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SUMMARY

The shear capacity of reinforced concrete pier gapsidge support
systems can be a factor which limits the capadignoexisting bridge. Pier caps are
loaded over a short shear span making them belsadeep beams. Reinforced concrete
deep beams have the ability to carry load throwggharch action after the formation of
diagonal cracks. Externally bonded fiber reinforpetymer (FRP) reinforcement has
been shown to increase the shear capacity of regdlaconcrete members in flexure.
Unfortunately, there is insufficient research oa #ffect of externally bonded FRP
reinforcement on strength of deep beams to makeidble strengthening system for
pier caps.

This research was aimed at investigating the behavireinforced concrete
pier caps through a coordinated experimental aat{/acal program and using the
knowledge gained from that investigation to recomdhan external strengthening
scheme. The experimental study was performed ardatry specimens based on an
existing bridge in Georgia with perceived shearaiefcies in its pier caps. A novel
part of modeling the behavior of a pier cap wamttude the effects of the column
supporting the pier cap. This was accomplishedhblding a stub column in each of
the specimens. The stub column induced a stresentrmtion at the reentrant corner
between the column and pier cap, which dictateddihgre mode in some of the

specimens. Two failure modes were observed: iyigldf the longitudinal tension

XV



reinforcement, and splitting of the concrete indheh. The effects of changes in
longitudinal tension reinforcement ratio, beam depnhd crack control reinforcement
were examined. The results showed that increabmd¢phgitudinal tension
reinforcement decreased the principal compresgrohangle; this increased the
capacity by changing the shape of the tied arclthvfirms, and reducing the stress
concentration. The inclusion of crack control rencEment did not change the point at
which diagonal cracking occurred, but it did in@eahe ultimate capacity by
reinforcing the splitting crack in the concreteeféwas a significant size effect when
splitting failure governed the ultimate limit state

The results of the experimental study were usexmunction with a larger
database developed from the literature to exanifferent analytical methods for
determining the ultimate capacity of reinforced aate deep beams. A new method
based on a modification of a previous approach esigg by Zararis was developed for
use in the design of external strengthening scekemievo specimens were tested with
externally bonded FRP reinforcement applied lortjitally to increase the strength of
the tension tie. The test results correlated weh tihe proposed method of analysis and
showed that increasing the strength of the longialdension tie is an effective way to

increase the strength of a reinforced concrete deam.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The infrastructure of the United States is agit§6 of all the bridges in the
United States are structurally deficient (ASCE 20@0structurally deficient bridge is
unable to carry the current required traffic loadgely. Structural deficiencies occur due
to the historic increase in the required truck kachproved understanding of bridge
performance, and decay over time. Structural d=iwes lead to posting of the bridge
structure. Posting limits the trucks which are péed to cross the bridge and may have
a significant economic impact on the transportatibgoods and materials. One factor
that contributes to the structural deficiency dirge is lack of shear capacity in their
pier caps. A pier cap is a large reinforced corcbetam which transfers the loads from
the bridge superstructure (girders) to its fouratatiFigure 1.1 shows the pier caps of
Bridge 085-0018 in Dawson County, GA.

Externally bonded reinforcement has been shovimpoove the shear
strength of reinforced concrete elements. The prabwith implementing these
strengthening schemes on pier caps is lack of refsem their effectiveness when
applied to reinforced concrete beams with simikwrgetry and loading as a pier cap.
Pier caps are a unique type of structure mainlytduke short shear span over which
load is applied. If it were possible to strengtlies existing pier caps, postings could be

reduced or even removed, allowing the bridgestirmeo normal service.



Strengthening also would increase the length obtidge’s life and provide economic

benefits.

Figure 1.1- Pier caps of Bridge 085-0018 in Dawsdounty, Georgia

1.2 Objectives and Scope

The objectives of this research were to studyotteavior of reinforced
concrete pier caps up to and at their ultimatetlgtdte both experimentally and
analytically. The results of this study were useddsign an external strengthening
scheme for reinforced concrete pier caps whichtivais be implemented and validated

experimentally.



1.3 Thesis Outline

This dissertation is organized around the resealb@rctives identified
above. We emphasize the importance of understgridenbehavior of the reinforced
concrete pier cap itself before trying to underdtdre behavior of a reinforced concrete
pier cap with external strengthening. We begirhwain assessment of those factors that
affect the ultimate capacity of existing reinforcauhcrete pier caps, followed by an
examination of the most structurally efficient mzdk for external strengthening and the
development of practical methods for achievingrtbeessary strengthening in service.

The remainder of this dissertation is organizetbhsws:

Chapter 2- Background on Reinforced Concrete Desgni&is a literature
review on the behavior of reinforced concrete dasgums. It begins with a review of
factors shown to affect the ultimate beam capadfitginforced concrete deep beams.
This is followed by an in-depth review of differeartalytical methods used to calculate
the ultimate shear capacity of reinforced concbetems. A special emphasis is placed
on the design methods included in the 2007 AASHRFD Bridge Design
Specifications. The shear capacity calculation waghappropriate for deep beams are
determined.

Chapter 3- Specimen Desigutlines the design of the laboratory specimens
used throughout the experimental program to repteseier cap. The design of the
specimens are based on the dimensions and ddtthls pier caps supporting Bridge
085-0018 in Dawson County, Georgia, which carriesl36 over the Etowah River.

The chapter presents the instrumentation schentedaxperimental program.

Chapter 4- Ultimate Capacity of Reinforced Concreter Capsfollows the
testing to of the laboratory specimens to theimadte limit state. The variables
investigated are the beam size, reinforcement, ratid the effect of AASHTO crack
control reinforcement. The results of each of thgeeimental tests are compared to one

another, and conclusions on the behavior of reggficoncrete pier caps are made.



Chapter 5- Evaluation of Analytical Methods UsedCtlculate Ultimate
Capacityexplores existing methods of calculating the wtiencapacity of reinforced
concrete deep beams. A systematic way of creatinyand tie models is developed
along with a new proposed method of determiningnalte capacity based on Zararis’s
Method. The analysis methods are compared to theremental results from Chapter 4
and a larger database from the literature.

Chapter 6- Background on the Shear StrengthenirReaiforced Concrete
Beams with Fiber Reinforced Polyméssa literature review on the behavior of
reinforced concrete members strengthened extemiliy-RP. The background on the
behavior of reinforced concrete beams strengtheuiigd=RP is done by analyzing a
database of test results. The effects of the spear, beam depth, longitudinal tension
reinforcement, transverse reinforcement, fiber anghd relative fiber layers are
investigated. This is followed by an evaluatiorthad different analytical methods used
to calculate the ultimate capacity of reinforced@ete members strengthened
externally with FRP.

Chapter 7- Strengthening of Reinforced Concretep#®eams with FRP-
discusses the theory behind the design of extstrexigthening of reinforced concrete
deep beams, and then supports the theory expeaghyeithe strengthening schemes
are based on the proposed method of calculatiimgatk capacity developed in Chapter
5. The development of the design strategy is fadidwy the experimental results from
laboratory tests of specimens strengthened with fegRfPorcement.

Chapter 8- Summary, Conclusions, and Future Wsukamarizes all of the
findings and conclusions from the previous chapfEing future work section discusses
some of the different research opportunities wipidsented themselves during the

work.

1.4 Commonly Used Notation



as

shear span (in)

area of longitudinal tension reinforcemenfyin

area of transverse reinforcement within distanéa)S

beam width (in)

distance from extreme compression fiber to theratkakis (in)

depth of compression zone above diagonal crack
effective depth, distance from extreme compresiimr to centroid of
longitudinal tension reinforcement (in)

maximum aggregate size (in)
elastic modulus of steel (ksi)

concrete compressive strength (psi)

concrete tensile splitting strength (psi)

maximum allowable stress in principal compressiont gkai)
yield stress of longitudinal tension reinforcemgst)

yield stress of transverse reinforcement (ksi)

vertical face of nodal zone on tension side of béain
vertical face of nodal zone on compression sidh@beam (in)
length of bearing (in)

length of bearing on compression side of beam (in)
spacing of transverse reinforcement (in)

shear contribution from concrete (kips)

nominal shear capacity (kips)

shear contribution from transverse steel (kips)

angle of transverse reinforcement from longitudfigl

angle of principal compression strut (°)



Mv

Os

strain in longitudinal tension reinforcement
longitudinal tension reinforcement ratie/@od)
transverse reinforcement ratiQ AbS)

compression strut angle (°)



CHAPTER 2

BACKGROUND ON REINFORCED CONCRETE DEEP BEAMS

Although shear resistance in reinforced concretartsehas been studied for
well over 50 years, there still are many theor@scerning the mechanisms of how the
beams resist shear and prediction of their ultirsagsar strength. This chapter discusses
the main factors which influence the shear strenftieinforced concrete beams, and
examines some of these theories. Particular aftergipaid to the methods used in the

AASHTO 2007 LRFD Bridge Design Specification.

