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ABSTRACT: Anukyticul models hased on Lhe compatibility of deforbations apd
equilibrium ol forees arc presented (o predicy the stresses and deformations in
cungrete beiame strenpthencd with fiher compusite plates epoxy-bunded 0 the
tensivn face of the beams, The models are piven for beams haveng rectangabar and
T oross sectnng, A PAFAMELnc sudy 15 conducted fo mvestigale the effecs of design
vanahles such as platc arca. plude stiffness and strength. conceety COTOITESSTYE
strengih, and steel rinforcement rigao. The moment vweesus curvature disyrams for
various combanations of these sanables are plotted and compared. The results
dicate that bending cemposite plate t0 & concrele brm caninurease the shiffncss.
vivld moment. and flexural strength of the beam. The method is partivulaily ef-
foctive for heame with o relaovely low stee| reantorcement rata.

INTRODUCTION

A large number of bridges in the United States arce either structurally
deficient or functionally obsolete. To adeguately serve present and future
traffic needs, innovative and effective technigques need 1o be developed o
strengthen these structures. Among the methods used to strengthen concrete
bridges is the addition of epoxy-bonded steel plates 1o the tension {lange.
Bonding steel plates to the tension flange increases both the strength and
stiffness of the girder and reduces cracks, This technigue has been widely
used in many countries, ¢.g.. Australia, Japan, Switzerland. and South
Africa. However. its application in the United States has been almost non-
existent {Klaiber et al, 1987). This strengthening method offers several
advantages; (1) It is economical and can be rapidly applied in the field with
little or no disturbance to bridge operation: {2} 1t docs not alter the con-
figuration of the structure; and (3} it does not reduce the overhead clearance.
A disadvantage of this technique, huowever. is the corresion of steel plate.
Corrosion van damage the bond and eventually result in the fuilure of the
structure, This problem can be avoided by using corrosion-resistant fiber-
reinforced-plastic (FRP) plate in licu of sieel plate, The etfectiveness of
such a technique has been demonstrated in an experimental investigation,
which is summarized in an accompanying paper {Saadatmanesh and Ehsani
1995}, This paper presents analytical models for predicung stresses and
deformations in concrete beams externally reinforced with epoxy-bonded
I'RP plates. Fig. 1 shows cross sections of typical rectangular and T-bearms
that were used in the analytical study.
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FIG. 1. Beam Cross Sections

PREvIOUS STUDIES

Very few analytical studies of concrete girders strengthencd with Epoxy-
bonded steel plates are reported in the literature. No study of beams
strengthened with fiber composite plates could be found,

Ochlers (1988) studied the flexural peeling siresses on the serviccability
and ultimatc strength of upgraded concrete beams. The failure of heams
causcd by large crucks in the concrete region between the plate and the
longitudinal steel rehars was categorized in terms of forces that were present
near the ends of the plates. Two distinet modes of failure were referred to-
(1) Shear peeling. induced by the formation of shear diagonal cracks. which
are associated with rapid separation of the plate: and (2) flexural peeling,
induced by increasing curvature, which is associated with a gradual sepa-
ration of the plate. The research was focused mainly on the problem of
flexural peeling and the cifect that shear forces had on Aesural peehng up
to the formution of diagonal shear cracks, Equalions were developed to
predict the ultimate peeling moment that causes the complere separation
of the plate from the beam, and serviceability peeling moments that cause
the initial formation of peeling cracks. [t was concluded that the peeling
strength depended on the flexural ngidity of the cracked plated section. the
tensile strength of the cancrete, and the thickness of the plate, and it did
not depend on the previous toading history of the beam or the initial cur-
vature of the beam,

