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Th’. paper, by Mr, Edwin C. Roshora of the Concrete Division,

[T NPT

U. S. Army Engineer Waterways Experiment Station (WES), 'vas prepared
for consideration for publication in the Proceedings, American Concrete
Institute, The manuscript was approved fo? publication by the 0ffice,
Chief of Engineers, by first indorsement dated 29 April 1963 to a
letter dated 28 March 1963, It was also reviewed and approved for
publication by Task Committee No, 6 of the Reinforced Concrete Research

Councii; and contains revisions based on the results 5f these reviews,
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The manuscript is based on WES Technical Repori No. 6-570, Report
No, 1,

Col, =dmund H., Lang, CZ, and Col. Alex G, Sutton, Jr., CE, were
Directors of the WES during the conduct of the work discussed and the

preparation of the manuscript; Mr. J. 8. Tiffany was Tecinical Directer.
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DURABILITY AND BEHAVIOR OF PRETENSIONED-

PRESTRESSED CONCRETE BEAMS*

by

Edwin C, Roshore¥*¥

Synopsis

To develdp data‘on the factors dffecting the durability of prestressed
(pretensicned) concrete beams, 28 large beams containing pretensioning
strands and 412 small companion specimens without pretensioning strands
were fabricated. The concrete in 22 of the beams was air-entrained; that
in the other 6 was_not. ‘Ar,endix A presents computations used in designing

the beems.

Some of the beams were subjected to laboratory tests, which indicated
trat .the air-entrained teams showed less average camber, sgbout the sanme
average sink-in of pretensioning strands, less midspan deflection, and an

ability to withstard greater flexural loads than the nonair-entrained
beans. Creep tests are still in progress. Asnunber of the auxiliary
specimens were also tested in the laboratory to deternine the strength,
elastic, and plastic properties of the concrete.

Tne rest of the beams and auxiliary specimens were exposed to natural

weathering at stations on the Maine and Florida coasts. In Maine they are

* Pased on U. S. Army Engineer waterways Experiment Swtation, CE,

Durebility and Behavior of Prestressed Corcrete Beams; Pratensioned
Concrate Investigation, Progress to July 1950, Technical Report No.
6-57C, Report 1 (Vicksburg, Miss., June 1961).

** Materials Engineer (Concrete Research), Concrete Division, U. S. Army
Engineer Waterways Experiment Station, CE, Vicksburg, Miss.
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being subjected to cyclic freezing in air and thawing in seawater,.and

in Florida tc sulfate attack in warm seawater. At the Maine station the

:
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nonair-entrained beams failed during the first winter of exposure, whereas

the air-entrained beams remain in good condition after four winters. .No

o S gy AR T S R

significant results of the Florida exposure have been observed to date. ° =

1
K
Lot

Purpose and Scope 6f Investigation ‘

Factors affecting tie durability of conventiorally reinforced con- .
- crete beams representing a variety of concrete conditions, steel types, and
; it )
degrees of siress were previously studied.h The study described herein, -

begun in 1957, was conducted to obtain information on the factors affecting ®

-

the durability of pretensioned-prestressed concrete beams; these factors ine-
clude =reepr in thé steel, creep in the concrete, resulting rzlexatior of the {@
prestressing force, and corrosion resistance of the prestressing elements.
A group of pretensioned-prestressed concrete beams were mad;. Most
of these were made with air-entrained concrete, but a few were mede using
concrete without'air-entraining admixture. Because noneir-entrained con-
)
crete could be expected to deteriorate more rapidly than air-entrained con-

crete, the nconair-entrained beams were includel ir the program to determine

whether any information could be obtained in a reletively short time on the

effects of severe weathering on pretensioned-prestressed concrete beams

T L R R

iy b Gk

regardless of the type of concrete used. A few beams were nade in which

Fut

the prestiessing strands were not pretensioned. Most of the beams were

subjected to sustained flexural (third-point) load; others were not loeded.

* Raised munerals refer to similarly nnmbered items in the 1list of refer-
ences at end of text. -
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§' .Laboratory tesﬁs were conducted on the beams to detcrmine'sink—iﬁ of steel

‘i strands, camber,. midspan deflection during flexural loading, length and {.
& midspan-deflection change with time, and ultimate strength in flexure. ;?
% Field exposure tests are being made to determine resistance to natural é;
? weathering as sudged both visually end by measuremegt of length change and {g
% pulse velocity. :
; Auxilia-y specimens (cylinders and small beams) were molded %rom the i.
; seme concrete batches used for the test beams, and were tested in the labo.. ;
% ratory to determine compressive strength, Tiexural strength, creep, modulus g
& of elasticity in compression, dynamic moduius of elasticity, Poisspn's i.
3 ratio, and resistance to laboratory freezing-and-thawing. Auxiliary speci- 5
% . hens are also being subjected to natural weathiering. ?;

; In addition to the tests cof the beams and auxiliary specimens, tests
were conducted to determire the tensile strength and mcdulus of elesticity

of the steel pretensioning strands.

Materials

iz

Crushed limestone fine and coerse aggregstes, graded to 3/k-in.

e obich gt AL
S Nl

maximum size, were used. Physical properties ard gradings ol the'aggre-

Rl £

gates are shown in table ). Type JII portland cement was used. The air-

entraining edmixture was neutralized vinsol resin. Tne properties of the
D

T ey

high-strength steel strands used for pretensioning are given in table 2.

Mixtuves and S.ecimens

g;;tures..:

Data on the two concrete mixtures, each of which was proportioned to
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have a nominul l—3/l&-in. slump and a nominal 28-day compressive strength of
6000 psi, are given in table 3.

Scecimens !

wenty-eight batches of concrete were mixed in a 10-S rocking-tilting

mixer, and the following specimens were molded from these batches:

No. per .
Sveciner. Size, in. Type Bat.ch Total
L-1/2 oy 9 by 81 - Beems 1 28
6 vy 12 Cylirders 5 140
3-1/2 by 4-1/2 vy 16 Small besms 11> 264
6 vy 26 ' Cylinders Lpx _8

. . Lo

* All batcnes except batches A, B, C, and D.
. %%  Patches ? and 16 only.

Tne 28 beams were mclded in wooden forms on &n outdoor reinforced-
concrete casting bed. Nine ominal 1/h-in. (1 by 7) steel sirands were
positioned in each beam as shown in fig. 1. In 24 of the heams, the
strands were tensioned to approximately 70% of their ultimate strength
(approximately 3 tons per strand); the strands in the remaining f&ur beams
were not tensioned appreciably. Twenty-four of the beams (not A, B; C, and
D) alsc contained eight stainless steel gage pointst located at midspan for
the measurement of the length change of the corcrete. The position of the
gage roints is also shown in fig. 1.

The_cylinders (voth types) and small beams were rabricated indoors in

metal molds. Each 6- by 16-in. cylinder contained one strain meter (m~

tedded axially.