2.1 Factors Contributing to Shear Resistance

The work of Kani in the 1960’s brought to light nyaof the factors that
influence the shear resistance of reinforced cdadreams. Kani performed a series of
tests on beams where he varied the effective deyudth, shear span, and the
longitudinal reinforcement ratio. In these tedtg, éffective depthd) was defined as the
vertical distance from the extreme compressiorr fibeéhe centroid of the tension
reinforcement, and the shear spanwas the longitudinal distance from the center of
the support to the center of the nearest appliad. |[&ffective depth, shear span and
longitudinal reinforcement ratio influenced the aheapacity significantly (Kani, 1964),
whereas beam width had little effect (Kani, 19@#%e results of some of these tests are

shown in Figure 2.1; the effects of the effectieptth and the ratio of shear span to



effective deptha/d, can be seen. Figure 2.2 shows that the shear tafdacreases in
beams with a small amount of longitudinal reinfoneat. In the figurd/. is the ultimate
shear capacity, and it is normalized by the witit}),(the effective depth, and the
concrete compressive strength)( The x axis is the reinforcement ratig (vhich is
calculated by dividing the area of the longituditeadsion steelXs) by the beam width
and effective depthKani showed that if the/d ratio was less than two and diagonal
cracking occurred, the beam could form a tied &ani, 1964). This is shown by the
significant increase in ultimate shear stress seé&igure 2.1 for the specimens with a/d

ratios less than two.

140cC

1200

1000

Figure 2.1- Shear stress vs. a/d for beams of in@ging height (Kani, 1967)
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Figure 2.2- Relative shear strength vs. longitudinaeinforcement
(MacGregor, 1997)

The work of Kani was expanded upon by Fenwick aaddy (1968), who
performed a series of tests that examined theipahmechanisms of shear resistance
and the modes of shear failure. These authors fthatdactors contributing to shear
resistance included aggregate interlock, dowebactf the longitudinal reinforcement,
and tensile force in the transverse steel. Theoasitthen derived Eq. 2.1 for the shear

resistance of a reinforced concrete section (Fénand Paulay, 1968).

v=IM_ 4@  dGd) 2.1)
dx dx dx

in which T = tension force at the bottom of the beam inldingitudinal direction, and
jd = length of the internal moment arm. If the moiream remains constant, the second

term in the equation drops out and the shear fisroesisted entirely by the beam action.



The quantityd(T)/dx is the shear flow; it exists due to the bond feroetween the steel
longitudinal reinforcement and the concrete. # siteel becomes debonded from the
concrete or if a large diagonal crack forms betwierload and the support, the shear
flow becomes zero and the shear forces are cantely by arching action. In arch
action, the tension force at the bottom of the beammains constant and the moment
arm changes to maintain moment equilibrium. Thé@ustconcluded that in order for
arch action to occur, substantial translationgbldisements must occur along the
longitudinal tension reinforcement. These displaeets are confined to the regions of
the beam where there is significant vertical aradydnal cracking. With the formation
of wide diagonal cracks in the shear span, ardbractin occur, but the formation of
these large cracks prevents beam action. Dueddétiavior, the authors concluded
that the two forms of shear resistance, beam afg eannot occur simultaneously.

Fenwick and Paulay (1968) break down shear faihteethree distinct
mechanisms. A Type | failure involves the formatadra diagonal tension crack; no
arch action can occur because the shear spanlargmo This occurs at add >3. A
Type Il failure involves tension failure of the cpmssion zone above diagonal cracking
load at the point of transition to arch action afte failure of the beam mechanism.
This occurs when 2&/d < 3. A Type lll failure occurs by crushing or gffig of the
concrete in arch action. This occurs abéh< 2.

More recent research by Zararis (1997) questiomsl@velopment of shear
resistance due to aggregate interlock and dowelraict reinforced concrete. In a
reinforced concrete beam, the compression zoneaa@duffer preventing any slip

along a crack; this prevents shear friction andel@gtion from contributing
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significantly to shear resistance (Zararis, 1991g shear forces are carried by shear in
the reinforcing bars and in the compression zoAggregate interlock does not occur
until either the steel yields or the compressiomezfsactures; only at that point does

aggregate interlock serve to maintain equilibridtaréris, 2003).

2.1.1 Effect of Size on Strength of Reinforced Conete Beams in Shear

Kani's work showed that the shear capacity of icéd concrete beams
depends on their size. Figure 2.1 shows how tiv@atie shear stress of reinforced
concrete beams decreases as the depth of the begages. In the figui, is the
ultimate shear capacity, and it is normalized leywhdth, and the effective depth. This
ratio gives the average shear stress, and thesesvate plotted vs. the ratio of the shear
span to the effective depth. This size effect lsased many problems when developing
shear provisions based on laboratory tests on begimsmaller depths, since such
tests do not represent the behavior of larger beatisrately. Taylor (1974) and Bazant
and Kim (1984) present two different theories om¢huse of the size effect. Taylor
(1974) bases his theory on shear friction, whiled3d and Kim (1984) base theirs on
the release of energy as concrete crushes.

Size effect based on shear friction is presumdxbta function of the
relationship between the maximum aggregate sizalandrack width. As the crack
width increases, the ability of the beam to transmear through shear friction is
reduced; the same is true if the aggregate siaglisced (Sherwood et al. 2007). In
contrast, Bazant and Kim (198dave theorized that the size effect is caused éy th

amount of energy released as the concrete crusifekiee. Based on this concept and
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a regression analysis, Bazant and Sun (1987) hap®ged Eq. 2.2 for the ultimate
shear capacity,) of reinforced concrete beams:

65r Y3 (1+./02/d
i . Do) 22)
1+

r
V, =[yf'. +3000 *
=T +3000] ]

25 (L+ V)
rO

ro=400{1+tanh[2(a/d-2.8)]}

(2.2b)

d= maximum aggregate size

rv= shear reinforcement ratfa,/bS
As~ area of transverse reinforcement

S= spacing of transverse reinforcement

Walvern and Lehwalter (1994) performed a seriesimaple experiments
with normal and light weight concretes to investeg@aylor (1974) and Bazant and
Kim’s (1984) theories for size effect. The concepthe experiments was that the
weaker aggregate in the light-weight concrete waplit and create a smooth crack
surface eliminating the shear friction. The resaftthe experiment are shown in Figure
2.3. In the figureV, is the ultimate shear capacity, and it is nornealiby the width, the
effective depth, and the concrete average tengiiiirsg strength { ). This ratio is

plotted vs. the effective depth.
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Figure 2.3- Ultimate shear capacity vs. beam depthith different aggregatesl in.
= 25.4 mm(Walraven and Lehwalter, 1994.

Figure 2.3 reveals that the shear strength ofigi-Wweight concrete was lower at each
of the different beam depths, but it still expeded a noticeable size effect that was
very similar to that of the normal-weight concretBuring the testing of the beams it
was observed that the rate of crack formation wastated to the beam depth. Cracks
formed more rapidly in large beams than they dighmaller beams; this is a
consequence of the energy release rate (Walrawkhetiwalter, 199% Walraven and
Lehwalter concluded that the size effect was atfan®f the energy release rate and

not the shear friction, thus supporting Bazant 8ud's (1987) theory.
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2.2 AASHTO Shear Strength Models

The 2007 AASHTO LRFD Bridge Design Specificatigmevide four
different methods for evaluating the nominal shstegngth of a reinforced concrete
beam:

1. the simplified procedure for nonprestressetiaes (Section 5.8.3.4.1);

2. the general procedure (Section 5.8.3.4.2);

3. the simplified procedure for prestressed angprestressed sections
(Section 5.8.3.4.3);

4, the strut and tie model (Section 5.6.3).

The simplified procedure for nonprestressed sestivia semi-empirical method for
evaluating shear based on the truss model (Rict@2%). The general procedure is the
modified compression field theory (Vecchio and @©wl] 1986). The simplified
procedure for prestressed and nonprestressedrseibased on work by MacGregor
et al. (1965) on shear strength of prestressed ©ickme strut and tie model assumes
arch action is carrying the load, and that themdte capacity of the arch governs the
ultimate limit state. The methods permitted aghly dependent on the detailing of the

reinforcing steel in each member.

2.2.1 Simplified Procedure for Nonprestressed Seotis (Section 5.8.3.4.1)

The simplified procedure for nonprestressed sesti®based on the truss

model. The truss model, developed by Ritter in 1889 the first model for the
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prediction of shear resistance in reinforced caeomeembers, and was expanded on by
Morsch in 1904 when he published the first despgcgication for reinforced concrete
(MacGregor, 1997). In this model, an analogous Howss is superimposed on the
concrete beam, with the compression members dfilse modeled with concrete, and
its tension members modeled with steel. The anfglesocompression struts is assumed
to be 45°. This truss model does not account fime®transferred through shear friction
or tension in the concrete and for these reasoms t® be conservative in its prediction
of shear strength. To improve the truss modeh&ic(1927) suggested that the shear
resistance attributed to the concrete should bed@mpirically, while the shear
resistance of the steel reinforcement is foundutjhathe truss model. This leads to the
current simplified procedure for nonprestressed bremfound in the 2007 AASHTO
LRFD Bridge Design Specifications and in the 20a8| 818 Building Code and
Commentary. If the beam has at least the minimumuaitnof transverse steel

reinforcement stipulated in the code, the nomitralngth (in kips) can be found as:

V. =V, +V, (2.3a)

V, = 2(0.0316,/f'.bd (2.3b)
f. d (cosa +sina

REAC ) 230

V= nominal shear capacity (kips)

V.= shear capacity from concrete (kips)

V= shear capacity from transverse steel (kips)
fy,= yield stress of transverse reinforcement (ksi)

a= angle of transverse reinforcement from longitadlidegrees)
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The 0.0316 in th¥&/ is a result of . being based in kips per square inch rather than

pounds per square inch. The minimum required resefoent As) is given by Eq. 2.4.

