KCI CONRETE JOURNAL
Vol. 14 No. 1, March 2002, pp.36-42

Flexural Behaviors of Precast Prestressed
Rectangular and Inverted-tee Concrete Beams for Buildings

Sung-Yong Yu"’
"Associate Professor, Ph.D., Dept. of Architectural Engineering, Dongguk University, Seoul, Korea

(This paper is English translation of the paper which has been awarded the 13" KCI paper of the vear.)

Abstract

Flexural behaviors of the two typical precast beam sections (inverted tee and rectangular) for buildings were investigated and
compared. The height of web in the inverted tee beam was generally less than half of beam depth to be adapted to that of the nib in
the ends of double-tee where the total building height limited considerably. The inverted-tee beams were designed for a parking live
load - 500kgf/m* and a market - 1,200kgf/m? from the currently used typical shape of a domestic building site in Korea. The area
and bottom dimension of rectangular beams were the same as those of inverted tee beams. These two beams were also reinforced
with a similar strength.

Following results were obtained from the studies above; 1) the rectangular beam is simpler in production, transportation, and
erection, and more economic than the inverted tee beam in the construction test for these two beams with a same dimension and a
similar strength, 2) all of the beams considered in the tests were generally failed in values close to those of the strength requirements
in ACI Provisions. The ratios of test result to calculated value are averaged to 1.04. One rectangular and one inverted tee beams
failed in a value only 2-3% larger than the estimated volue of the Strength Design Methool the results of the Strain Compatibility
Method were slightly more accurate than those of the Strength Design Method, 4) the maximum deflections of all of the beams
under the full service loads were less than those of the allowable limit in ACI Code Provisions. The rectangular beams experienced
more deflection then inverted tee in the same loading condition and failed with more deflection, and 5) the rectangular and inverted
tee beams showed good performances under the condition of service and ultimate loads. However, one inverted tee beams with 6m
span developed an initial flexural crackings under 88% of the full service load even though they designed to satisty the ACI tensile

stress limit provisions.
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1. Introduction

Two typical beam sections (inverte e and rectangular)
are generally used for a architectural precast member in
Korea. Structural Engineer may need some practical
informations on them for a selection of slab system in
design.

The original double tee slabs are generally supported on
the inverted tee beams. The lower flange of inverted tee is
provided to support the dapped end of double tees, and
the additional web is helpful to resist the excessive loadings
of flexural moment and shear forces. The re-entrained
shape of inverted tee beam gives a fine view by conforming

to a dapped end of double tee slab. The precast inverted
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tee beams need to support the self weight of beam, slab,
and topping concrete and the composite section after the
hardening of topping concrete for additional live load.
Thus, the web of inverted tee is referred to resist a flexural
load of self weight. The inverted tee beams are frequently
used both for the bridge and building members. However,
the height of web of inverted tee is more than 60% of total
height of inverted tee in bridge structure as indicated by
Mirza and Furlong,"” while the depth of web in building is
less than 50% to conform to the dapped end of double tee.

The modified dapped ended double tees are developed
for building members in Korean precast factory as shown
in Fig. 1. This modified dapped ends(Fig. 2) are made by
thickening the flange from original one(Fig. 3) and are
supported by the rectangular section with a uniform load
in the dapped ends rather than the inverted tee with a
point load.

The continuous long line method is not available for a
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production of dapped ended double tee. Thus, the cost of
production is similar because separated two end forms for
one double tee are necessary for both of original and
modified dapped ended double tees. The story height are
reduced by deducting the dead space from double tee web.
The height of thickened nib could be designed up to 1/3
of total height in a modified dapped end, while the height
is 1/2 in the original one. Additional strong point is that
no more forms are needed for casting a topping concrete in
modified one.

In this study, flexural behaviors of the two typical
architectural precast beam sections - inverted tee and
rectangular - were examined and compared. The heights of
web in inverted tee beams are generally less than half of
beam depth in building structures to accomodate the nib
of double-tee in which the total building height limited
considerably. The inverted-tee beams were designed for a
parking live load - 500kgf/m? and a market - 1,200kgf/m?
from a currently used typical shape of a domestic building
site in Korea.
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Fig. 1 Double-tee slab with modified dapped ends
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tee slab with general dapped ends
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The bottom dimension and area of rectangular beams
are the same as those of inverted tee beams. These two
beams are also reinforced for similar strength.

Eight flexural tests were performed on those beams. The
rectangular beams have more merits than inverted tee
beams from this experimental and construction tests on
full scale specimens with a same dimension and similar
strength in production, transportation, and erection. The
merits of the rectangular beams are as follows;

1) The inverted tee beams are more difficult in
production, transportation, and election than
rectangular beams because of complex figure of
section .