1 These gage points were of the type developed by Messrs. H.. K. Stephenson
and T. R. Jones, Jr., Texas A. & -M. College, C>llege Station, Tex.
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DETAILED END SECTION

- T™wo views -of beam, showing position of steel

Fig. 1.
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-Prestressigg

The 5-.by 54-ft casting ted used for tensioning the strands and cast-

S ne o3 ISR AR

ing the beams is'showﬁiin fig. 2. The bed had two loading posts with steel

oo

neader plates at each end which served as buttresses for the pretensioning

J—
STV A

(see fig. 3), and was long enough so tkat as meny as six of the beams could

e BN
N h

be iabricated simultaneously. The reaction capacity of the bed-was

g

Ay

7

*1C0 tons.

oo

The steel strgnds were stretched between the buttresses of the cast-
ing bed and tensioneé with a 50-ton hydrauiic jeck vrior to placing of tﬂ;
concreté (see fig. 4). The strands were fastened to both ends of the cast-
ing bed with quick-release-end anchorages. The tensioning load was meas-
“ured by the jack gage {see fig. &) &and byfcaliiraéed lcad cells which cone
sisted of alumimum cylinders on which were mounted two resistance-wire
strain gages (see figs. 3 and 5). One load cell was positicned on each -

strand btetween the cesting bed buttress and the end anchorage. Av:rage

t

tensioning loads for all of the beams tested are given in table L.

Placement of concrete .

»

After the strands were tensioned as desired; the concrete was placed

and consolidated using electric vibrators. The top surface of each beam

13

0

wxs coated with a white pigmented membrane curing compound; the other sur-

3

QA . RN < : M
T %t AU LW v p M
R e s LR O NI O BEARANS I . 9N :

faces of the beams were prctected during curing by the wooden forms, which

+ere not stripred until the day tup pretensioning lcad was released.

Pransfer of load

.v’%

heR

4
hd A NI WALEH $ 56

The beams remained on the casting ted for 10 @ays (only 3 days foxr

AT AR EL IR BRI

beams A, B, C, and D¥*) with the tension r.:: - 13 on the steel strands for

T

* Beams A, B, C, and D were cast primarily. to develop the techniques and
vrocedures to be used.
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this period. Then the load on the steel strands was released, causing the

it

¥

W

¢ lower half of the concrete beam to be in compression (approximately 2800 ?':E%
; psi on the outer fiber), and the upper.half to be ir tension (approximately : i%
E - 200 psi on the outer fiver).* After this transfer of load, the strands : g
g were cut and the beams were removed from the casting yfd and water-cured to ' %
% an age of 28 deys. The exposed ends of +he yretensioning strands were cov-

§

ered with pads of epoxy resin compound to protect the strands from corro-

sion. The disposition made of the 28 beams after curing is listed in

table 5.

-

‘ pa— ’
. . & -
Ty Ny RN T I Y P T I
4 4k
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B Laboratory Tests and Results

Twenty-two batches of air-entrained concrete were made in this in-

vestigation; two had a water:cement ratio of 5.64 gal per bag, and “he re-

4

‘ mainder a water:cement ratio of 5.85 gal per bag. ,Six batches of nonair- ~%

entrained concrete were made, all of which hed a water:cement ratio-of

6.2z gal per bag. The behavicr of the air-entrained and nonair-entrained

concretes is compared in the following discussicn of the results of the

various tests.

Camber and sink-in.

A LA TRV TR SR SRS ST

Determinations of camber were made on 20 bsams after transfer of

load.

3

These measurements were made at the midspan of each beam using dial

4

G

PR
o S U AN AR AR

gages that measured the camber to the nearest ten-thousandth of an inch.

Measurements {to the nesrost five-thousandtb of an inch) weie also made of

vy

'

the sink-in of three cteel strands in each beam after transfer of load,

.*  Apperdix A gives the computations used in design of the beams. These
corputations were wede according to the wethods ewilined in velerence 2.

Y i == > b
! .l,<avu

. » PR
kY e =)




ST A IO YT R
i - i e 1 o T3t AN SR

P i

:
%

&

T

T A e T T S T R

T Ly g PLUIA

=, T - IR, e
e e atrt

_ (third-point loading method), using spring and yoke loading frames. The

" Two intensities of loading were used:

e
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i L] I

1

using a fiducial mark on the strand ard a measuring megnifier. These meas-
-urements -were corrected to allow for the elastic shortening of that portion
of the strand between the beam end and the fiducial mark. Results of both

types of measurements are given in table 4 and su:mna.ri-zed in the following

tabulation.
Pretensioning Air-Entraired Beams F¥onair-Entrained Beams
Force (w:c = 5.85 gal ver bag) {w.c = 6.22 gal per bag)
« {(load per No. Camber Sink-in No.  Camber Sinksin
. Strand), 1b Tested in. in. Tested in. in.
ST4: 2 Max 0.0126 0.026 2 0.0250 0.032
Min 0.003% - 0.022 0.0200 0.021
Avg 0.008c  0.02%4 0.0225  0.026
5662 4 Max 0.0322  0.026 2 0.030% 0.019
’ Min 0.0031 0.017 0.0138 0.019
Avg 0.0176  0.022 0.0221.  0.019

As can te seen above, the average camber of the nonair-entrained

beams was greater than that of the air.entrained beams for the same pre-

-tensioning force. The average sink-in of the pretensioning strands in the

nonair-entrained beams was not significantly different from that in the
air-entrained beams for the same pretensioning force.

Flexural loading

Eighteen of the beams were yoked (in pairs) and loaded flexurally

LY

" loading of the beems was accomplished by use of two hydraulic rams, posi-~

tioned near the ends of the beam, to jack the beams against other channel
sections attached to the loading frames by extension rods (see fig. 6).

in one, the compression due to pre-

stressin~ vas jJust balanced (100%), and in the other, the compression due

to prestressing was exceedad so that sppronimately 20V-psi <eunsion existed
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showing flexural loading yokes, dial gages, and strain gage wiring
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in the outer fibers of the beams (108%). The midspun deflection of each

beam was measﬁfed to the nearest ten-tl.ousandth of an inch by means of dial ¢
geges, two gages per beam. Resistence-wire strain gages were attached to
several of the veams, and strain was measured tc the nearest millionth of

an jnch per inch. Readings were also taken on embedded gage poiﬂts (see

fig. 7) with an external strain gage before and after flexural lozaing.

T T B St R ML A L B S bt e

Table 6 sumnarizes the datea cbtained in these flexural losding tests.

Py

As illastrated by the following typical date, greater average midspan de;

flections were experienced by the ncnair-entirained beams than by: the air-

6 entrained beams with the same pretensioning force and flexural losad.
5 Pretensioning Flexural : Water:
: - Yorce Loading ’ Cement Midspan
. {Losd per % of - ) No. Ratic Deflection
Strand), 1b  Prestress Type Beam Tested gal ver dag in.

i 5662 100  Air-entrained L 5.85  Max 06.0555
( _ . Min 0.0361
Avg 0.04TT
Nonair-entrained 2 6.22 ¥ax 0.0540
Min 0.0578
Avg 0.0609

In addition to the tests jr<t dis cussed eight beams of various ages

were lozded flexurally (third-point method) to destruction. For these

' 3
de A 3

tests, the test beam wac paired with a steel beam and loaded by means of Yas v §§§ %
until Lalure of +he conaete in ¥we ooter fiber of Hhe beam 4 com?ress/on 5de). No sted bend b P % S
two hydraulic rams, Midspan deflection of the concrete beams was measured I %
' ' R - £

by mecu:s of dial gages; geze-point readings were also taken Lo determine 3 %
kN

;_.!

fiber strain §
3

3

. Results of the flexural load tests to destruction are also given in

teble 6. The following tabulation shows that for the same preiensicning '3

force and approximately ihe same age of concrete, the average flexural load
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required to destroy nonair-entrained beaas was greater than that quuired

to destroy air-entrained beams.