A, 2 00316 f"', ? (2.4)
v

2.2.2 General Procedure (MCFT) (Section 5.8.3.4.2)

The general procedure is the modified compressedd theory (MCFT)
developed by Vecchio and Collins (1986). In the MCE&racked concrete is treated as a
new material, and equilibrium, compatibility andess-strain relationships are
formulated in terms of average stresses and strdiagevelop the MCFT, a series of
tests were performed on square concrete elemepjiscsed to shear and normal forces
(Vecchio and Collins, 1986). Stresses were caledlaased on the applied loads and
Mohr’s circle. The specimen is shown in Figure 2¥the tests, the calculated shear
stresses were compared to the measured strainsHideand Collins, 1986). Mohr’s
circle was generated for the average stressestiamaissat different stages of loading.
The MCFT is an excellent model for calculating thmate shear capacity of
reinforced concrete members with small amountsmgitudinal reinforcement or high
strains in the longitudinal reinforcement. Since #pecimens used to develop the
MCFT were simplified elements, not beams, they @doult develop the tied arch
mechanism of shear resistance; therefore, the MER®t a suitable model for shear

resistance by arch action.
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Figure 2.4- Specimen used to develop the MCFT (Vduo, 1986)

The MCFT is the default shear analysis in AASH&@d can be applied to
any beam regardless of the reinforcement defalie version of the MCFT that appears
in the AASHTO 2007 LRFD Bridge Design Specificasda simplified through the use
of tables. This reduces the number of steps redjtirealculate the shear resistance.
The only equations that remain in AASHTO are thegeations for calculating tensile
strains under different conditions and one equdtiazalculate size effects due to beam
depth and the maximum aggregate size. This sieetaff based on shear friction which,
as noted previously, is not supported by Walravehlzehwalter’'s (1994) data. The

equations for axial strain are:
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If the section contains greater than the minimunowamh of transverse

reinforcement (Eq 2.4):

M
q “+ 05N, +05(V, - V,)cotg- AT,

e =—-" (2.5a)
2(ESAS + EpAps)

If an existing section contains less than the mimmiransverse reinforcement

(Eq. 2.4):
MU
q + 05N, +05(V, - V,)cotg- AT,
e =— (2.5b)
EsAs +E A,

If the initial value from the previous equationg aegative due to the presence

of prestressing forces:

I\;I“ + 05N, +05(V, - V,)cotg- A f

e =—-" (2.5¢)
2(ESAS + EpAps + EcAc)

&= longitudinal strain

A= area of concrete on the flexural tension sidmefnber (if)
Ay~ area of prestessed longitudinal tension sted) (in

Ep= elastic modulus of prestressing strand (ksi)

foo= elastic modulus of prestressing tendon multipbgdocked in
difference in strain between prestressing tendadssarrounding
concrete (ksi)

N,= factored axial force (kip)
M= factored moment (kip-in)
V.= factored shear force (kip)
V,= effective prestressing force in direction of shig#p)
g= angle of inclination of diagonal compressive sess(degrees)

E.= elastic modulus of concrete (ksi)
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A= bd (in?

The size effect equation is:

138
Sxe - Sx
a, + 063

(2.5d)

S, = Crackspacingparameter

a, =maximumaggregatsize(in)

s, = thelessef eitherd or themaximumdistance
betweercrackcontrolreinforcenent(in)

Taking the results of these equations to the apjateptable yields & andq value
which can be applied to Eg. 2.6 to calculate thminal shear resistance of the member.
The effects of the strains and size effect arertaki® account in the computations

performed by the tables.

V. =V, +V, (2.6a)

V, = b(0.0316,/ f'.bd (2.6b)
f. d (cotg +cota)sina

v, = ot (Z ) (2.6¢)

~

a= angle of transverse reinforcement from longitatljdegrees)
b=factor indicating ability of cracked concrete tartsmit shear

g angle of inclination of diagonal compressive stess(degrees)

2.2.3 Simplified Procedure for Prestressed and Nomgstressed Members
(Section 5.8.3.4.3)
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The simplified procedure for prestressed and n@tgresed members is
based on theories developed for predicting theasialyshear cracking of prestressed
concrete members (MacGregor et al., 1965). Thitiotklimits the shear strength of the
member based on the formation of these diagoneksrd his limit is different and
lower than the ultimate capacity of the member.

In prestressed concrete members, diagonal shezksd@m in two ways.
The first is a flexure shear crack. The flexureastwack forms from existing flexure
cracks. Essentially, a vertical flexure crack cheamnigs angle of inclination to become a
diagonal shear crack. The shear capacity govemdaetformation of a flexure shear

crack is based on empirical observation and isutatied by:

V, = 002JT bd+V, + uMe |v| Mo 3 0067 bd 2.7)

V= nominal shear resistance of concrete when intlaracking results
from shear and moment (kip)

V4= shear force at section due to unfactored deatl(kip)
= factored shear force at section due to extermagiplied loads (kip)
M= moment causing flexural cracking due to exteloadls (kip-in)

Mmax= maximum factored moment (kip-in)

The second type of shear crack is the web shaek.crhese cracks form in
the web of a reinforced concrete member beforaufexcracking of the member
(MacGregor et al, 1965). This shear stress at wiishtype of crack forms is calculated
theoretically from a Mohr’s Circle analysis of ttweb. The shear capacity governed by

the formation of a web shear crack is given by:

V,, = (006, +030f )bd +V, (2.8)
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Vo= nominal shear resistance when inclined crackasglts from
excessive principal tension in web (kip)

fo= compressive stress in concrete (ksi)

V= effective prestressing force in direction of shigep)

The shear resistance of the concrete is takeredegber oV andVey.
The resistance of the transverse shear reinfordeisigiven by Eq. 2.6¢c. N¢< Vew

then cot@)=1. If V> V. then:

f
cotg=10+3 —=_ £18 (2.9)

A

This method can only be implemented if the arethetransverse steel exceeds the

minimum requirement.

2.2.4 Strut and Tie Model (Section 5.6.3)

The strut and tie model (STM) is a generalizatibthe truss model
(Schlaich et al, 1987). It was developed to molelghear in any region even if it is
discontinuous. Large cracks are assumed to bergrasd shear is no longer carried
through beam action. The applied forces are inliguim with a system of forces
existing in concrete compression struts and séesion ties. It is based on the lower
bound theorem of plasticity, which states that system of forces in equilibrium with
an applied load provides a lower bound of the giitenf a structure provided that no
element is overloaded, and deformation capacipisexceeded (MacGregor, 1997). A
strut and tie model is implemented by laying otruas that carries the applied load to
the supports. Struts and ties meet at nodal regidressizes of the struts, ties, and nodal
regions are based on equilibrium with the applesdls and the size of the bearings at

the nodal regions. The layout of the truss is stthje, and there can be more than one
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effective model for a single beam. The way to finel most effective solution is to sum
the strain energy in all the members (SchlaicH,et987); the strut and tie model which
utilizes the smallest amount of strain energy &srtiost effective model. In the 2007
AASHTO LRFD Bridge Design Specifications, crack tohreinforcement is required
if a strut and tie model is used. The reinforcetnatio in both the longitudinal and
transverse direction must be at least 0.003. dHetails are meant to improve the
serviceability of members designed using a strdtsnanalysis, and to prevent
premature failure due to concrete splitting.
The specification for performing the strut andaralysis in the AASHTO

2007 LRFD Bridge Design Specifications consistiroiting areas of struts and nodal
areas as well as the crushing strength of the etendfigure 2.5 shows the AASHTO
method for calculating the maximum size for stautsl nodal areas. The size of the
struts are a function of the bearing plates artteethe longitudinal steel or the depth of
the compression zone. The compressive strengtieafdncrete in the compression strut
is limited by Eq. 2.10.

fo, = # £ 085f", (2.10a)

08+170g,
e =e + (e, + 0002 cot*(a,) (2.10b)
= strain in longitudinal reinforcement

as= angle of principal compression strut (degrees)
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Figure 2.5- Limiting area for nodes and struts (AASTO 2007)

The logic behind Eq.-2.10 is that if concrete ibjsat to a principal tensile
strain it reduces its maximum compressive strelss.cbmmentary of the AASHTO
2007 LRFD Specifications states, “If the reinfocimars are to yield in tension, there
should be significant tensile strains imposed @ndbncrete. As these tensile strains
increasef, decreases.” The ultimate compressive strengtthéostrut is a function of

straing. This strain is a function of the strain in thadd@udinal bar &) and the angle
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of the between the compression strut and the lodigial steel &s). In most caseass is
equal to the strut angle. The compression strength of the nodal zonegliscel by a
factor based on the type of struts entering inéortbdal zone. If only compression struts
enter into the node the factor is 0.85. The congwwvesstrength of the concrete is
reduced by a factor of 0.75 if one tension tie pagkrough a node and by a factor of

0.65 if multiple tension ties pass through a node.

2.3 Other Shear Strength Models

The following models for shear strength have baepgsed, but have not
been incorporated into the AASHTO Specificatiorsm® expand on the models which

have been incorporated.

2.3.1 Softened Truss Model

The softened truss model is an update of the magkel and was developed
by Hsu (1988). It incorporates the plastic trussled of Lampert and Thurlimann
(1968), uses the compatibility equations develdpe@ollins in the Diagonal
Compression Field Theory (Collins, 1973) and atsmiporates the softening effects of
tensile strain on the compressive strength of timeiete found by Vecchio and Collins
(1987). Using all these theories, Hsu developeektiequations of equilibrium using
Mohr’s circle for stresses, three equations for gatbility using Mohr’s circle for
strains, and six equations based on constitutiatioas. These 12 equations can be
used to solve for shear resistance. To extendaften®d truss model to deep beams, an
effective transverse compressive stress due tagpked loads and supports was

assumed, and a proportionality constant basedesa/diratio was employed. The ratio

24



relates the transverse stress due to the appleat brce to the shear stress (Mau and
Hsu, 1987). This approach requires that longitucana transverse steel be present in

the web of the beam.