2) The inverted tee beams are more weak in the dapped
ends than those of rectangular beams.

3) The inverted tee beams need more shear and
torsional reinforcement than rectangular beams.

4) The inverted tee beams are more difficule in

continuity of slab than rectangular beams.
2. Flexural member design

The flexural strength of prestressed members are
obtained from the equations of equilibrium as that of a
reinforced concrete. The tensile stress of strand at nominal
strength of member, f is determined when the maximum
compressive strain of concrete (0.003) reaches at the top of
section in the prestressed members. Thus, the stress, f is
determined from the linear strain in strain compatibility
theory.

The design procedure of strain compatibility equation
method are as follows; 1) assume neutral axis, 2) calculate
strain of prestressed and non-prestressed reinforcement
when concrete strain reach 0.003, 3) calculate the depth of
equivalent rectangular stress block, and 4) check the force
equilibrium at the section considered. The member
strength can be calculated accurately in pursuit of the
correct value of fi. By checking the equilibrium at the
section from the stresses above, the flexural member
strength is calculated reasonably but needs to calculated
repeatedly until equilibrium.

The equation (1) is provided in the strength deign
method* for simple estimation of flexural strength up to
the members with supplementary tension and compression
mild bar reinforcement.

fre= f,,u(1 —%[i}ij—‘ + L - m]) 1

The amount and location of prestressing and mild steel
in equation (1) are restricted as follows.
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in equations (1) and (2),
fou = ultimate strength of prestressing steel

Jos = stress of prestressing steel at nominal strength of
member
7» = factor for prestressing steel 0.28, for low relaxation.

d = effective depth of tensile mild steel

d, = effective depth of prestressing steel

£» = ratio of prestressed reinforcement
£y A

= =—i

(0] pfck" o e
L f LA,
@ S ey CT T

Thus, the nominal strength of prestressed members are
calculated from equation (3) when non-prestressed
reinforcement is included at the tensile side of members.

M,?zA,f,,g(dﬁ——g)JrAsfy(d,,——g) (3)

in equation (3),
A fut Aty

a = 0.857 20

3. Specimens
3.1 Materials

3.1.1 Steel

Low relaxation, half inch diameter 270 Gr. seven wire
strands are used. The strands are produced from K-
company in Korea. Deformed mild bar is also used with
the yield strength of 4,000kgf/cm?® The stress-strain

&/ , A
Fig. 4 Reinforcement for specimen RB500
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relationship of K-steel 0.5”-dia seven wire strands are

shown in Fig. 5.

3.1.2 Concrete
The mix design of concrete is listed in Tables 1 and 2.
The design strength of the concrete is 420kgf/cm?

Table 1 Concrete mix design(1)

Design Ma.mmum . Fine Water- | Unit fine
stength szeof | Slump | Aircontent | aggregare cement ratio "
keffom aggregate (%) (%) ratio %) kgfgg/ cgml
(mm) (%)
420 25 12 1.8 41 34 49
Table 2 Concrete mix design(2) (unit :kgffm?)
Unit water Unit cement Uit coarse Unitfne Unit add-mixture
aggregate aggregate
165 485 1,011 708 49

3.2 Production of specimens

Two 8.4m long, full scale rectangular and two inverted
tee beams are made from the span module 8.4 X 10m, live
load 500kgf/m* and 1,200kgf/m?(Fig. 4). The dimensions
and details of reinforcement are shown in Figs. 6, 7, 8, and
9.

The bottom dimension of rectangular and inverted tee
beams are the same as 60 cm. The section areas are also the

same when compared to the flexural behavior of these two

beams.
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Fig. 5 Stress-strain curves for domestic K-steel
0.5”-dia seven wire strand
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4. Experiments
4.1 Test plan

Flexural tests were performed on two full scale
rectangular and two inverted tee beams with span 8m as
shown in Fig 10. Two flexural tests are performed on the
single specimen by spans with 6m and 4m. The
installation of specimen is shown in Fig. 10. Two point
loads with a space of 1.2m are applied by considering the
leg space of 1.2m in a double tee.

4.2 Design of specimens

The symbol of specimens are shown above. The steel
stress, fp at failure and nominal member strength are
shown in Table 3 according to the ultimate strength design
and the strain compatibility analysis. The results of strain
compatibility analysis give lower steel stress, f» but higher
nominal strength than those of the ultimate strength
design.