Hamoush and Ahmad {1990} investigared the behavior of damaged con-
crete beams strengthened by externally bonded steel plates. using linear-
elastic fructure mechanics and the finite element method. The study inves-
tigated the tadure by interface debonding of the steel plate and the adhesive
layer us @ result of interfactal shear stresses. Simply supported conerete
beams under monotenically increasing symmetrical toads were considered
in the study. ‘The following parameters were studied: the effeet of verticul
flexural cracks in the conerete and the interfacial crack between the steel
plate and the epoxy layer upun the ultimate load capacity. and the thickness
of the epoxy luyer and the position of the external loud upon the changes
in the strain energy release rate and the stress mtensity factors. It was
assumed that the horizendal interface cracks berween the sreel plate and
adhesive laver were devetoped from the bottom tip of the flexural crack
nearest to the support, and they extended horizontally outward toward the
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supports. They reached the following conclusions for the ratyge of variables
they studied: (1) For undamaged concrete beams, the strain encrgy release
rate for an interface erack between stecl plate and adhesive layer is negligibly
small, and the steel piate —strengthened beam has high interface debonding
lead: (2} the strain enerpy release rate initially reaches a maximum value
when the length of the interface crack is approximately equal to the lengih
of the flexural cracks: (3) the existence of a larger number of flexural cracks
(more than five) releases the shear stress at the interface. and that leads 1o
the reduction in the strain energy release rate and stress intensity factors:
(4) for the thicknesses of the adhesives studied [2.5 = 7 == 6.35 mm {01 =
t = 0.25in.)]. no noticeable effect on the strain enerpy releuse rate and the
Stress intensity factors was observed,

OsuECcTIVES

Many factors affect the strength and ductility of beams strengthened with
tiber composite plates, To address the effects of some of the basic design
variables. this study focuses on the following objectives:

1. To present analytical models that predict the stresses and deformations in
comcerete beams strengthened with epoxy-bonded fiber composite plates in the
clastic and inelastic regions,

2. Tomvestigate the effects of design variables such as the steel reinforcement
ralio, conerete compressive strength, plate area. and plate stiffness on the vield
and uftimate moments of upgraded beams.

AMNALYSIS

Simplified analytical methods are devcloped to predict stresses and de-
termations in rectangular and T-beams strengthened with epoxy-bonded
ERP plates. Fig. T shows the cross sections of the rectanpular and 7-beam
that were used in the anaiytical study. The following assumptions are made
in the analysis: (1} Linear struin distribution through the full depth of the
beam; (2} small deformations; {3) no tensile strength in conerete; (4) no
shear deformations; and (3) no slip between composite plate and concrete
beam. [t is further assumed that the area of the plaic and, therefore, the
ultimate force in the plate are suffictently small so that shear failure of
concrete layere between the plate and longitudina? steel rebars will not
oCeur.

Stress-Strain Curves

The stress-strain retationship of stecl rebar is assumed to be elastic-ideaily
plastic for purposcs of analysis. Grade 60 steel with a vield stress of 414
MPa (60 ksi) is used in the analysis,

The glass-fiber—reinforced camposites pencraltiv behave linearly elastic
to fallure. A wide range of composites with differcnt mechanical Properties
18 availabic. For the purposes of a parametric study. two combinations of
ultimate strength and modulus of elasticity are used for the compaosite plate:
Fy = 414 MPa (60 ksi) with £, = 34.5 GPa (5.000 ksi), and F, — 827 MPa
{120 ksi) with L, = 6849 GPa {10,000 ksi). where F. — ultimatc strength
of composite plate; and £, — moduius of etasticity of composite plate.

Hognestad's parabola of idealized stress-strain curve for concrete in un-
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jaxial compression is us.ed (Park and Paulay F3). Fig. 2 shows the stress-
strain curve of concrete .. where f7 = kf. & =10forfi = 3.5 GPa {3000
ksit (Park and Panlay 142073Y; f7 = concrete comessive strength; f, — stress
in concrers; &, = sira-ifl I CONCTEte at rNaimum SIFEss) k. — sftain in

g

concrete: and E. = initfial tangent madulus o onerete.

Calculation of Strains, ®Stresves, and Curvatun

The strains and strex ses in the FRP plate. wee] rebar, and conerete. as
well as the curvature a t midspan. are calcubed using an incremental de-
formation technigue deescribed in the follawn. For the convenience of
calculations, strain in thee extreme fiber of conte &, .. rather than the load.
i increased in specified  Increments to generat:ie MOMENt-Curvalure Curves.

Fig. 3 shows the stra@ins and stresses acrossite depth of a typical recian-
gukar beam with a comyposite plate bonded whe tension face. The strain
in the extreme fiber of  concrete in compresesn xt midspan ., 18 increased
until failure is reached. 1t is assumed that faube is reached when either the
concrete strain reachess 0.003 or the compesie plate reaches its ultimate
strain, Wext, strains in ¢ Zhe rebars and composi: plate are calculated (n terms
of ., from the foliowirmg equations

c - d P &

£, = Eqg—— . ..nn
.

a1

ar — = ————
C

STRESS

5 o o e ——— o — s

E. = teno
25 0.003
s = E.
STRAIN

FIG. 2. |deallzed Str.ess-Strain Curve for Concrete in Unlaxiat Comprassion
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where ¢, — strain in steel rebar at level £ ¢ = distunce to neutral axis
measurcd from top concrete fiber, &, = distance from top concrete fiber to
centroid of steel rebar in layer i £, — strain in composite plate; and &, =
distance from top concrete fiber to centroid of composite plate.