Pretensioning
Force
{10ad per
Strand), 1b

i - Age of
Water:Cement Concrete at
Ratio Destruc~
g2l per bag tiou, Days

No.
'Pested

=
B v

AT

&

e

—pys
oY
-

g

e

- Ar AL v o
PRI
Bl

Ultimate Lodd
{Each End), 1b

»»

LT
i

Al

Air-Entrained Beams

5.64

2 5928 115 and 120

Nonair-Entrained Beams

., 2 5928 6.22 106 and 113

The flexural strength of 120 of the small beams was also determined.

One small beam from each of 24 concrete batches was tested at each of five

ages: 3, 7, 28, 91, and “N" days (“N" being a selected age which may dif-

‘fer for each batch). Results are given in table T.

strength of the 5.85-gal-per-bag water:cement ratio air-entrained concrete
was higher than that of ine nonair-entrained concrete at four of the six
- ages tested, i.e. at T, 28, 45, and 91 days age (teble 7).

entrained concrete showed higher flexural strengths at 3 and 35 days age.

Length and midspan-
deflection change with time

Length-change tests, based on readings taken on the embedded gage
points, were conducted on eight of the beams stored in the laboratory.

Four were tested in a loaded conditicn and four in an unloaded condition.

Two of the unloaded beams were pretensioned; two were not.

change test results are shown in fig. 8. Length-change resdings were also
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" taken using SR-4 strain gages mounted on the vuter fiver of four loaded

beams; these results are given in table 8. The length changes of the four

-unloaded beams were also expressed as volume charges, &s shown in fig. 9.

The volume change was greater for the pretensioned than for the nonpreten-.

sioned, unloaded beams.

measured by means of dial gages, and are given in table 9.

Compressive sirength and
static mcdulus of elasticity

Cnanges in midspan beam deflection with time were

The compressive strength and.static modulus of elasticity of 136 of

each of the 28 concrete batches was

28, 91, and "N days.

Test results

The compressive strength test

the following tabulation.

N .
Specimens
Tested

the 6- by 12-in. concrete cylinders were determined.

tested at each of Tive ages:

are given in table 1i0.

3,7,

One cylinder from

-

results from tahle 10 are swrmarized in

Water: Cement Corpressive Strength, »vsi
Ratio 3 7 28 35 L5 91 365
gal per bagz Days Days Days Days Days  Days Days
Air-Entrained Concrete
5.6k Max 3570 5110 T1%0 7300
Min 3520 4460 6890 7000
Avg 3545° 4785 7015 7150
5.85 Max %39C 4GB0 6570 %070 6390 7256 7650
Min 29590 3930 L4820 5040 5480 5710 591
Avg 3540 LkO5 5695 S5670%  5830% 6545 6925
Nonair-Entrained Concrete .
. 6.22  Max 3860 5410 7250 6640 6360 7220
Min 3070 4140 5430 6540 60k0 €36¢
Avg 3525 U4sko 6385 6590%% 6200%* 6820

X Average of five specimens: only five specimens were tested at these

eges.
*%  Average

R

'3;:.‘:_’._(.
b I R

of "two specimens; only two specimens were tested at these eages.
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The indicated average compressive strergth of the air-entrained concrete

i

with a water:cement ratio of 5.6 gal .2r bag was greater than that of the
concretes made with the other two water cement ratios at all ages tested;
however, only two specimens of this con:rete were tested at each age. The

average compressive strength of the nonsir-entrained concrete wi-h & water:
ng

I TR LT IR e YR R AR MR TR

s DN N bt D i

cement ratio of 6.22 gal per beg was greater than that of the air-entrained i
: . - -~ X
¢ concrete with a water:cement ratio of 5.85 gal per bag at 7, 28, 35, L5, £ o)
< Fih3)
3 LBE
;- R s . 0= S
: and 91 days age; the average compressive strengths of these two concretes et g
were essentially the same at 3 days age. =
: The apperent decrease in strength of the nonair-entrained concrete RES 2
2. H
, . 51 3
o between 35 and 45 days age is not regardsd as significant. It may bhave re- i E
sulted from improper consolidation of one or both of the two test specimens fs] %
which were tested at 45 days age; but since only two specimens were tested, ;3 2
i g
no definite conclusions are believed warranted. . o g
As shown in the following tabulation, the air-entrained concrete with : i
- '.fr;;‘: %
a water:cement ra.io of 5.64 gel per bag had the highest percentage in- : 3 §
crease in compressive strength between 3 arnd 91 days, and the nonair- :jg g
entrained concrete had a higher percentage increase than the air-entrained 5] 3
concrete with a water:cement ratio of 5.85 gal per bag. o L
Percent Increase in Concrete e E
No. Water:Cement Compressive Strength with Age L %
Specimens Ratio 3-7 7-28 28-91 3-91 91-365 - % $
... _Tested gal per bag Days Deys Days Days Days Q_g 3
2 e 3 3
. . 3 E
Air-Entraincd Concrete U E
2 5.64 . 38 L7 2 102 3, i
20 5.85 24 29 15 85 6

.us

Noneir-Entrained Concrete

6.22 20

)
r
mmum AL s bt ¥ U821 4 490, e S BB g 2
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-The increase in compressive strength of the three concretes bet%een Jand T
days age renged from 24 to 384, between T and 28 days age from 29 to 47%,

aﬁd between 28 and 91 days age from 2 to 15%. The smaller increase between
?3 and 91 days is presumably characteristic of high-early-strength concret;.

The strength-gain characteristics of the nonair-entrained concrete

and the 5.85-gal-per-bag air-entrained concrete are shown in fig. 10. The

WA LTS T T T T R R TR AR A S AR AT R

rate of strength gain by each concrete apparently decreases greatly when

“me
v

.o

the average compressive strength reaches a.level of approximately 6500 psi.

Since concreie compressive strengths in excess of 6000-T000 »si would be

ER T te S {1

advantageous for some applications involving prevensioning, it woulﬂ.be:de;
sirable to learn what factors brought about the indicated compressive-
strenéth plateau. Among those that may have been responsible are (a) ap-
proximate completion oi effective hydration of tre cement by self-
desiccation and other processes; (b) effective de?line in efficiency of
curing; (c) attainment of a stirength level that made the effective strength
6f the aggregate a2 critical factor;.ard (d) elastic pr@perties of the test;
ing machine.