2.3.2 Shear Friction

The concept of shear friction is commonly useddsigh the interface
along a possible slip plane. Loov (1998) extendiesidoncept to beams. To evaluate
the shear capacity of a beam using shear frictiershear resistance is calculated along
a series of slip planes which include the effetthe longitudinal and transverse
reinforcement. The plane with the lowest resistaad¢be governing failure plane giving
the ultimate shear resistance for the section. Mi@#hod depends on identifying all the

failure planes, and is best performed using a ceen@nalysis.

2.3.3 Punching Shear Failure

In his bookinnovative Shear Desigatamenkovic (2002) disagrees with the
assumptions made in developing the truss moddddams in flexure. His work is based
on the theories of shear stress resisting horikshpain a flexed beam developed by
Timoshenko and Young (1968). Stamenkovic beliebad diagonal cracking is caused
by punching shear from the supports and the apfdeds. In this case the shear
resistance of the member is based on the sheasfénam the applied load, the

supports, the horizontal tensile force, and thdeaafjcracking.
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2.3.4 Zararis’'s Method

The Zararis method for determining failure of remted concrete deep
beams is based on the assumption that a beam mthil aatio between 1 and 2.5 will
fail as the result of a compression failure in¢bacrete above a critical diagonal crack
in the compression zone (Zararis 2003). The me#ssdmes that adequate bearing is
provided at the supports, and that the beam islel@teorrectly to prevent de-bonding
of the longitudinal reinforcement. Zararis’s Methedased on calculating the depth of
the compression block in flexure and then redui@sdepth due to diagonal cracking.
This calculation is performed through 3 sets ofatiguns. The first equation calculates
the depth of the compression block for flexure Ham® equilibrium between the tension
in the longitudinal steel and the compression blmckhe opposite side of the beam.
These forces are calculated based on a linean stth the concrete crushing strain
assumed to be 0.002. The compression block is a&sktora simple parabolic shape
with a maximum stress &f.. Equation 2.11 is Zararis’s equation for the tegitthe
flexural compression block; it is a quadratic etprathat can be solved by factorization
or the quadratic formula. Equation 2.11 was com¢kftom metric to imperial units,

and the value off;is in psi. The desired solution to Eg. 2.11 is the positiva&.ro

2

% " 87000%, % . 87poofL,:o (2.11)

C

c= depth from extreme compression fiber to the matxis (in)

Once the depth of the flexural compression deptialisulated, it is used in

EqQ. 2.12 to calculate the reduced compression block
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_1+027R(a/d)® ¢

2.12a
1+R(@/d)? d (2.122)

S
d
R=1+(r,/ r)(ald)? (2.12b)

cs= depth of compression zone above diagonal cragk (i

With the reduced depify calculated the ultimate shear force the section ca
resist can then be calculated with Eq. 2.13. Thmate shear force is calculated using
moment equilibrium around the centroid of the cossgion zone. The method assumes
that the cracks have formed and arch action isothe carrying mechanism.

bd “a’

v, =22 & 1. 05% fr 40576, 1- S 2 (2.13)
a/d d d d d

2.4 Critical Review

The evaluation of existing reinforced concrete e structures is done in
accordance with the AASHTO Manual for Bridge Evéilba (2008). For the evaluation
of the nominal shear strength of reinforced comcne¢mbers, the manual directs the
user to the 2007 AASHTO LRFD Bridge Design Speaiians. Pier caps are deep
beams with shear spans less than two; this allbars to carry load through arch
action. The appropriate model in the AASHTO speatibn for use with deep beams is
the strut and tie model. The simplified methodrfonprestressed sections is a semi-
empirical approach based on the traditional trugdeh It only incorporates the effects
of the concrete strength and the transverse rei@foent; it does not account for the

effects of depth or longitudinal reinforcement. Tinat state for this model is set to the
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formation of diagonal cracks. In order for archi@tto occur diagonal cracks must be
present (Fenwick and Paulay, 1968), and arch aetlows deep beams to carry load in
excess of the diagonal cracking load whenattids less than two. The simplified
method for prestressed and nonprestressed seidtiansther semi-empirical method
based on the loads required to cause a diagored twdorm. Again, arch action allows
deep beams to carry loads in excess of the diagoaeking load. The general
procedure does not account for arch action, anmefiie does not model the mechanics
correctly.

The commentary to the 2007 AASHTO LRFD Design $jmedions states
that the required crack control reinforcement feains designed with the strut-and-tie
model is intended to control the width of crackd ansure a minimum ductility
(C5.6.3.6). Research comparing the ultimate streaftdeep beams with properly
detailed steel reinforcement to those without geatforcement has shown that the
ultimate strengths are within 5% of each other (fsgiet al, 2002). This small
difference indicates that the addition of transge@einforcement has very little effect on
the ultimate strength of deep beams. The transwese reinforcement in Aguilar et
al’'s specimens was instrumented with strain gafes.data collected showed that in
many cases the transverse reinforcement did niok (Aguilar et al, 2002). Both
Bazant and Sun (1987) and Zsutty (1971) concludatittansverse reinforcement did
not achieve its full yield capacity based on thaleation of data sets on shear failure of
reinforced concrete beams. It should be notedaihatethods for evaluating the
nominal shear strength of reinforced concrete mesyplescept the strut-and-tie model,

assume that all of the transverse reinforcemetdsjie
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One major point distinguishing the different meth@f shear strength
evaluation is the incorporation of shear frictidhe MCFT and the shear friction
models both attribute a portion of the shear rastst of the beam to shear friction along
the crack. In contrast, Zararis theorized thatcthr@pression zone of the beam acts as a
buffer preventing slip along the cracks and theventing shear friction from
contributing to the shear resistance until a failirthe compression zone. Vecchio and
Collins (1987) also suggested that shear frictias the cause of the size effect on the
shear resistance of reinforced concrete beamshédindings of Bazant and Sun
(1987) and Walraven and Lehwalter (1994) indicdled shear friction is not a major
contributor to the shear resistance of a concregenb

Based on the literature review, three methodgfedicting the ultimate capacity
of reinforced concrete deep beams were chosen loasteir formulations and their
practical application. These methods were the @tndtTie Model, Zararis’'s Method,
and Bazant’'s Equation. The strut and tie modelZardris’s Method are based on the
assumption that arch action is the main form ofshesistance. Bazant's equation was
derived from empirical fitting which incorporatedtd on deep beams. Hsu’s softened
truss model was omitted because a proportionaittof was used to account for deep
beam behavior, and transverse steel reinforceraertjuired in the section. Also,
solving 12 equations simultaneously is too cumbeestor practical applications. The
selected methods will be evaluated through expertaheéesting described in the

following sections.
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CHAPTER 3

EXPERIMENTAL SPECIMEN DESIGN

The reinforced concrete specimens tested in tipsraxental program are
based on the pier caps supporting Bridge 085-00 3iwson County, Georgia, which
carries SR 136 over the Etowah River. The bridgeesatwo lanes of traffic. Currently
the bridge is posted due to shear deficiencielsarpter cap. The pier cap is a 36 inch.
reinforced concrete beam spanning between two@6 syuare reinforced concrete
columns, as illustrated in Figure 3.1. The supecstire consists of four steel girders
carrying a non-composite concrete deck with sidkwall parapets. The interior girders
are W33x130 steel shapes, and the exterior giatergV33x118 steel shapes. The
girders are spaced at 8 ft on center. This maleestipar span 4 ft and th&l ratio 1.43

based on an effective depth of 33.4 inch.

3.1 Critical Section of Reinforced Concrete Pier Cas

To determine the critical components of the reicdar concrete pier cap in
terms of maximum stresses and geometric effedisita element (FE) model of the
bridge superstructure was developed using sheliaiés in ABAQUS. All materials in
the bridge were modeled as linear-elastic. A liretastic model cannot account for the
effects of cracking, but under the applied loadsdtiesses should be well below the
level which would cause cracking. The model waste to determine the distribution
of loads from the superstructure to the substrectline modulus of elasticity for steel
was 29,000 ksi, and the modulus of elasticity famaete was 3605 ksi based on an
assumed concrete compressive strength of 400p80 psi was assumed to be a

representative concrete strength for a bridge design 1964. Load was applied to the
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bridge in the form of two AASHTO HS-20 trucks (AASB, 2007). To maximize the
reaction forces at the supports of each girderb#uk axles of the HS-20 trucks were
placed on the supports at one edge of the bridgs.Was based on the influence line
for the reaction forces of a simple span beam. tiplalanalyses were performed with
the trucks at different transverse positions onbitidge, as shown in Figs. 3.2 (a), (b),
(c), and (d). The reaction forces at the end ohemader where the trucks were located
are shown in Table 3.1. The girders are labeledt& Q-4 in Figs. 3.1 and 3.2, and
these labels correspond to the column headingslteT3.1. The goal of this exercise
was to find the largest reactions which, in turowd cause the greatest shear in the
pier cap. From the results in Table 3.1, it carsden that truck position 4 (Figure 3.2

(d)) causes the greatest force in the outside Q{@E#2).