The steel stresses £ and plate stress £, corresponding to strains &, and

£, ate found from the stress-strain curves for steel and piate

fo= Ek,. e, = B e i e e (3
fi=Ff. We, ™ &, .4
B = e ()

where £, = modulus of clasticity of steel; £, = vield strain of steel; f. =
vield stress of steel: and £, — modulus of elasticity of composite plate.

The steel forces 8; and plate force, P are found by multiplying the steel
stesses by their corresponding areas and the plate stress by plate area,
Tespectively

B = AL e e e e (f)
P o= A (71
where A = total area of steel in layer §; and A, = area of composite
platc.

The distribution of concrete stresses in the compression zone is found
from the siress-stran curve of concrete, The concrete stress-strain relation-
ship is expressed as follows

ﬁ.:ﬁfz?—(?”, 00 B, % E, e (8)
and
£=101 - % (e, — s.,,)], e, =e, = 0003 .. ... (9)

For any given conerete strain in the extreme compression fiber ¢, the
concrete compression force €, is expressed in terms of a parameter a,
deflined as follows {Park and Paulay 1973)

Coo= fBC e e

The parameter o (mean stress factor) s used to convert the nonlinear,
stress-strain relationship of concrete into an equivalent rectangular stress-
strain curve. It is calculated by equating the arca under the stress-strain
curve 1w an cquivalent rectangular ares

A =ﬂ"ﬁ.dg,=uﬁfs,._,. e an

where 4 = area under stress-strain curve of concrete.
Then, o s obrained from
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The position of concrete compressive force €. measured from the top
fiber of concrete. is expressed in terms of the paramercr . shown in Fig.
Y and calculated as follows

A= VO (14)

where o = distance from top conerete fiber o line of action of concrete
compressive foree.

The first moment of area under the conerete stress-sirain diagram about
the origin 2 s given by

Q= J::“_f',.r,.dfc =EA {15

whoere £ = strain at centroid of area under stress-strain diagram,
‘The strain at centroid € can be defined in terms of ¢, by

€. =1l W e e e {16)

and theretore

O EA (1 - v, ﬁ CRde (17)

‘The parameter v {centroid factor) is obtained by equating (15) and {17)

J'I e fde
"

vy =1 (18}
¢ fide.

i}

Evaluatng {15} results in the following values for «

i G
3 12, e
v o= ., 0=, <Te, {19a)
3z,
and
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if e, = e, < DLONA {19b)

The location of the neutral axiz ¢ is obtained from the equilibrium of
internal forees as given by (203 kg 200 s sohed freraively andl the equi-
librum of forces aeross the depth of the eross seetion is satisfied

T A T 0 D | R (20

The internal resisting moment is obtained by sumoung the moments of
all internal farce aboul an uxis

{1 L L ,
M = ofthel ) - Tc-) s N A - d) - Gl 5 - w) e

" N h - ;!

The curviture at midspan is calculated by dividing the concrete strium £,
by the distance to the neutral axis ¢

= (22

The moment and corvature at the midspan of beams with T cross sections
are caleulared using the cquations just presented when the neutral axis falls
within the thickness of the flange. Howewer. for the case in which the neutral
axis falls within the web, puramcters ¢ and y must be redefined to ncar-
porate the ¢ffect of change in the width of the cross section at the funge-
welr junction. Fig. 4 shows the strains and stresses across the depth of the
T-heam for the case in which the neutral axis talls within the weh. where
£,, = strain at the Mange-web junction.