The average static modulus of elasticity of the air-entrained con-
crete with a water:cement ratio Jf 5.04 gel per bag was generally lcwer
than that of the other two concretes ard ranged from 360 X lO6 psi at
3 days age to 4.92 X 106 psi at 91 days age (see table 10). The azverage
stetic modulus of elasticity of the air-entrained concrete with a water:
cement ratio of 5.85 gal per bag ranged from 3.82 x 106 psi at 3 days age
to 5.35 X 106 psi at 91 days age, and was higher than that of the other two
concretes at 3 and 91 days age. The average static modulus of elasticity

of the nonair-entrained concrete was 3.78 X 106 psi at 3 days age and
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5.12 X 106 psi at 91 days age, and was higher than that of the other two

Sl ot PP L Sk A 1 I

LA

concretes at 28 days age, and nigher than that of the air-entrained con-

E

% crete with a water:cement ratio of 5.85 gal per bag at 35 and 45 days age.

é Dynemic properties i

< 5t

E Young's Qynamic modulus of elasticity, the dynamic modulus of rigid- ii
g ity, and.Poisson’s ratio of 120 of the small concrete beams were deter- ?gg
% mined. One small beam from each of 24k concrete batches war tested at each g%%
; of five ages: 3, 7, 28, 91, and "N" Gays. Results are given in table l%, gé;
i which showz the following. The average dynemic modulus of elasticity and Q%;
: tge average modulus of rigidity of the nonair-entrained concrcte were ;?

‘ reater then those of the 5.35-gal-per-bag air-entrained concrete at all
g g

e
v
s

.
o

sges tested. The average Poisson's ratio of the nonair-entrzined concrete Py
N was greater than that of the air-entrzined concrete at frur of the six ages

tested, i.e. at 28, 35, 45, and 91 days age. At 3 days age, the averzge

Poisson's ratio of the two concretes was egual; at 7 days age, the zair-

N5
entrained concrete had a greater average Poisson's ratic. ;gg
B
]
G
Creev i%‘
Four of the 6- by 16-in. concrete cylinders containing embedded ggg
Q=
. < . . . . vz
strain meters, two air-entrained and two nonair-entrained, are being sub- bt |
: ~ . -~ o~ [
jected to leboratory creep tests. These specimens were loaded in compres- ivg
‘ g:i.,‘
wd s
sion to 1000 psi at an age of 10 days; this losd is beirg maintained by ?gﬁ
A
fed
2 L3 x R a = 2 z‘ * ;%
sveel springs. The other four 6- by 16-in. concrete cylinders containing .
§
embedied strain meters, two air- and two nonair-entrained, are being tested .
3]
Fol
for autogenous length change,concurrently with the creep-test specimens, to e
#h
serve as controls. One each of the air- and norair-entrained creep cylin- “

yaons oo
v :.’1,

e

ders is being tested in & sheathed cordition (outside surface of the
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cylinder covered with a neoprene jacket), and the othar two without

.sheaths; the same is true of the autogenous-length-cl nge cylirders. Creep

equations for data obtaired after approximately one yvear of testing, and
from which autogenous length change has been subtiracted, are shown in the

Tollowing tabulation. Creep curves are plotted in fige. 11 end 12.

1000-psi loed =2t 10 Days Age

Batch Air Content Specimen
‘No. of Ccnerete, % Sheathed Creep Equation

2 " 4.0 No : 0.158 « 0.0791 1n {t + 1)
Yes = 0.195 + 0.0381 1n {t + 1)
16 2.2 No = 0.128 + 0.08C8 1n (t + 1)
Yes - 0.0718 + 0.033L 1n (t +.1)

wlastic plus creep strain, millionths of an inch per pound per
square inch -
t = time after loading, days
1n = naiural logarithm

*

The shezathed air-entrained specimens have exhibited more creep to
date than the sheathed nonair-entrained specimens. The creep of the un-
sheathed specimens is essentially the same.

Iabecratlory freezing-and-trawing

Seventy-iwo of the small concrete beams, three Irom each of 2y
batches, were subjected to rapid laborétory freezing-and-zhawing tests in
water, beginning at 14 days ege. Results are given in tzble 12. The aver-
age dursbility factor (DFE) of the air-entrained concrete beams was 87,
whereas that of the nonair-entrained concrete was .

Pulse velocity

As shown on page 25, uonalr-entrained concrere beams had siightly

higher initial pulse velocit. 2» than the air-entrained beams.
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‘ No. Water:Cement " a8 4
Beems : Ratio . Pulse et 4

3 Tested Type Eeam gal per bag Velocity, fps £ 3 3 3

: T4 £y

12 Air-entrained 5.85 Max 15,555 . ¥ E

g Min 14,965 s e
[ Avg 15,225 kY 1{3

‘ IR =

g L Norair-entrained: 6.22 Max 15, 590 - s
g Min 15,375 . ik 3
£ Avg 15,445 ¢ £ k-
% Field.Exvosure Tests S 4
g Resistance of the concreté beams and auxiliary specimens to natural , gﬂ E
& ! & i
£ . 2 3
% weathering is being determined by means of exposure of the speci :.ens at gf - |
§ Corps of Engincers exposure stations located at Treat Islend, Maine, and B <£
% St. Augustine, Florida. At Treat Island the principal factor affectivg ?
£ ! i ’ : » E
g durability is freezing-and-thawing; at St. Augustire it is sulfate attacg. . ‘§
§ Specimens exposed to sulfate attack i’
% Threc béams were installed at half-tide elevation at St. Angustines E
f in October 1959. Two of the beams were installed in\a lcadgd condition : . i

(loaded to cracking, i.e. to 189% of .prestress); the other beam wes in-

“
ik

| .
stalled unloaded. The beams are inspected biennially, at which time length

changes are determined using an external strain gage,.and pulse velocity

tests are condqcted.

iy T astalindd A
RWARAPRA e t

Specimens exposed to
freezinz-and-thaving

A aa o)
gﬁ
VR

r %‘%*g .
RN ey
o oy PP

t

Seventy-two of the small concrete beams (three beams from éach oi 2k E%gz
batches) were installed at, Treat Island in October 1958. ~ These beaws are iz‘g; :
annually inspected and tested for fundamental flexural frequency. Test re- f§%$ '
sults obtairea to date are given in table 12.. No significant 'differcnces b
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have bezn noted in the physical appearance of the small field exposure

OHRITIETY

beams mede from the two concretes. The average durability factor of the
air-entrained concrete after four winters of exposure was L0l, whereas that
- of the nonair-entrained concrete was 97. Therefore, it can be seen that

the air-entrained concrete is exhibiting slightly more resistance to

freezing-and~-thawing than the nonair-ertrained concrete. When more data
are available, these field results will be compa;ed with results of the
laboretory freeziné-a*i~thawing tests.

Sixteen large beams were installed at half-tide elevation at Treat
Islard in October 1958. Four were rot loaded; the other 12 were loaded,
six to 100% of prestress and six to 108% of prestress. The channels,

springs, and rollers used on the lcaded beams were painted to protect the

metal from corrosion, aaxd stainless steel rods and muts were used. The

)

A Avia
BTk
3 M

-y
s

g o

embedded gage points were protected vy stainless steel cones. The beams_
are inspécted anmially, at which time length changes are determined with an
external strain gage, and pulse velocity tests are made using a soniscope.
These pulss velocity readings are taken (one per beam) through the 81-in.

dimension <f the beem, and the sgvare of the pulse velocity obtained at any

N NP TR S L TR Y e L o £ ks G v ML S U v b i doriadn S o b s e g b

YRR

,

.time is expressed as a percentage of the initizl pulse velocity squared.