The deficiency for required tensile stress at the top of
the member from the camber from the initial prestressing

2p
Load cell
LIE Ieagure Deflection |—l
T T

24dm  12m Zdm
=)

Design Live Load

RB' Rectangular Beam
IB ! Inverted-tee Beam

Fig. 10 Specimen setting (6m-span)

Table 3 Comparison of ultimate stress of strand and
nominal flexural strength

Ultimate strength Strain compatibilityr o

Name of design equation

specimens o Mn F T Mn

{keffcm’) (tonf + m) {keffcm?) (tonf - m)

RB500 17,079.4 70.81 16,974.3 73.72
RB1200 17,063.0 121.10 16,993.7 126.84
IB500 16,547.2 7444 16,242.6 78.97
1B1200 16,757.6 122.38 16,423.2 131.92

39



Fig. 11 View of experiment 1 (RB

Table 4 Flexural strength of specimens

1200)

step are properly added with a mild steel in detail. The
punching shear failures, the shear friction failures berween
web and flange, and the splitting failure of flange and web
in inverted tee beams are prevented by adopting ample
flange area and hanger reinforcement.

4.3 Anaysis on test results

The results of flexural test are listed in Table 4. The

behaviors of two type specimens in tests are as follows.

4.3.1 Rectangular beams

Similar failure behaviors are shown for test span of 6.0m
and 4.0m. Initial flexural cracks are shown 95% of the
service loading for RB500-1 and 96% of the service
loading for RB1200-1. Initial flexural cracking is always

Full service loading condition Failing loading condition
Name of fa (@ Design @ Cuding O
) . moment gracking 3 Test/ @ Test/ @Theory | (®Theory (6)Test ®Test/ @ Test
spemens | rgflom’) “;’me"‘ Mer srengh | @Theoy | @Desgn | F-m) | (f-m) | (F-m | @Theoy | GTheoy
o e |
RB500-1 4427 41 32.29 38.4 1.19 0.95 70.81 73.72 76.49 1.08 1.04
RB500-2 463.8 41 32.29 41.33 1.28 1.01 70.81 73.72 78.87 LIl 1.07
RB1200-1 512.6 67.7 58.9 64.8 1.1 0.96 121.1 126.8 117.7 0.97 0.93
RB1200-2 486.7 67.7 58.9 79.75 1.35 1.18 121.1 126.8 1219 1.00 0.96
Average 476.5 54.35 4559 56.07 1.23 1.03 95.95 100.26 98.74 1.04 1.0
1B500-1 430.2 41 37.77 36 0.95 0.88 7444 78.97 75.74 1.02 0.96
IB500-2 483.8 41 37.77 52.2 1.38 1.27 74.44 78.97 72.98 0.98 0.93
1B1200-1 475.6 67.7 61.54 67.2 1.09 0.99 1224 131.9 127.6 1.04 0.97
1B1200-2 468.3 67.7 61.54 97.55 1.58 1.44 1224 1319 135.6 111 1.03
Average 464.48 54.35 49.65 63.23 1.25 115 98.42 105.43 102.98 1.04 0.97
*(3) Calculated norminal strength by ultimate strength design methods
(® Calculated norminal strength by strain compatibility methods
Table 5 Deflection of rectangular beams —
Name of Theoretical camberat | Measured camber at Messured amber for Measured (%eﬂecno.n Measured deflection | Maximum allowable | Measured deflection at
specimens center of 4m beam | center of 8.4m beam rel bw(g(6—4m) it fl Segce loading @O deflection, L/360 failure
RB500-1 19.08 24 19.6 15.2 44 16.7 554
RB500-2 19.08 22 9.7 11.63 1.93 11.1 36.9
RB1200-1 20.16 18 14.7 16.15 1.45 16.7 434
RB1200-2 20.16 23 10.2 14.39 4.19 11.1 34.4
Table 6 Deflection of inverted tee beams {unic : )
Name of Theoretical camberat | Measured camber at Measured camber for Measured 4eﬂem0f1 Measured deflection | Maximum allowable | Measured deflection at
specimens center of 84mbeam | center of 8.4m beam el beag)(64m) vith ul Segce loading 010 deflection, L/360 failure
1B500-1 14.2 21 17.2 13.7 -3.5 16.7 41.6
1B500-2 14.2 19 8.4 9.9 1.5 11.1 16.8
1B1200-1 12.29 17 13.9 11.84 -2.06 16.7 38.5
1B1200-2 12.29 15 6.7 12.56 5.86 11.1 22.9
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developed from the center of below loading point. New
additional flexural crackings are developed continuously
from the loading side to the ends as loads increased. They
are normal to a bottom line up to the neutral axis, and
then inclined to loading points over the neutral axis.
However, the width of crackings do not develop more than
Imm up to the failure. These crack were developed widely
all over the span when beam failed. The beams failed in
tensile failure with a compression crushing at the top of
the beams(Fig. 11).

The ratios of test result to calculated strength by
strength design method are in the range of 0.97-1.11 and
averaged to 1.04. The ratios of test to calculated by the
strain compatibility analysis are 0.93-1.07 and averaged
1.00. Thus, the results of strain compatibility show a little
bit closer value to the experimental test results.