Depending on the relative magnitudes of £, . v, and g, three cases must
be considered for calculations of parameters o and vy, The expressions for
these paramcters are given in the foflowing. [n cach case. the COIMPTEssIvY
foree in the vonerete is divided inw tao components: ane acting in the weh
¢ . and the other acting in the flange € and. therefore, for cach foree

[

component two sets of paramerers o and ¥ ure given

Case [: 0 =58, < 5,

S = F,.,[F (\I 3t‘,) F-c.(l 3z, ] lllllllllllllllllllllll 23)
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where subscripts {and w = parameters caleulated for the component of the
force in the Mange and web. respectively,

Case 2: 0 == ¢, < g, and £, = e = (003

I I N (2
T e W TR T 0004 - e,
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The location of the neutral axis is obtained from the equilibrium of torces
across the depth of the cross section similar to that for the rectangular
section. The internal resisting moment and curvature also are obtained in
the same manner as those for the rectangular section,

A computer program was developed to carry aut the numerical caleula-
tions, The results of the analytical models were compared with test results
of several rewrofitted conerete beams. Generally, the measured and analyt-
ical results correlated well {Saadatmanesh und Ehsuni 1991).

ParaMETRIC STUDY

To investigate the effects of design variables such as steel reinforcement
ratio. plate area. plate ultimalte sirength and stitfness, and concrete com-
pressive strength on the moment-curvature relationship of upgraded beams,
a parametric study was copducted. The moment-curvature diagrams arc
generated for rectangular and T-scctions, shown in Figs. 1(a and b}, re-
spectively. In the plots. each curve is identified with an acronym. where the
first symbol stands for the cross section type. i.e., B = rectangulat beam
and T = T-beam: the second symbaol stands for compressive strength of
concrete, i.e., 3 indicates 20.6 MPa (3,000 psi) and 6 indicates 41.4 MPa
(6,000 psi); the third symbol stands for reinforcement ratio e L indicutes
a low reinforcement ratics or p = 0.005 and H indicates a high reinfercement
ratio or p = {1.015; the fourth symbol stands for the combination of moduius
of elasticity and ultimate strength of plate, i.e.. 5 indicates £, = 34.5 GPa
(5,000 ksiy and F, = 414 MPa (60 ksi) and 10 indicates £, = 685 (GPa
{10,000 ksi} and J‘EP = 8§28 MPu (120 ksi); linatly, the last symbol indicates
the ratic of plate area to gross arca of concrete, i.e., L indicates Ap/bh =
0.0025; M indicates A,../bh = 0,005, and H indicates Az7/bh — L0155, where
b = width of web; and & = height of cross section. Each curve is terminated
either when concrete in compression reaches a strain of 0.003 or when the
composite plate reaches its ultimale strength.

REcTANGULAR BEaMS

Fig. 5 shows the moment versus curvature diagrams for the sectiom with
three different ratios of plate area to gross concrete seclion. i.c.. A,//bh =
0.0023, 0.005, and (.015. The remaining paramcters are held constant at
the following values: f7 = 2007 MPa (3.000 psi}, p = 0005, F, = 414 MPa
{60 ksi); and £, — 34.3 GPa (5,000 ksi). In addition, the moment versus
curvature for the same scetion without plate is plotted with dashed-dotted
lines. The low reinforcement ratic of this beam 1s intended to represent a
beam designed with insufficient flexural steel or one in which corrosion has
caused a significant reduction in the ares of tension reinforcement. It can
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be seen from the figures that the addition of composite plate (o the section
significantly increases the yvield and ultimate moments. The stiffaess of the
section also i increased as a result of plating. The failure in esch case
resuited from crushing of concrete at u strain of (L003, Fig. 5 also shows
that the curvature at tailure reduces as the arca of plate ingreases, however.
the area under moment-curvature diagram does not decrease appreciably,

Fig. 6 shows the moment-curvature diagrams of the beam with the same
three ratios of plate arca to gross concrete area. All other variables are the
same as those in Fig. 5 except the reinforcement ratio. In this casc. the
beum has a higher steel reinforcement ratio. i.e..p — (L5, As can be seen
from Fig. 6, the pain in the yield and ultimate maments, bevond those for
the bean without plate. are not as significant as those in the previous case
in which the beam had a smaller stee] reinforcement tatio. The reason is
that the compressive component of the internal mament couple delivered
by concrete cannot be increased bevond & certain Bmit due to crushing of
concrete. This alse limits the tensile component of the internal moment
pravided hy the combined action of the plate and steel rebar. As a result.
the plate in this case could not be used as effectively as that in the previous
case. This cannot, however. be considered a major disadvantage because
this technigue will be used when there is a lack of sufficient reinforcement
in the beam. Also. the results of moment versus curvature diagrams show
that for beams with high steel reinforcement ratio, a stitfer plaie in com-
bination with a higher strength concrete will be more effective. as can be
sech from the plots in Fig. 7. The steel reinforcement ratio in this beamn is
the same as that for the beum in Fig. 6; however, hecause of the higher
strength of plate and and concrete, the relative gains in the vield and ultimate
moments are greater than those in the previous casc,