LY

Results of the inspections, and of the length-change and velocity tests

are given in table 13.

The 12 beams of air-entrained concrete have survived four winters of

\‘\

By

exposure at Treat Island; the 1962 condition of these beams ranged from

L% I Ee

£t

"2008" to "very good" (tsble 13). The four nonair-entrained beams failed
i structurally during the £irst winter of exposure; this failure occurred

considerably earlier than had been expected.
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The weekly condition of the nonair-entrained pretensioned beams dur-

.ing the winter of 1958-1959 until structural failure is given below: é
: s
Yoked Pair ILoaded Yoked Pair Loaded i
to 108% of Prestress te 100% of Prestress i 37
Date Beam 15 Beam 16 Beam 23 Bezam 24 gzﬁ:
. . ‘ é 2
12 Dec 1958 Sound. Sound Sound Sound ﬁffg
i 19 Dec 1958 Slight gg
3 scaling Sound Sound Sound {7890
: F132
£ .26 Dec 1958 Slight ey
: scaling Sound Sound Sound iy
£ 2 Jan 1959  Failed Sound Sound Failed 3
% 9 Jan 1959 Moderate S
g spalling Sound im
% 16 Jan 1959 * Heevy Moderate %é:
& spalling spalling *% gs
3 23 Jan 1959 % Failed Mocerate §3i
spailing ** §S§ i
Pt
30 Jan 1959 * Heavy .- ek |
§ syalling ** :
] 6 Feb 1959 * Heavy
£ spalling *e
- 13 Feb 1959 * Failed *%

AN A e i

¥ Al]l steel wires exposed cne-half of their length.
J¥% A1] steel wires exposed one-fourth of their length.

PR TR

Tne foregoing resulis indicate that even thcugh one beam cf each pair
eteriorated and failed first, thereby relegsing the third-point flexural
load, the other beam continued to deteriorate until it failed also. Beems
15 and 2% failed simulteseousiy (week ernding 2 Jan 1959). Beam 23, which

had less initial petensioning lcad than beam 16 (5662 1b per strand versus

(A S e S bt
(2]

5744 1b per strand), outlasted beam 16.

1956
Paragrarh 301(b) of theAAmerican Concrete Institnte (ACI) Building

Codelo states "Concrete without air entrainment which will be exposed to

yrwrs P T AT T T T L ST TP
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the action of freezing weather shall have a water content not exceeding
6 gal per sack of cement.” It wiil be noted that the nonair-entrained corn-
crete used in this inyestigation had a water content of less than 6 gal
per bag of cement.

.Lin2 wro%e “"Air entrainment of é to 5% imprcves workability and re;
duces bleeding. When well-recognized air-entraining agents are employed,

there is no evidence of increased strinkage or creep. Hence proper appli-

cation of sir erntrairment is considered beneficial for prestressea con-
crete." The Bureau of Public Road56 stated that "any portland cement and
aggregete may be used -hich is suitable for ordinary concrete" i pre-
stressed concrete bridges. The ACIl reccrmendations list air-entraining
rortland cement among the types of accéptable portlend cements, but fail
to comment on when or whether air entrzinment should be emplcyed; ro men-
tion of air entrainment is contzined in the parag?aph on admixturés. This
failure by the writers of authoritative guides to prestressed councrete con-
struction practice to mention whether or not entrained air is needed in
prestressed concrete e3posed to weathering has apparently led scme to con-
ciude that entrzined air is not needed in prestressed concreze. This
opinion was expressed during the discussion of an unpublished paper pre-
sented at the 1960 ACI convention in New York.

Most authorities, howeve:, believe that air enirainment 1s necessary

Based on labora-

in prestressed ccncrete exposed to freezing-anc-thasing.
'17 11t

tory tests, Klieger concluded: “All concretes reguire intentionally en-

trained air to precvide a high degree of resistance to freezing and thawing

and de-icer scaling." In a discussion of a peper by Gutzwiller ard

8 9 ' .
Musleh, Kunze” stated: "For most concretes used in prestressing, air
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content ol 5 + 1% is regquired to assure a high degree of resistance tc

-freezing and thawing, along wi*h low water-cement ratio and adequate

curing."

The results of the field exposure tests reported herein appear to
provide conclusive evidence that properly entrained air is mecessary to
provide resistance in saturated prestressed members to severe freezing-

new reqowewevit of
and-thawing. These results confirm the wisdom of theAp;epssed—ehae‘fge—-iﬁ-

1963 thatis o bject
the, ACI Building code™ Soregsize that "Concrete which-witl be :E;’q?g.sad to

{emperatures while wet
the—gelrerof freezingAwesr‘s.}‘@r. ..shall contain entrained air,
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Table 1

Phvsical Properties and Grading of Crushed Iimestone Aggregates

Test Fine Aggrepate Coarse Aggregatle

Physical Properties

Bulk specific gravity,

. saturated surface dry 2.65 2.70
.Absorption, % - 1.2 0.7
. Soundness, ¥zgS0y, % loss 10.90 2.4
Ios Angeles abrasion, % 1oss - 23.6
Mortar strength, %

3-day 163 - -
T-dsy 158 -

Sieve:
l-in. - ‘ 100
3/b-in. 9
1/2-in. 55
3/8-in. i 31
No. k4 " 100 4
No. 3 92
No. 6 62
No. 30 36
No. 50 19
No. 100 9

"Fineness modulus 2.82
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Table 2
Properties of Steel Pretensioning Strands
Property - Description or Value

" Type of strand*

“i "Nom'nal strand diameter¥

*Strand constructior¥
"Approximatve weight per 1000 Pi¥
Cross-section area¥*

Minimum ultimate tensile strength*

Approximate yield strength¥
(2s detzrmined by 0.7% elongation)

Ultimate tensile lozd and strength:
Manufacturer*¥

"WES?
Elongation (in 24-in. lengths)¥*
Strain et stress of 166,600 psitt

Modulus of elasticity:
Manufacturerts.
WEST

Relaxationtt 3

Str:ss-relieve& T~wire strand
1/k in.

1bdy 7

121 1b

0.0352 sgq in.

238,000 psi

67% of vltimate strength

10,300 1b (292,615 psi)
9,600 1b (272,725 psi)

7.92% (at ultimate load)
0.00626 in. per in.