The cambers of calculated and measured at the center of
the span for rectangular section are listed in table 5.
Measured camber is a little bit higher than calculated one
which based on the elastic theory. The cambers at the
center of span for span with 6m and 4m are calculated by a
theory of interpolation from the camber at the center of
8m beam.

The actual deflection of beams are obtained by
deducting camber with a loading of self weight of
specimen. All of the specimens are within the allowable
limit of strength design provisions. particularly, RB500-1
specimen show very small initial flexural cracking when
this deflection is negative.

4.3.2 Inverted tee beams

All of the specimens except IB500-1 are within the limit
of intial cracking provisions for full service loading in the
Strength design method. The specimen, IB500-1 shows
the first flexural cracking at the load level of 88% of the
full service loading. All of the specimens show the first
flexural crackings from the bottom of the flange below the
loading points, and create new flexural crackings by a
space of 20cm as loads increased.

The moment-deflection curve in Fig 14 shows linear at
first and deviate to non-linear when the number and width
of crackings increase. No particular differences have been
detected in the specimens of span with 6.0m and span
with 4.0m. The flexural cracking developed from the side
of bottom flange are folded with the cracking developed
from the top of the web. All of the specimens are failed in
tensile flexural failure and accompanied with concrete
compression crushing crackings at the ultimate stage as
shown in Fig. 13.

The ratios of test result to calculated strength by the
strength design method are in the range of 0.98-1.11 and
averaged to 1.04. The ratios of test result to calculated

KCI Concrete Journal(Vol. 14 No.1, March 2002)

Fig. 13 Example of flexural failure with local
compression crackings (iB500-1)

strength by the strain compatibility analysis are in the
range of 0.93-1.03 and averaged to 0.97. Thus, the resulc
of strain compatibility shows a little closer value to the
experimental test results in inverted tee beams.

The calculated camber and measured camber at the
center of the span for inverted tee section are listed in table
6. Measured cambers are a little higher than calculated
value of the elastic theory as in the case of rectangular
section. The camber at the point where measuring point is
estimated from the camber at the center of 8m span to that
of 6m and 4m span by interpolation.

All of the specimens show that the actual deflection of
beams by deducting camber with a loading of self weight
of specimen are within the allowable limit of strength
design provisions, Particularly, IB500-1 and IB1200-1
specimen show very small initial flexural cracking when
this deflection is negative.
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Fig. 14 Moment-deflection curve

4.4 Moment-deflection relationship

The moment-deflection curves are shown in Fig. 14 for
specimens with a span 6.0m. The ultimate failure loadings
are similar in rectangular and inverted tee beams according
to their design live load either 500kgf/m?* or 1200kgf/m?.

However, the rectangular beams experienced more
deflection than that of inverted tee with the same loading
condition and failed with more deflection. The modulus
of elasticity of inverted tee is larger than that of rectangular
section, thus it experience less deflection than rectangular,
on the other hand, inverted tee has less energy
consumption ability than that of rectangular as shown in
Fig. 14.

The rectangular shows 2mm more deflection under the
full service loading and 12.56mm more in ultimate as

shown in Table 5 and 6 and in Fig. 14.
5. Conclusions

Intensive flexural tests are performed on the two typical
precast beam sections for buildings - inverted tee and
rectangular. The inverted-tee beams were designed for a
parking live load - 500kgf/m? and a market - 1,200kgf/m?
from a currently used typical shape of a domestic building
site in Korea. The bottom dimension and area of
rectangular beams were tl'le same as those O{: inVCrted tee
beams, when comparing the flexural behaviors of two
beams. These two beams were also reinforced with a
similar strength. Following conclusions are obtained from
the study above;

1) The rectangular beam is simpler in production,
transportation, and erection, and more economic
than the inverted tee beam in a construction test for
these two beams with a same dimension and a similar

strength.
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2) All of the beams considered in the tests are generally
failed in close values to those of the strength
requirements in ACI Provisions. The ratios of test
result to calculated value is averaged to 1.04. One
rectangular and one inverted tee beams failed in less
than estimation of the strength design method within
the range of 2 to 3%.

3) The results of the strain compatibility method is
slightly more accurate than those of strength design
method.

4) The maximum deflections of all of the beams under
the full service loads are less than those of the
allowable limit in ACI Code Provisions. The
rectangular beams experienced more deflection then
inverted tee with a same loading condition and failed
with more deflection.

5) The rectangular and inverted tee beams show good
performances under the service and ultimate load
conditions. However, one inverted tee beams with
6m span develop initial flexural crackings under 88%
of the full service load even though they designed to
satisfy the ACI tensile stress limit provisions.
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