The cticet of an increase in compressive strength of concrete on the
moment-curvature behavior of the section also is shown in Fig. 8. The design
variables of this beam are the same as those for the beam in Fig. 5 except
the concrete compressive strength is doubled. Comparnison of Fig. § and 8
shows that increasing the compressive strength in combination with the
addition of the composite ptate significantly increases the ultimate moment
of the beam beyond these in Fig. 5. This is because of an additional internal
moment couple produced by the tensile forces in the plate and rebar and
an equal compressive force delivered by the higher strength concrete. The
tailure in each occurred when the plate reached its ultimate strength, The
upgraded beams show less ductility than the beam without plate,

Fig. 9 shows the moment versus curvature diagrams for beams with low
reinforcement ratio and concrete compressive sirength. but with plates of
high modulus and ultimate strength for the three different plate area-to-
Bross-concrete-area ratios. As was observed in Lig, 3. it can he seen that
plating sigmiicantly increases the yicld and ultimate moments beyond their
original values. particularly when a stiff strong plate is used in beams with
a relatively low reinforcement ratio,

Fig. 10 shows the increase in the ultimate moment of beams as a function
of plate arca. The dushed line indicates the increase in moment for composite
plate with £, = 34.5 GPa (5.000 ksi) and £, = 414 MPa (60 ksi}, The solid
line indicates the increase in moment capacity for composite plate with
£, = 689 GPa (10.000 ksi) and £, - 828 MPua (120 ksi). Five differcnt
ratios of plare area ta grass concrete section were wsed in this plot; namely,
Apeibh = 000025, 0,005, 0.010. and (L0153, For both types of plates, e
ultimate moment capacity increases as the plate area increases. However,
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the rate of increase i the ultimate moment capacity decreases as the plate
arca increases,

Fig. 11 shows the reiationship between the ultimate moment znd rein-
forcement ratio for four beams with 4,,/6& — 0., 0.0025, 0.005. and 0.015.
The ultimate moment increases as a result of an increase in bath the rein-
forcement ratio p and the ratio of plate area to gross concrete section.
However, the rate of increase in the moment capacity reduces as the plate
area increases, as can be scen from the reduction in the slopes of the curves
from the bottom to the top of the figure. In these plots, three different
reinforcement tatios were used to generate each curve. i.c., p = U005,
0010, and 0.013,

Fig. 12 shows the effect of an increase in the compressive strength of
concrete on the ultimate capacities of beams with no plate and beams with
the three different rarios of plate area. Increasing the concrete compressive
strength onby slightly increased the ultimate capacity of the beam with no
plate . However. for the upgraded beams. as the plate area increases the
rate of incTease in MOment Capacity increases. as can be seen from the
increasing slopes of the curves from bottom ta top in Fig. 12. This behavior
of the upgraded beams cun be particutarly useful in older bridges where the
deck must be replaced. Using higher strength concrete for the replacement
deck in such cases in combination with composite platcs bonded to the
tension face of the pirders can significantly increase the ultimate moment
capacity of the hridge.

T-Beams

The moment versus curvature diagrams for the cross section shown in
Fig. (1b) are plotted for the same design vanables as those for the rectangular
beam.

Fig. 13 shows the moment versus curvature diagram for the T-beam for
four different ratios of plate area. namely, A /b4 = 0. 0.0025, 0,005, and
L015, where b - the width of the web. Other design vanzbles are held
constant at the tollowing vajues: £ = 2.7 MPa (3.000 psi): p = 0,005, F,
= 414 MPa (60 ksi}, and £, = 33.5 GPa (5,000 ksij. Fig. 13 shows that
adding a composite plate to the seetion increases the yield and ultimate
moments of the section and reduces the curvaturs at failure. The failure in
this case was rcached as a result of the compaosite plate reaching its ultimate
strength. The reason for this failure mode was the position of the neutral
axis. which was relatively closer to the top flange for the T-beam compared
with tliat of the rectangular beam. This resulted in a longer distance between
the neutral axis and the composite plate and. comsequently, larger strains
in the plate. which eventually resulted in the failure of the plate before
crushing of concrete,

Fig. 14 shows the mument-curvature diagram of the T-beam with all design
parameters the same as those for the heam in Fig. 13 except a higher
reinforcement ratic, p = (L0135, The behavior of the upgraded beam was
similar (o the beam in the previons figure; ie . failure was reached when
the composite plate failed. Adding a composite plate to the beam increased
the yield and ultimate moments. However, the relative increase in these
moments was not as sigrificant as those for the beam that had lower steel
reinforcement ratio (Fig. 13). Similar results also were observed for the
rectangular beam discussed in the previous section.