26.6 x 102 psi
23.7 X 10" psi

6.7% loss in 1000 hr (at stress of
166, 600. psi)

* Taken from table in reference 2.
*%¥  From memufacturer’'s report.

t .As determined by Waterways Experiment Statior on three strands, each

about 5 7't long.

tt Interpolated from curve for l/h-in. strand furnished by menufacturer.
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3 Table &
g Test Data, Joncrete Beams*
5 Percent  Camber
% . of (Avg of 2 Sink-in
3 Averege (of 9 Ultimate Reedings) of Strands
3 Type Weter:Cement (Casting  Strands) Tensile at ~ (avg
3 Besm Con- Ratio Date Tension Load Strengtn Center of of 3 Read-
. No. crete Ral/baﬁ 1958 on Strend., 1b of Strand Beam, in. ings), in.
; 2
i A Air 5.6k 26 Mey 5928 70.8 -- ——-
* B Air 5.64 26 May 5928 70.8 -- ——-
i ¢ Nonair 6.22 26 Mey 5928 70.8 - -- -
i D DYonair 6.22 25 May 5928 70.8 - —
E 1 Air 5.85 30 Jure 106 1.3 - --- g4
3 2 Air 5.85 30 Jure 106 1.3 - - 2
3 Air 5.85 30 June 106 1.3 - - §
: L Air 5.85 30 June 106 1.3 - - g
i 5  Air 5.85 1k July 5791 69.1 0.0055 0.012 .5
E 6 A 5.85 14 July 5791 69.1 v.0193 0.01% é
< i
: 7 Air 5.85 14 July 5793, 69.1 0.0148 0.01k e
3 8 Air 5.85 ik July 5791 69.1 0.04Th 0.021 2
! 9 Air 5.85 1k July 579t 69.1 0.0221 0.021 g
) 10 Air 5.85 1% July 5791 69.1 0.0192 0.02% g
: . 11 Air 5.85 23 July 5786 69.1 0.0316 0.011 B
§ 4 12 Air 5.85 28 July 57684 69.1 0.011% 0.022
: B
} 13  Air 5.85 28 Juiy 785 €9.1 0.0238 0.0k ]
14 Air 5.85 23 July >785 69.1 0.0028 0.016 §
15 HNonair 6.22 11 Aug PYLL 68.6 0.0250 0.021
2 16 Forair 6.22 11 Aug S5ThY 68.6 0.0200 0.032 #
17 Air 5.85 11 fug SThL 68.6 0.0034 0.026 g
2 18 Air 5.85 11 Aug 5TUY 68.6 0.01%6 0.022 §
Pz 19 Air 5.85 26 mg © " 5662 67.6 0.0125 0.022 |
£ 3 20 Air 5.85 26 fug 5662 67.6 0.0322 0.017 5
b 21  air 5.85 26 fug 5662 67.6 0.0227 0.02k :
: : 22 Air 5.85 26 Aug 5662 67.6 0.0031 0.026 i3
H 23  Noreir 6.22 26 Aug 5662 67.6 0.0138 0.019 ;%‘
: : 2k Toreir 6.22 26 Aug 566:2 67.6 0.030k4 0.015 1
D ' '
. i
S é
; i1
- is =
i é ;
: i E
5 ; * Trese determinations were made outdoors on the casting bed. 3 E
=2 = k4 2
. 2 |
> § 3

|
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Table §
Tyocs of Tests Corducted on, and Disvosition of 3cams

Pretensioned Laboratorv Tests
Water: to 70% of Miéspan Length
Ceent Ultirate Deflection  -and Flexural
Bean Retio Strand Flexural Volure Yoading Fteld Exrosure Tests
Yo.* galj‘oasr Strenzth: Icaging Chenze to Destruction .ocation Condition .

LER v
At dh Bad b’y

¥

Air-Entrained

5.64 No

5.64 No

5.85

5.85 *ie

5.85 ! Maine Unloaded

5.85 ! Maine Unloaded
5.85

5.85 Florida Unloaded
5.85 Mo Mafne Unloaded

5.85 ¢ No Maine Unloaded
5.85 Yes

5.85 Yes ' Florids  Loaded, 1£9%
of prestrecs

5.85 Yes ; Maine loaded, 108%
of prestress

Yes Maine Loeded, 108%
of prestress

fes Y Maine Ioeded, 108%
of prestress

Yes ) 3 Meine loaded, 108%
of prestress

.
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SRR TN

RV R R X SR LIS

2.4t
it

2

ETUC TR
PN LA A LB

S0

Yes

Yes Florida  Ioaded, 189%
of prestress

Yes Ho Maine loaded, 100%
of prestress

Yes ¥o Meine Loeded, 100%
of prestress

Yes No Meine Loeded, 1CO%
i of prestress

Yes Ko Maine Loeded, 200%
of prestress

-
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LA e
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!
b4
*
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€
g
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d
2
i’
<
4
E
%
3
3
3
4

»

4 RN N

ol O ks Sty
ed 44y

A

VX

Yonair-Entrained

Yo,
e

(o Yes | Yes Yo
D Yes Yes No
5 Yes Yes XNo No loeded, 103%
’ of prestress
16 Yes Yes No Ioaded, 108%
. of prestress
23 6.22 Yes Yes No Ko loaded, 100%
of prestress
24 6.22 Yes Yes xNo Xo Loaded, 100%
of prestress
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»
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o wlntus AR A Saaiiiael,

* The Teca nuzbers of these beams urc ¢lso their dbatch mumbers.

#% Thls beon was retlained in the latorztory for continuaticn of length-change tests;
see f2z. 8. : )
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&

’A‘ E -:§'
- é 3 Tabie 7
8. E‘ ; Flexural Strengrh Determinations
3 3 3 Flexural Strength,* psi, at
s g Water:Cement 3 T 28 35 . 45 91
£ z Batch Type Ratio Days Days Deys Days Days Days 1-¥Yr
3 3 No. - Concrete gal/bag .Ame Ape Ape Ape Age Age  Age
A g . 1 Air 5.85 925 1065 1180 .- - 900 1060
: 2 Air 5.85 925 1025 1185 -- -— 1050 940
1 3 Air 5.85 865 1095 11b5 .. -- 1050 1C75
: 4 Air 5.85 955 920 1155 -~ -~ 1035 905
3 5 Air 5.85 995 1040 1220 . -- 1100 T70
i . 6 Air . 5.85 960 -- 1185 -- -~ 980 955
3 : 3 T  Air 5.85 810 1065 1240 .- .- 1135 1010
E 2 8 Air 5.85 1015 1085 1075 ~- ~~ 1005 3
3 : 9 Air 5.85 1000 965 1155 -~ -- 1095 765
3 10 Air 5.85 950 -10C0 1110 -~ 1150 1155 --
3 11 Air 5.85 920 995 1225 -~ 1160 1050 --
: 12 Air 5.85 880 -695 100C -- 1120 860 --
b . .13 Air 5.85 890 1055 1120 -- 1200 910 -
E W Air 5.85 &8s 895 1110 .- 1055 885 -
£ : 15  Nomair .22 970¢ 1025 1605 -. 830 86C -~
E : 16 Fonair 6.22 840 1120 1085 -- 920 830 --
A 1 17 Lir 5.85 786 1020 1055 - - 980 1175
3 $ 18 Air 5.85 780 945 955 k0 - 830 --
3 :
E 3 19 Air 5.85 920 1110 S0 80 .- 995 -
i 5 20 Air 5.85 -920 1C€5 970 870 .- 350 --
3 { 21 Air .5.85 85 99 g60 800 -- 1025 -
3 3 22 Air 5.85 770 80 1015 880 -- 960 --
- < 23 Honair 6.22 935 920 1055 1150 - G0 -
3 2l Nonair 6.22 900 940 1045 860 .- 1000 --

PR APAPYYOR ) TR0 TR L WPV VR L T RE L B S I

loading, referenze 3).