26, 36
{ {

]
]

| .

| —| 36 in. [=—
|

|

|

|

324 in.

Figure 3.1 Pier and bridge geometry
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Table 3.1- Reaction forces at girder support for dferent truck locations

Reaction Force (kips)
Truck
Position G-1 G-2 G-3 G-4
Dead Load 40 12 12 40
1 65 52 52 65
2 75 34 34 75
3 48 61 61 48
4 76 52 47 44

i

G-3

78 in.

48 in.

Gl G2
(b) spp-i2in—- 122

s 32kips 32 kips 16 kips 16 kips 16 kips
588 in.

Figure 3.2- (a) Truck position 1, (b) Truck positim 2, (c) Truck position 3, (d)
Truck position 4, (e) HS-20 truck location on bridg span

With these forces calculated, a FE model of thdd@isubstructure was
developed using three dimensional (Type C3D8R) elgm1 These are ABAQUS

eight-node linear brick elements with hourglassti@nThese elements use reduced
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integration and therefore require hourglass comtrpirevent modes other than rigid
body modes from occuring. The loads for truck posié in Table 3.1 were applied as
pressures over the girder bearing area (11.536.x.). Figure 3.3 shows the stress
contours resulting from this analysis. Stress @orgt are shown for both the
longitudinal stress (S11) and the shear stress)($h2 figure shows that both the
longitudinal and shear stresses are larger ovdetheolumn between the 76 and 52 kip
loads. The greatest shear force occurs betweeapttieation of the 76 kip load and the
left column; the critical shear occurs at an amgl®1° extending from the edge of the
column to the edge of the support.

In testing of deep beams, it is common (e.g., Cl&%1, Moodey et al.
1954, Aguilar et al. 2002) to simulate columns atiter bearing areas with steel plates.
This is done so that the specimen can be cassiagpde rectangular beam rather than a
beam with a stub column. To investigate the effetissing either steel plates or
shortened columns, two additional FE analyses werrmed. In the first, the column
length was reduced to 18 inches, while in the sgcthre column was replaced with a 2
inch. thick steel plate.

Figure 3.4 shows the results when the column leisgteduced to 18
inches. The results are very similar to those eféhtire pier. The critical shear area is
still in the same location, and the shear stresagat the same 51° angle. The
magnitudes of the shear and longitudinal stressemesimilar in both the full pier and
the pier with 18 inch columns. The pier with 18hreolumns replicates the entire pier

well.
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Figure 3.3- Longitudinal (S11) and shear stress () for entire pier cap
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+5.569e-02 +2,512e-01
+T.137e-02 +2,056e-01
+5,7062-02 +1.600e-01
+4,275e-02 +1,144e-01
+2.844e-02 +6.582e-02
+1.412e-02 +2,321e-02
-1,875e-04 -2,23%e-02
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-2,881e-02 — -1,136e-01
-4,313e-02 — -1,59%e-01
-5.744e-02 2.045e-01
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-2, 960e-01
-5.075e-01
Shear Stress (S12)
l?ﬁ kips 32 kaps lﬂ' kips 44 kaps
s = iﬂ%ﬁ -

522
Longitudmal Stress (511) ‘ 511

Figure 3.4- Longitudinal (S11) and shear stress (2} for pier cap with 18 inch.
column

Figure 3.5 shows the stresses developed when thcas replaced with a
2 inch. thick steel plate. Two-dimensional shedineénts were used to model the steel
plates. The plates were connected to the concieteiging ABAQUS multi-point
constraint (MPC) beam elements. These elementsdoether two nodes and make the

rotations and displacements identical; they anaitety stiff beam elements. While the
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stresses in the longitudinal direction remainedlainto those of the pier; there is a
change in the shear stresses. The magnitudes sfrdsses are similar, but the shear
stress occurs at an angle of 46° and is wider.chlaage in the angle is due to the
difference in stiffness between the 2 inch. stéatiepand the concrete stub column at the
point of applied load. The steel plate is lesd atid can bend; this causes a reduction in
the angle of the compression strut. Also, it casden that stress concentrations which

form at the corners of the column are not presdr@nithe steel plate is used.

l?ﬁ kips 32 kaps 47 kips 44 kaips

5,512
SMEG, (fraction = -1.0)
[Aug: TS%) 5,511
+1.000e-01 SHEG, (fraction = -1,0)
+8,458e-02 (Awg 759%)
+6,917e-02 +2,638e-01
+5,3753e-02 +2.172a-01
+3,834a-02 +1.705e-01
+2,292e-02 +1,239e-01
+7.504e-03 +7.723e-02
-7.913e-03 +3.058e-02
1| 2.333e-02 -1.608e-02
— -2.874e-02 -6,273e-02
-S4 lGe-02 -1.0%4e-01
-5,958e-02 -1.960e-01
-8,499e-02 -2.027e-01
-2.493e-01
-2,960e-01
Shear Stress (512)
l?ﬁ kips l 32 kaps l4? kips 44 kip.al

Longitudinal Stress (511)

Figure 3.5- Longitudinal (S11) and shear stress () for pier cap with 2 inch. steel
plate
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These analyses show that using a steel plate abihteof application of the
concentrated load in the test alters the distrilbutif stresses in the pier cap. A concrete
stub column is necessary to ensure that the respafrie laboratory specimen is as
close as possible to that in the existing structicesimplify laboratory testing,
symmetric loading was used. One final FE model evaated of the critical section of
the pier, consisting of one 18 inch. column witlo t¥6 kip loads applied symmetrically
around it; the stress contours from this modekamvn if Figure 3.6. A schematic of

the critical pier section and corresponding testgpen are shown in Figure 3.7.

l 76 kips

5,512

(Awg: 79%)
+2,865e-01
+1.000e-01
+8,333e-02
+6. 66Te-02
+5.000e-02
+3,3353e-02
+1.667e-02
-3.725e-09
-1.667=-02
-3, 3353e-02
-5.000e-02
-G EETe-02
-8.333e-02
-1.000e-01
-2.881e-01

Shear Stress (S12)

5,511

[Aug: TS59%)
+2.769=-01
+2,292e-01
+1.815e-01
+1.337e-01
+8.5397=-02
+3.822e-02
-9.526e-03
-5, 72Te-02
-1.050e-01
-1.528=-01
-2,005e-01
-2,483e-01
-2, 960e-01
-5.445=-01

Longitudinal Stress (S11)

Figure 3.6- Symmetric loading of critical pier seabn with 18 inch column
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Figure 3.7- Critical pier section and test specimen

3.2 Large Specimen Design

Experimentation on pier cap specimens of protegimsize (36 in. by 36
in.) is difficult because of their weight and langiémate capacity. By creating scaled
specimens, experimentation becomes less diffipuilyided that the size effects (if any)
can be treated properly. It is possible to usatwsiknown about the size effect in
shear along with the laws of similitude to desigprapriately scaled specimens.

The first step in scaling the reinforced concegiecimen is to reduce the
width. It has been shown that there is no sizecefissociated with scaling beam width
(Kani, 1967). Reducing the width of a 36 inch deppcimen to 18 inches makes it
possible to decrease the shear and moment capgatyactor of two. The longitudinal
reinforcement ratio for a typical 36 inch by 36hnmer cap in the State of Georgia
ranges from a minimum of around 0.5% to approxihgetes%. The pier cap in Bridge
085-0018 in Dawson County has a 36 inch width andftective depth of 33.4 inches.
The main longitudinal reinforcement consists of#10 bars, making the reinforcement
ratio in the pier cap approximately 0.65%. Thismf@icement ratio and a ratio of 1.3%
were chosen for two different 36 inch deep specsnkiaving two different

reinforcement ratios allows the effects of the itujnal reinforcement to be observed.
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These large specimens are shown in Figure 3.8b&am with 1.3% longitudinal
reinforcement contains six #10 bars with a combimes of 7.62 i) and the beam with
0.65% longitudinal reinforcement contains half teimforcement or 3 #10 bars with an
area of 3.81 ih

The development for the longitudinal bars is predexternally with steel
plates and ERICO bolt couplers. These couplersvaldolted connection to be
attached to the end of the reinforcing bars. Dgwalent of the reinforcement is
provided in this manner so that the force in eaahdan be monitored using a load cell,
as shown in Figure 3.9. The load cell fits overdbapler and the whole assembly is
bolted into place. The force in the bar is transféthrough the coupler into the bolt.
The bolt bears on the washer plate which transferéoad through the load cell to the
bearing plate and back into the concrete specithes,developing the strength of the
bar. The length of the bearing plate is determimgthking six times the bar diameter,
which is the value used in the 2007 AASHTO LRFDdBe Design Specifications

when determining the bearing area of longitudirsakbn a strut and tie analysis
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3.3 Small Specimen Design

To achieve further reduction in test specimen, @iz&imensional analysis
was performed using Eq. 2.2, and the equationsrgomygmoment equilibrium of
reinforced concrete beams in flexure. Dimensionalysis is a tool that makes it is
possible to deduce how certain variables affepegific response variable without
knowing the actual mathematical relation betweenvidriables. The basis of this
analysis is the Buckingham Pi Theorem which stététhere is an independent
function that is made up of physical variablesaih be transformed into another
function made up of dimensionless Pi terms (SadéndisHarris, 1983).” The number of
Pi terms is dictated by both the number of physieaiables and independent physical
units. Independent physical units are dimensioch s length, force (or mass),
temperature, electric charge, and time. With tisellteng Pi terms from the dimensional
analysis it is possible to show similitude of speens at different scales. If the
dimensionless Pi terms are equal for specimensfataht scales, there is similitude
between the specimens.

