.48 36.88 0.94 +18.13 +0.46 9
| ,
50,000 3500 16 31.88 0.81 46,56 1.18 +14.68 +0.37
Lo 4
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