T L IR RTINS

:
i
3
; * Flexurzl strengtn devermined on one 3-1/2- by l&-—l/ 2- by 16.in. beam from

each batch, usirg Method CRD-C 17-58 (usirg simple beam with center-point
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fable 10

Cezmressive Strensth und Static Méduluz of Ziesticity of Concrete Cyliaders at Variouc Aves

t
) H

Batch
to.

15
26
23
24

O @I M D e

Roewwow rwmw

AR .
Compressive Strem-th,s 1.?, nnd Sintie Yodidus of Tlustidéty*s x 1077, wvst, ot
2 e Lire 1 Imvs bre | 2O Dave Ave 35 Duys fAre 45 Davz fre a1 Days Are
Comd Steric © Cump Stetis @

Air-Frirefned Corerete, wic 5.6%

3570 -- 5110 -- 7150 ‘!;.71
3520  3.00 LL&O - L.29 6650 k.65

-- . 7300
-- -+ - - 7000

=
- 88

Fonelr.Entrained Conevete. wic €.22

35640 - 5k10
3710 3.75 - LLkO
3580 .19 1299
3560 3.87  Libo
70 3.55 k2w
33%  3.52 k360

.

7250 LB - .- - -— . - €530
7. k.g2 - - - - 5370
5520  4.37 C ie . -a 600  5.39 6350
5L30 4.8 - - 63%0 5.01 €570
6290  5.20 .36 - - T
11

66L0 5 7
6760 5.31 6540 5 - - €950

FEEE
SHJIRD

U\\'I\.ﬂ\h =~
MY \N AY R

‘Air-iiruized Concrete, v:c £.89

3790 3.8+ k956 %03, T 8570 L.59 - - " - - 750 5.05
3290 3.57 4980 &5 T 5230 L. - -~ - - 6tz0 5.5
3270  3.59 L0080 53+ k.23 -~ - - - 5730 L.90
3250 3.862  Liko .02 5530 5.0 - - - -- €230 5.15
kg0 k2t L0 A3 T 3i50 k.3 - - - - . T 5.2
4390 3.85 LG L.y 5720 5.6 - -- - - [£:500] 5.59
37159, 3.9 LU0t AL3T sdo  L.58 e - -~ =- € 5.2%
350 382 ke b: k30 kA1, - - -— .- 050 | 5.62
3000 k.o sL30 B.30 6330, 4.55 - - - - 1250 5.6
33800 .17 HOL B - S8950° 4.25 - .- 6350 L5 €0 5.61
350, 3.8 L300 k.02 5540 L.65 - - 5570 ¢ k.20 6640 5.22
k310 3.5 L0 32.9% ST 1.25 - .- 6210 415 . €950 5.8
3700 381 P30 3.79 5560 k.30 - - 550 L.Lg 57150 k.99
3510 413 LL3y .29 5710 y.hy - <- cLES L.k, 4350 5.5%
3300 3.57 L1 2.95 5820 Lo - -- - - 550 5.25
3320 3.83 20 4.0 LE2Cc "L.LS 5040 k.35 -- - €210  5.:%
700 3.556 k23 £.0) 5300  b4.55  584%0  5.00 - -, 20 5.32
2950 32.75 k230 k.l 5260 k.89 (20 L1 - -~ 625¢  5.03
N0 3.63 k110 4.05 5930 4.66 6070  5.c8 .- - £610 , 5.¢%
3:00 3.92 L210 %.09 HE0 5.00 5570 5.08 -— - FSA
1G5, Dzwes A= ' 113 fevs foe 215 Devs fre 120 Tovs fze )l Year Aze

Coww Stemic 2 Comp Stetic'® foop Stavic T Comp Stetic £ Comp Stel'c ©

Air-Entroined Concrete, wic 5.0%

- 8680 531 ew = e
— o e -~ _ 6109 s - T o

Nonptr-muredires Conerete, wie £.22

— : - &P 52 - --

-

.
-— - - - - - H
x

Fir-Dnsruined Concrets, wic 5.85

- - - - R - - - €365 571

oL o - - e .= G Ay

- - oes - - -— == - . 670 573, i

- - - - - - . - 7560 2-TL

- - .- - - - - - 720 5.7 ;
- - - -~ - -, - - 7290 5.93
. ,

- - tem - -- - - -- 7370 5.%5

- - - - - - - .- " 5910 5.45 :

B Cozpressive sir

crgth detersined on one 6- by 22-In. cylizder at cach age (Test Metrod TRD-C ML-5T).

*»  Motaius determined on one 6+ by 12-in. cyliader at esch sge. This rodulus is the chord letween 25C and
2000 pst (Test Method CRD-C 19-55). ;

Cimp  Static & Coz=y Stetic 2 Cocro  Static £ Cazp Stetic 2
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APPENDIX A: DESIGN CCMPUTATIONS

IRTRURTTPRIETR PL U L PIF) W S P e

Notaticns Used in Computaticns
s o as N .2
i A Cross-sectionel area of beam, ir.
*
i 2
: Ac Cross-secticnal area of concrete, in.
. . .2
4 As Cross-secticonal area of steel, in. .
i
: Width oif beam, in.
} @ Depth of beam, in.
!
i D Diameter of strand, in.
i
¢ ¢ o dee &
1 } e Eccentricity, in.
P
% { Ec Modulus of elasticity for the concrete, psi
2
2 Es Modulus of elasticity for the sieel, psi
: ; fc Compressive siress in concreve, psi
i
[ 1
: ; fé Compressive strergth in concrete, psi, at 28 dhys age
H

Effective presiress Ir steel, psi

L AMANN 0 e

f
e
3 fi Initial prastress ir stezl, psi
F Force, 1b : .
L

I Moment of irertie of seciion, in.’

Moment of inertia travsformed, in.

¢t

Effective leugtnh of beam, in.
Lt Iength of transler, in.
m Coefficient of Iriction

M Berding moment, lb-in.

M Poisson's ratio for concrete
M Poisson's raitio for steel

Modular ratio, sta&i to concrete (i.e.

s AL A AT O R RN o . 1
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AFPENDIX A:

Notaticns Used ir Computations

DESIGH CCMPUTATIONS

Cross-sectional area of beam,

2
ir.

Cross-sectional area of concrete, in.

. . .2
Cross-sectional area of steei, in.

"Width of beam, i

o]

.Depth of beam, in.
Diameter of strand, in.

Eccentricity, in.

Modulus of elasticity for ihe concrete, psi

Modulus of elasticity for the steel, psi

Compressive strass it concrets,

Compressive strangith in cone

Effective prestres» In stesl, psi

Initial prestress ip steel, psi

Force, 1b

Moment of irertia of section, ia.

=3
s e

Moment oi' inertia zrzrsformed, in.

Effeciive lengtih of bean, in.

Tength of tramsfer, in.

g

efficient of friction
Berding moment, lt-in.
Poisson's ravio for concre=e

Poisson's ratic for steel

Modular ratio, steel to concrote

rete, p:i, at 28 days age
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s el

P load, 1b

Q Statical noment, in.3

e v aee .mn;..ummu&w‘

S, Principal tensile stress, psi

Bond stress, psi . .