The dimensional analysis of the reinforced comcsgiecimen with Eq. 2.2
is complicated by the term (©¥¢0.24.,)), which accounts for the influence of aggregate
size. In this term, 0.2 is a constant which reprtsseharacteristic length. Characteristic
length is a material constant with units of inchEss value depends on sand grain size
and the difference between the elastic moduli efaygregate and the mortar. It governs
the minimum possible width of a zone of strain-spiihg damage in non-local
continuum formulations or the minimum possible spgof cracks in discrete fracture
models. This length must be determined experimigr@hzant and Pijaudier-Cabot,
1989). The effectiveness of the dimensional analyedies on being able to scale each
element of the equation which has physical unitgnbst cases this applies only to

physical variables, but in this case a constanphgsical units. For this reason it is not
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possible to directly scale the specimen using Egsand have models with perfect
similitude, but the difference in the model scalas be accounted taken into account.
The physical variables for the dimensional analgse given in Table
3.2. Note that the dimensions of the areas of tipparts (j) and the point at which the
load is applied (k) are included and thatan be simplified into &/bd. The
independent physical units for this analysis ared@nd length. By placing the physical
units into Table 3.3 along with the identity mattite Pi analysis can be performed
using Eq. 3.3 to calculate Matrix C. With Matrix e Pi terms can be assembled by
reading Table 3.3 from left to right. The dimendgwms Pi terms produced by this
analysis, shown in Figure 3.10, can be used t@<halreinforced concrete pier
specimens illustrated in Figure 3.11. It is impott# note that the maximum aggregate
size is scaled in each specimen. The large spedia&a maximum aggregate size of
one inch, while the small specimen has a maximugneggate size of %2 -inch. As
before, the longitudinal reinforcement will be piaded by normal deformed bar
reinforcement bonded to the concrete, and developwi be provided in the same

manner as the large specimen.
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Table 3.2- Physical variables

Physical | Physical

Variables| Units Description

As in? area of longitudinal steel reinforcement
b in beam width

d in depth to longitudinal steel reinforcement
a in shear span

da in maximum aggregate size

"o Ib/in? concrete compressive cylinder strength
fy Ib/in® yield stress of longitudinal steel

Asy in? area of transverse steel

fyv Ib/in® yield stress of transverse steel

S in transverse steel spacing

j in length of support area

k in length of applied load area

Table 3.3- Pi analysis

Length
Force
P1

p2

Ps

P4

Ps

Ps

p7

Ps

P9

Matrix B

o

Matrix C

O O0OOPFr OO O0oOOoOo
O OPFr OOO0OOOoOOo
O L OO OO0OOOoOOo
P OOOOOOOOo

O OO OO OO0 O B+
O OO OO OO o
O OO OO OoOEkr OO
O OO O0OOkFr OO0 Oo
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[Cl= - (A **[B) (3.3)
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Figure 3.10- Pi terms

Table 3.4 compares the Pi values for the scalecirspas at the two
different reinforcement ratios along with the loadl€ause the nominal shear,
calculated by Eq. 2.2, and moment. In these spedme shear reinforcement is
provided in the span gm, which is the scaling factor for shear reinforcaimées not
required. Ternpg is included for use in the design of later specisnd here is good
agreement with all of the Pi terms. The only terhicl shows any difference g; this
term scales the longitudinal reinforcement ratidse exact area of steel is not scaled
perfectly because it is linked to available baesiZquation 2.2 is used to calculate the
nominal shear strength of the specimen. Sincegleisiens are loaded in three-point
bending and are symmetric, the load to cause s$aibare (R) is calculated by
multiplying the nominal shear strength by two. Toed to cause moment failure is
calculated by multiplying the nominal moment capaby 4 and dividing by the span
length. The nominal moment capacity is calculatgdgia rectangular stress block as in
Egs. 3.1 and 3.2. If the specimens were perfectyed the ratio of /Py, would be the
same for both the large and small specimens. Auss®d earlier the characteristic
length constant in Eq. 2.2 makes this almost imptssand the PP, ratios for the

specimens with 1.31% and 0.655% longitudinal retément ratios differ by 10.5%
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and 12%, respectively. With this difference knowawever, it is possible to account

for it when examining the experimental results.
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Figure 3.11- Small beam specimens
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Table 3.4- Comparison of Pi terms

r=1.3% r =0.65 %
Large Small | % Difference Large Small % Difference
p1 0.00739| 0.00775 4.8% 0.00354 0.00346 2.4%
P2 0.56040| 0.56040 0.0% 0.54878 0.54878 0.0%
P3 0.35803| 0.35803 0.0% 0.35061 0.35061 0.0%
P4 1.49440| 1.49440 0.0% 1.46341 1.46341 0.0%
Ps 0.03113| 0.03113 0.0% 0.03049 0.03049 0.0%
Ps 1.12080| 1.12080 0.0% 1.09756 1.09756 0.0%
p7 15 15 0.0% 15 15 0.0%
Ps 0 0 0.0% 0 0 0.0%
Po 15 15 0.0% 15 15 0.0%
Pv (kips) 321.9 93.8 212.5 59.0
Pm (kips)| 540.7 141.0 294.6 72.0
Pv/IPm 0.5954( 0.66520 10.5% 0.72136 0.81974 12.0%

3.4 Design of Instrumentation
The instrumentation was designed to monitor seasjpécts of the

performance of the specimens. These are:

the applied load

deflection at midspan

principal compression strut angle

strains in the longitudinal tension reinforcement

longitudinal strains in the compression zone

transverse stains in the shear span

force in the longitudinal tension steel anchorage

Achieving each of these goals required differeatrimmentation, and in some cases

multiple instrumentation schemes were used to &idke same phenomena. Figure

3.12 shows the location of all of the instrumeotati
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The applied load was monitored using a single Ebdunder the hydraulic

ram. The applied load is the metric for the erts. All of the significant occurrences

such as cracking and failure will be distinguisbgdhe applied loads at which they

occur. The mid-span deflection of the beam was tooeul with a single string

potentiometer. The deflection was monitored beeamsconjunction with the applied

load, it is a good indicator of ductility.

LVDT-18

-

Scction &) o 2] k3|

Figure 3.12- Instrumentation diagram

The main phenomenon that distinguishes the behat/ideep beams from

ordinary beams is their ability to carry load thgbwarch action. Fenwick and Paulay

(1968) concluded that arch action and beam actene wcompatible because arch

action cannot occur to any appreciable extent afteir the breakdown of beam action.
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For this reason it is important to have a good wstdading of when arch action is
initiated, and several different instrumentatiortmoels were used to capture the
initiation of arch action. The first is the strgages bonded to the reinforcing bars.
Theoretically, once the arch action is initiatégg strain in the longitudinal
reinforcement should become constant over its kerighear variable differential
transformer (LVDT) 18 (Figure 3.12) spans the eniength of the beam. This
effectively gives the longitudinal strain at thettoon of the beam averaged over its
length, including all of the cracks. It was thougtst this strain data might give insight
into when arch action occurs. In conjunction wittstidea, the end rotations of the
beam were monitored using string potentiometergl1Fhe string potentiometers were
used to monitor displacements; rotation anglebeaends of the beam were calculated
from the relative displacements. The data colteftem this instrumentation as well as
the calculated compression strut angle were usddteyrmine the point at which arch
action becomes the effective load carrying method.

One of the main factors that governs the performarficeep beam
behavior is the angle at which the primary compossstrut forms. For this reason,
several instrumentation schemes were used to fde¢his angle. Two rosettes of
LVDTs (LVDTs 1,2,3 and LVDTs 4,5,6) were used tamgute the principal stresses
using a mechanics of materials approach. Longialdorces produced by the
reinforcement were calculated using constitutiatiens and strains from the strain
gages on the reinforcing bars and from LVDT 18Ising these longitudinal forces and
vertical reactions calculated from static equilion, an effective strut angle was
calculated. Once the bars completely debondedpthe from the load cells at the
anchorage could be used for the longitudinal fame the strut angle could again be
calculated. The load cells mounted on the endsenfdngitudinal reinforcement also
served to measure the amount of force needed &ajethe longitudinal

reinforcement.
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Finally, LVDTs were positioned vertically within¢hshear span of the

beam (Figure 3.12) to capture the transverse strain
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CHAPTER 4

ULTIMATE CAPACITY OF REINFORCED CONCRETE PIER CAPS

The first part of the experimental plan was an gtigation into the
behavior of the reinforced concrete specimens tepdp to and at their ultimate state.
The effects of the amount of longitudinal and crechtrol reinforcement were of
particular interest. The longitudinal tension remtement is one of the more variable
parameters in reinforced concrete pier caps. Tiuat of the crack control
reinforcement is a requirement which has changed towe. Understanding how it
influences the behavior is important in understagdilder pier caps. Scaled specimens

were also tested to observe the size effect.

4.1 Specimen Construction

Figure 4.1 shows the formwork for one of the lasgecimens. Special
attention was paid in the formwork design to remimadusions in the concrete which
serve as crack initiators. For this reason, buigggsvere used for the large specimen
formwork instead of the more common ties. Beforer#finforcing bars were placed into
the formwork, they were instrumented with straiggm The bars were smoothed using
a grinding wheel, and then the strain gages weogyeponded to the bars. Lead wires
were then soldered to their terminals. All gagesavgealed with silicone for protection.
Figure 4.2 shows the strain gages installed omeiméorcing bars. Before the bars were
placed in the formwork, the strain gages were telsyeplacing the bar in three point
bending, applying a known load and comparing tleerstically calculated strains under

the load to the measured strains. The wires fostiteen gages were run along the
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longitudinal tension reinforcement and out of the of the beam as shown in Figure

4.3.