Fig. 15 shows the increase in the ultimate moment capacity of the T-beam
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versus the ratio of plate area to gross conercte scction. The dashed lings
represent the beam with compaosite plate having & modulus of elasticity =
£, = 34.5 GPa {5.000 ksi) and ultimate strength F,, = 414 MPa (60 ksi}.
The solid line represents the beam behavior with composite plate having
F, = 689 GPa (10000 ksi) and F, — R28 MPa {120 ksi}. I'ive different
platc-area ratios were used for cach curve. ie.. A, 6k — BU0.0025, 0,005,
0.010, and 0015 Fig. 15 shows that the ultimate capacity of the beam
increases substantially for both types of composite plate; however, the Tale
of increase in the moment capacity decreases with the increasing plate-area
ratic.

The effect of steel reinforcement ratio on the ultimate moment of the
scction is shown in Fig. 16, The behavier is very similar to that of the
reclangular section, as can be seen from the figure. The ultimate momemt
increases as the reinforcement ratio increases; however, the rate of increase
of moment capacity decreases with an increase in the reinforcement ratio,
Fig. 17 shows the relationship between the ultimate moment and conerete
compressive strength, The increase in the concrete compressive strength
had negligible effect on the moment capacity of the section with no plate.
Tnceasing the compression strength of concrete for the sections with the
composite plate attached to the tension face resulted inonly a slight increase
in the mument capacity.

CONCLUSIONS

The analytical models based on the compatibility of deformations and
equilibrium of forces presented reasonably approximate the behavior of
concrete beams externally reinforced with epoxy-bonded hiber composite
piates when 4 wough epoxy is used to ensure the transier of force from the
composite plate to the concrete beam. The composite plate, bonded to the
tenswm fuce of the beam, increases the stiffness, yield moment, and ultimare
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moment of the beant and reduces the curvature at failure, The results of
the parametric study indicate that the techiigue of strengthening existing
concrete beams with epoxy-bonded composite plates is particularly effective
in bcams with a relatively low steel reinforcement ratio. Increasing the
compressive strength of conerete did not appreciably increase the ultimare
moment ol the beam without the composite plate; however, in combination
with the coinposite plate. an increase in the compressive strength of concreie
increased the ultimate moment of the scction. Becuuse of Tully elastic be-
havior of the compaositc plate and the low plate and concrete ductilities,
laiiure cun be reached as a result of rupture of plate. crushing of concrete
in campression, or failure of the concrete layver between the plate and
reinforcing bars. The latter case shoubd be investigated further to develop
a rational gpproach for predicting the load vausing this type of failure.
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ApPENDIX Il. MNoOTATION
The following svmbols are used in this paper:

A area;

I = beam width,

B, — T-heam web width:

C = concrete compression force:

= depth of newtral axis measured from top concrete compression fiber:
= depth measured from top concrete fiber;
= elastic modulus,

ultimale strength;

= KITEsS;

= becam scction height,

h; = T-beam MNange thickness;

k = factor for concrete strength in member;
M = internal moment:

P = force in plate:

Fe, M m R
Il

- first moment of area about origin of area under concrete stress-strain
CUrve;

5 = torce in steel rebar:

@ = mean stress factor;

y - centroid factor indicating position of compression force in concrete;
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£ = strain; and

£ = strain at centroid of area.

Subscripls

¢ = COnLrele:

r, - compression torce in web of T-beam:
¢. = compression foree in flange of T-bewm:
of - concrete top fiber;

= (lange:

h, - junction of web and tlange of T-heam:
i = leve! of steel rebar:

0 = Maximum COncrete sIress:

pf - plate:

s = steel:

i = ultimate

w = web;and

yo= yield.

Superscripts

= compressive strength of conerete in test cylinder: and
= compressive strength of conerete in a member.

w
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