TEEYUTY. L

v Shearing stress, psi

Total shear, 1b

FOTTIeA [P
<

V, Total chear carried by concrete, 1b
= ¥ ‘Perpendiculer distance from center of gravity (centroid) of concrete
section to cuter fiber, in.

Of . Ioss of prestress in steel, psi

Lot amd K ends A 2k
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Design Assumptions

Caoan A S BRNI aet BLAAT
W

Steel: Cross-sectional arez per strand = 0.0352 in.2
Minimum ultimste tensile strength = 238,000 psi
Maximum tensioning stress = 70% ultimate strength
Yield strength at 0.7% elongation = 67% ultimate strength

Concrete: Compressive strength at 28 days age = 600C psi
Poisson’s ratio = 0.2k 6
fodulus of elasticity (Ec) = 5 % 10 psi

Loss of prestress: 15% due to creep and relexation

Computations -
st ributi Py Fey 4 My
Stress distribution fc E— T -1
Lt/3 P ? L~l72"
! ) i '
e
| (.27 Ad
1 L]
_____________________________________________ bR a8
T e ]2-.1/4'
!J"! 75 * |
F = 233,000 x 0.7 x 0.3168 = 52,779 - 15%*% loss (T91T) \
! = 14,862 1b S
P A =45x%x9=1%0.5sq in. . .. osan
: e =1.75 in. . fﬁ'
I-Ilz"ﬂxt";.!/:'i
Yy = 5./2 = k.5 in. ) bl
I= b:13/l2 = 273.4 in ¥

y o 2L

3
L =175 in.

: s d RS T R D
wwwmmmwwkummwmwwwmwmmﬂwwww‘mww}wm ST

P = 6319 1b at 208% of presiress (exceeds compression in bottom fibers)

b TR

P = 5833 1b at 100% of presiress (equals compression in botionm fibers)

* PEstimated 15% loss of nrestress due to creep and relaxation.
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At transfer

- —————
P

=== ?«;;:&E_ﬁe';-f—gfeg R S

Top = -1303 + 1520 = +217 psi
Bottom = -1303 -~ 1520 = -2823 psi

After creev and relaxation

E
A

779 Fey _ 52,779 x 1.75 x 4.5
= -1303 psi, T = 513 %

-1520 psié

-4k, 862 - -1108 psi, Fey _ Ly 862 x 1.75 x k.5

= #1520 p,si

? +1520 psi

> +21T psi

-2823 ps-.

= +1292 psi

Lo.5 I

Top = -1108 + 1292 = +184 psi
Bottem = ~1108 - 1292 = -2400 psi

Stress due to F + P
arter creen and relaxetion

273.4

t 1085 (2400 x 1.08 = 2592, use 2600), li*! =

My _ 2"_5)825 X ll-.ﬁ
At 1009, I = 273.1,.

(At 108%, P = 6319, M = 6319 x 25 = 157,975 1b-:In.)
(At 100%, P = 5833, M = 5833 x 25 = 145,825 1b-in.)

At 108%
Top = +18% - 2600 = -2416 psi
Bottom = -2L00 + 2600 = +200 psi

-2416 psi

+200 psi

= 221'-00 psi

7 +184 psi

-2400 psi

157,975 x k.5 <
EmD = 2600 psi

At 1009

Top = +184 - 2400 = 2215 psi
Bottom = -2400 + 2400 = 0
-2216 vsi
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* See 7. Y. Lin, Design of Prestressed Concrete Structures, lst ed.

Shear

o VR g9 156

V=T =573k x .5 - 23% pst mex
vV, = total shear = 6319 1b
2
Q = statical moment, at ¢ = b%_ = 45.6 in.3

Principael tension
(oceurs 6 in. from top)

S¢ =$/v2 + (f‘:/a)2 - (fc/2) » T, = compressive stress at level
- 2 42 -
k.5 in. from top, S, ='\j23h + 5547 - 554 = 4T psi

5 in. from top, S =\/ 2302 + h922 - 492 = %1 psi

ro. 2 2 -

6 in. from top, St =\/208 .+ 3697 - 369 = 5k psi
. 2 2

7 in. from top, S, = Y1645 + 246° - 246 = 50 psi

Bond stress (applies
only to uncracked beams)

u = V™ 6319 x 1.75 x 6 x 0.2
Tk I x 273.4

>=15psimax

]

total shear carried by corcrete, 1b
= modular ratio, skeel to concrete = 6

distanc: from centroid to steel = 1.T75 in.

U< Ba”
W

= Qiameter of strend = 0.25 in.
I, = moment irertia transformed

Tengtn of trensfer of prestress¥

D * n fi i’e
L= G+M) -5 5%
- s C 1 e

__0.25 . 6 166, 600 158,781 _ -
L =303 (1+0.24) (0.3 - 5000000 ) 2(188,800) - 158,761 = 9-% 1o

John Wiley and Sons, Inc. (New York, N. Y., 1955).
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where

4

diameter of strand = 0.25 in.

coefficient of friction = 0.3 (assumed)
Poisson's ratio, concrete = 0.24

Poisson's ratio, steel = O. 30

modulus cf elasticity, concrete = 5 X 106 psi
initial prestress in steel

"

T ROTIRIIIORT WA WY ENC 7 ¥
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LTy S P TP P

effective prestress in steel

f =f -AF
e i 8

LPATARY

_nF _ 6 x 166,600 x 0.3168 _ -
bty = B - 40.5 = 7619 psi

n = modular ratio, steel tc concrete = 6.0

F= fiAs
A = area of steel = 0.3168 sq in.
: A, = area of concrete = 40.5 sq in.

End condition due to loading

Assuze 10-in. lenzgth of transfer from O to full prestress with
1 linear ‘distribution alonz length of transfer.
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‘\ \200-;051 tension because of P

Full compression end of transfer, due to presiress
O compression beginning of transfer
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" Grepnically {at 1085 load) g

i Distance, in. Compression Residucl 4
i From From Due to Pre- Tension Due to Stress st %
: End  Rcaction siress {-), psi Moment (+), psi Bottom Fiber, psi g
i - 28 . 25 . -2400 +2600 +200 : :
‘ 26 23 2400 +2392 -8 3
' : (Continued) 3
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Distance, in. Compre:ssion ' "Residual ; E
From From Due to Pre- Tension Due to Stress at 3 a3
End  Reaction  stress (-), psi Moment (+), psi Bottom Fiber, psi  § E
0 - 7 -2h00 +728 . <1672 : :
8 5 -1920 +520 . =100 5
6 3 -1kko +312 -1122 3 3
4 1 -960 +104 -856 :
2 0 -480 0 -139 3 4
End - 0 0 0 - S
End condition appears safe.
Summary .-

Compressive stress concrete
0.k7 fé .
0.37 fé (100% 1oading)
0.40 2, (108% 1oading)

Tensile stress steel

At transfer

it

Design

it

Design

it

At transfer = 0.70 ultinate strengih

Design = 0.€0 ultirate strengs

Tensile stress conersie .

At transfer = 217 psi = 0.036 fé
0 psi (1004 loading)
Design = 200 psi (108% loading)

Shezr = 23k psi = 0.039 fé

Design

tr

ond = 15 psi

I

rensfer lencth = 9 in.
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