Figure 4.1- Large specimen formwork

e {31 Pl 3 > » S
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Figure 4.2- Rebar with strain gages installed
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Figure 4.3- Strain gage wires and coil bolt anchodetail

To allow for the installation of the Erico bolhuplers and the
monitoring of the forces in the bar anchorage ghés of the reinforcement projected
from the formwork, as shown in Figure 4.4. The red@anned from one end of the
formwork to the other. This allowed the rebar topkeced at the proper height without
the use of rebar chairs, further reducing the amoftiorack initiators in the specimen.

Two different concrete mixes were needed to ¢estarge and small
specimens. The mix for the large specimens reqainedximum aggregate size of one
inch while the mix for the small specimens requiaetaximum aggregate size of one-
half inch. The desired concrete strength for bdtthe mixes was between 3500 and
4500 psi. The mixes were chosen by looking at ie28may cylinder strengths. The
mix for the large specimen had a designation of BMXSAAND and an average 28
day cylinder strength of 3,735 psi plus or minue standard deviation of 331 psi

(3735 331 psi) based on 39 samples. The mix for the sspaltimen had a designation
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of RMXBJAGEAUE and an average 28 day cylinder githrof 3685 psi based on two

samples.

Figure 4.4- Longitudinal reinforcement extended ouside of formwork

All specimens were cast in two stages. On the diagt all of the beams
were cast. Figure 4.5 shows the beams after tloemplant of the concrete. The concrete
was then allowed to cure for 48 hours, and thercthemn stubs were cast on top. This
created a cold joint between the beam and the ¢okiab in the same location as there
would be in a common pier cap. The concrete iratea of the column was roughened
to improve friction between the column and the betdns is shown in Figure 4.6. The
concrete used in all of the columns for all of ieams (large and small) had a
maximum one inch aggregate size. Since crackimdgailure were expected to occur
in the beam not in the column, the difference mdlgregate size was inconsequential.

For curing, after each pour the beams were cowsitbdwetted burlap and plastic; this
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is shown in Figure 4.7. The finished specimensshmevn in Figure 4.8 after removal

from the formwork.

Figure 4.5- Specimens after first casting

Figure 4.6- Concrete roughened in column area
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Figure 4.7- Specimen covered for curing

Figure 4.8- Completed specimens
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4.2 Experimental Set-up

Preparation for the test of each specimen conswdtpdsitioning specimen
in the test frame with the proper alignment anchsgad installing the external
instrumentation. Table 4.1 gives the designatairtbe Phase | specimens as well the
depth ¢l) reinforcement ratior() and the shear span to depfdj ratio. The shear span
(a) is the distance from the center of the columth&center of the support.

The specimens were cast at two separate timedirsheasting involved
three 36 inch specimens and three 18 inch speciniéese specimens were cast on the
same time period from ready mix concrete trucksameddesignated as the A series. An
additional small specimen (AS4) was cast later withcrete mixed in house and was
included with the A series specimen. The secontincaw/as of seven 36 inch
specimens. These specimens are designated ase® Sgeicimen. In Table 4.1 the
specimens are designated A and B according todkéis. The 36 inch deep specimens

are labeled with an L, and the 18 inch deep spewmee labeled with an S.

Table 4.1- Phase | specimen designations and paraters

Di"’;;:;fgn Height (in) | d (in) | r (%) S(i'%";‘” a(n) | a/d
ALL 36 328 065 96| 48| 146
AL2 36 321| 13| 96| 48| 149
AS1 1888 | 164 065 48| 24| 146
AS2 1888 | 16.4] 065 48| 24| 146
AS3 1888 | 161 13| 48| 24| 149
AS4 18.88 | 16.1| 13| 48| 24| 1.49
BL1 36 328| 065 96| 48| 1.4k
BL2 36 321| 13| 96| 48| 1.49
BL3 36 321| 13| 96| 48| 1.49
BLA 36 321| 13| 96| 48| 1.49
BL5 36 321| 13| 96| 48| 1.49
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Figure 4.9 shows a small specimen loaded intodsieng frame. Load was
applied to the specimen using a hydraulic ramfahee applied by the ram was
measured using a load cell. A ball and socket jend placed in between the beam and
the ram to prevent the transfer of moment intoréime. The ball and socket arrangement
does not prevent the ram from applying lateral Ieegistance. Pin and roller supports
were used. The supports were spaced to give thik §meaimens a total span of 48
inches. Figure 4.10 shows a small specimen witlexternal instrumentation installed.

Figure 4.11 shows a large specimen in the loaddrafar the large
specimens a tapered stack of steel plates wastaskstribute the force from the ball
and socket joint into the column stub. The sameapuhroller supports were used, and
they were spaced to give the large specimens ach6span. Figure 4.12 shows a large

specimen with external instrumentation.

Figure 4.9- Small specimen in test frame
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Figure 4.10- Small specimen with external instrumetation
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Figure 4.11- Large specimen in test frame
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Figure 4.12- Large specimen with external instrumetation

4.3 Tests of Small Scale Specimens
The tests of the small scale specimens follow. &hests were performed

first. The tests were easier to set up and perthrento the specimen size.

4.3.1 Test of Specimen AS1

On the day of the beam test, companion concretedgyis that had been
cast along with the beam were tested for comprestrength (ASTM C-39, 2010),
tensile strength (ASTM C-496, 2004), and elasticlulos (ASTM C-469, 2002). Based
on these companion cylinder tests, the concretleeifbeam had an average compressive
strength of 4,128168 psi based on three samples, an average tetrsitgth of
421+ 43 psi based on three samples, and an average etastulus of 3,17% 348 ksi

based on three samples. Only compression testspgei@med on the concrete in the
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column; the concrete in the column had an averageueessive strength of 3,04893
psi based on three samples. The average yieldggtrenthe longitudinal steel was
79 1.7 ksi based on three samples.

Load was applied to the specimen using a hydrgadic. Data were
recorded from all channels of instrumentation edta of 1Hz. The load was applied
slowly to achieve a quasistatic response, andvarakepoints during the test, loading
was stopped, allowing time to observe, mark, andsue crack sizes. The crack sizes
were only marked and measured up until a load 6fki@s; this was the estimated
capacity of the specimen.

The first cracks to form in the specimen wereudl@k cracks directly below
the edges of the stub column on the tension fatieedbeam at a load of 60 kips. These
cracks are labeleld andC in Figure 4.13. Diagonal shear cracks did not famhl a
load of 90 kips when cradk formed. CraclA formed at a load of 110 kips. The
ultimate strength of the specimen was governedddging of the longitudinal
reinforcement at an applied load of 165 kips. Gtheglongitudinal reinforcement
yielded, the specimen deformed with little increemsapplied load. At an applied load
of 172 kips, the concrete at the tip of Crdckrushed. The crushing of the concrete in
the beam also caused damage to the column; ind-#yiB the column steel can be seen

where the concrete in the column has spalled.
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Figure 4.13- Cracks in specimen AS1

Following an analysis of the test results, it wWatermined that the behavior
of each test could be best described by the pltaaf vs. deflection and the plot of strut
angle vs. load. The strut angle was calculatedyustyuilibrium and the strain in the
longitudinal tension reinforcement. Of the longital strain measurements, LVDT 18
(shown in Figure 4.14) provided an average strairitfe longitudinal tension
reinforcement. The strains recorded by the strageg attached to the longitudinal
reinforcement were affected by cracking in the spen. Gages located closer to the
cracks showed higher strains than those farthey.aie LVDT spanning from one
support to the other effectively averaged out toalized effects of the cracks. Strain
gages bonded to the longitudinal tension reinfoer@rprovided a back-up
measurement of the longitudinal strain. When midtiayers of bars were used

(Specimens AL2, BL2, BL3, BL4 , and BL5), the exiglly bonded LVDT also had the
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advantage of being placed at the centroid of thgitadinal tension force even when it
did not correspond with the centroid of the baesribelves. Only qualitative
conclusions can be made from the load cells aneddhie longitudinal reinforcement,
and the results are shown in Appedix A. The gaggtleof the LVDT'’s in the
compression zone was too large to obtain usefusareanents on their own (LVDT'’s
7,8, 9, 10, and 11), but their measurements wszd to calibrate an elastic finite
element model. The other instrumentation did novjole any additional insight and

will not be discussed.

Figure 4.14- External instrumentation diagram

Figure 4.15 shows the load vs. deflection plotSpecimen AS1. Labeled
on the figure are the loads at which cracks foramedithe load at which the longitudinal
reinforcement yielded. The crack labels corresporttie cracks shown in Figure 4.13.
The load deflection plot shows that the speciméailare was ductile; the beam

underwent deformations after reaching its ultimiaté state of yielding of the
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longitudinal tension reinforcement. After the stgielded at an applied load of 165 kips
and a deflection of 0.15 inches, there was onlyallsancrease in load before the

ultimate capacity of 172 kips was reached.
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Figure 4.15- Load vs. deflection plot for SpecimeAS1

Calculating the principal compression strut angbenf equilibrium requires
the use of constitutive relations to convert thiaiss in the longitudinal bar into stresses
and then forces. A MATLAB program was written tagze the data. This program
required a stress-strain curve for the longitudieaiforcement along with a yield value.
The stress-strain curve was then broken down oo distinct segments based on the

following strain regions:

e £ f, 129000 (@)
f, 129000< € £ 12(f, /29000) (b)
12(f, /29000) < € £ 005 (©)
005<¢€£ 0.1 (d)
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With the stress-strain curve broken down in thisianait was then possible to fit a third
order polynomial to each of the four regions. Fegdrl6 shows plots of the stress strain
curve created from materials testing data anddbedurves fit to the four strain

regions. The curves represent the stress strapepies of the steel well; they have a
coefficient of variation of 0.999 with the measustéel behavior. Table 4.2 gives the
constants for the polynomials fit to each regiondach of the different types of

longitudinal tension reinforcement used in the expental program.
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Figure 4.16- Steel stress- strain curve fit
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Table 4.2- Polynomial constants fit to stress straicurves for longitudinal tension
reinforcement

3rd Order Polynomial

Series Bar X3 NG X 1 Region
A #5 -2.234E+09 6.192E+06 2.373E+04 -1.528E-01 @)
-9.634E+09 8.060E+07 -2.133E+05 2.436E+02 (b)
2.208E+05 -2.886E+04 1.521E+03 7.052E+01 ©)
1.471E+04 -4.888E+03 5.379E+02 8.516E+01 (d)
A #0 (AS3) 1.295E+09 -5.977E+06 3.544E+04 -5.299E-01 @)
8.735E+09 -7.822E+07 2.415E+05 -1.823E+02 (b)
-6.807E+05 5.386E+04 -6.309E+02 7.799E+01 (©)
6.255E+04 -1.426E+04 1.137E+03 6.414E+01 (d)
A #9 (AS4) -0.044E+08 3.015E+06 2.611E+04 -7.063E-02 @)
-6.731E+09 6.085E+07 -1.697E+05 2.229E+02 (b)
-1.734E+06 9.130E+04 -9.103E+02 9.008E+01 (c)
1.393E+05 -2.414E+04 1.524E+03 7.229E+01 (d)
A #10  -1.979E+09 7.400E+06 2.139E+04 -9.745E-02 @)
1.406E+09 -3.870E+07 1.720E+05 -1.445E+02 (b)
2.668E+06 1.209E+05 -6.502E+02 6.583E+01 ©)
-4.761E+05 3.095E+04 1.266E+02 6.900E+01 (d)
B #10 -1.056E+09 2.440E+06 2.947E+04 5.180E-02 €)
-9.573E+10 9.040E+08 -2.831E+06 3.017E+03 (b)
-1.999E+06 1.036E+05 -9.751E+02 8.223E+01 (©)
1.294E+05 -2.276E+04 1.520E+03 6.571E+01 (d)

The strut angle in specimen AS1 was calculateckng the inverse
tangent of the vertical reaction force divided bg horizontal force in the longitudinal
tension reinforcement. Figure 4.17 shows a plahefstrut angle in degrees vs. the
applied load in kips. This plot was generated usiiregdata obtained from LVDT 18,
and the crack labels correspond to the cracks showigure 4.13. Once the diagonal
cracks formed at loads of 90 and 110 kips, the atmgle held at a constant value of
approximately 50° and arch action became the pyiriead carrying mechanism. The
strut angle then decreased again to a value of 4biBe ultimate load. The transition
from beam action to arch action occured as thefadlie cracks, both flexural and shear,

cracks formed between applied loads of 50 and Id€ k
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Figure 4.17- Strut angle vs. applied load for Spegien AS1

4.3.2 Test of Specimen AS2

Specimen AS2 was similar to AS1, and was testéavstigate the
repeatability of not only the specimen’s ultimatieesgth, but also the repeatability of
the data collected by the instrumentation scheme.

Materials tests on companion concrete cylinderewerformed on the
same day as the specimen test. Based on thesetivestoncrete in the beam had an
average compressive strength of 4,298 psi based on three samples, an average
tensile strength of 4&028 psi based on three samples, and an average elastulus
of 3,235 94 ksi based on three samples. As in the previeamltest, only compression
tests were performed on the concrete in the coldhengoncrete in the column had an
average compressive strength of 3;4&8@1 psi based on three samples. The
longitudinal steel was from the same batch as spaTIAS]; it had a yield stress of

79+ 1.7 ksi based on three samples.
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The load was applied in the same manor as desdnlibé previous test.
The first flexural cracks formed at a load of 5pkiThese cracks are labeBdndC in
Figure 4.18. The first diagonal crabkformed at a load of 60 kips and was followed by
crackA at a load of 75 kips. These cracking loads wess flean those of the identical
specimen AS1. Again, the longitudinal reinforcemgowerned the ultimate capacity.
The bars yielded at a load of 160 kip, but largewheations did not occur. Soon after

yield, the concrete crushed at the tip of CrAdk the same manor as Specimen AS1.

Figure 4.18- Cracks in Specimen AS2

Specimen AS2 had similar behavior to Specimen AB#&. main difference
between the two specimens was the deflection swestaarior to failure. Figure 4.19
shows the load vs. deflection plot for specimen AB& longitudinal bars in the
specimen reached yield, but this did not allow 8pen AS2 to undergo the large

deflection seen for Specimen AS1. Both beams haid fars yield at a deflection of
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0.15 inches. and a load of about 160 kips. Thekdedzels in Figure 4.19 and 4.20
correspond to those in Figure 4.18

Figure 4.20 shows the strut angle vs. applied fatfor Specimen AS2.
The strut angle behaves in much the same mangreasn®en AS1. In both specimens,
the formation of cracks led to the developmentrohaaction at a load of approximately

110 kips. At ultimate load, Specimen AS2 had atstngle of 46.2°.
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Figure 4.19- Load vs. deflection for Specimen AS2

69



90

85p----r--o racksBand'C T T

80} - - -

750 -

70 ----

65 L N

D

strut angle (degrees)

Arch Action

|

1 : 1
0 20 40 60 80 100 120 140 160 180
load (kips)

Figure 4.20- Strut angle vs. applied load for Spegien AS2

4.3.3 Test of Specimen AS3

Specimen AS3 was a small specimen with a longialdension
reinforcement ratio of 1.3%. This is double the antmf longitudinal tension steel in
Specimens AS1 and AS2. Based on companion cyltedés, the concrete compressive
stress on the day of testing was 4037 psi based on three samples, and the split
tension strength was 45837 psi based on three samples. The average etasticlus
of the concrete was 2,971 based on two samples¢dineression strength of the
concrete in the column was 3#281 psi based on three samples. The longitudinal
reinforcing steel had an average yield strengthedksi based on two samples.

The first flexural cracks formed in Specimen A$am applied load of 75
kips. These cracks are labelB@&ndC in Figure 4.21. Crack began as a flexural
crack, and then, later in the testing, a diagoredlicgrew and merged into it. Diagonal

crackA formed at a load of 125 kips while cradkformed at a load of 170 kips. Failure
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of the specimen occurred at a load of 260 kips wahkamge splitting crack
instantaneously formed and propagated from theezmf the column to the center of
the support, causing the longitudinal reinforcenterdebond. The splitting of the
concrete is labeled in Figure 4.21. This splittogurred due to stress concentrations
induced by the column and the supports.

The increase in the amount of longitudinal reindonent caused a
significant change in the performance of the speninThe specimen failed in a non-
ductile manor. Figure 4.22 shows the load vs. defla plot for Specimen AS3. The
specimen reached its ultimate capacity at a lo&b0fkips. At this load the
longitudinal steel had reached a strain of 0.004slis above its yield strain of 0.0029.
The crack labels in Figure 4.22 and 4.23 refeh&drack labeled in Figure 4.21.

The increase in the longitudinal reinforcement eaus decrease in the
angle of the principal compression strut. Whenstinet angle was calculated from
equilibrium, the strut angle decreased from 504a% Figure 4.23 shows the strut angle
vs. the applied load. Again, the formation of thegdnal strut is a function of crack
formation. For specimen AS3 the strut angle apgres@pproximately 40°. The angle

at ultimate was 43.5°.

71



Figure 4.21- Cracks in Specimen AS3
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Figure 4.22- Load vs. deflection for Specimen AS3
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4.3.4 Test of Specimen AS4

After observing the difference in failure modesvestn the small
specimens with 0.63% and 1.3% longitudinal tense@nforcement, an additional small
specimen was fabricated with 1.3% longitudinal i@mseinforcement. In contrast to
the mixes for the other specimens, which were pextirom a local supplier, the
concrete for Specimen AS4 was mixed in the Strestlwaboratory at the Georgia
Institute of Technology. This limited the amouhtoncrete available for companion
cylinder testing, and only compression strengttste®re performed. The compression
strength of the concrete in the beam was 4,@&IB psi based on three samples, and the
compression strength of the concrete in the colwas 3,97% 78 psi based on three
samples. The longitudinal reinforcement had a ystdength of 88 1.7 ksi based on

three samples.
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The first cracks to form in Specimen AS4 were dilet cracks, labeled &
andC in Figure 4.24, appearing at an applied load dkipS. CrackA formed at a load
of 100 kips, and was followed by crabkat a load of 110 kips. Failure of Specimen
AS4 occurred when a diagonal splitting crack forrhetiveen the edge of the column
and the support at an applied load of 267 kips.falhere mechanism was the same as
in Specimen ASS3, but unlike specimen AS3, the ltuatgnal steel did not reach yield
before the failure. This was due to the differemcgield strengths between the two
different longitudinal reinforcements (79 vs 88)Ksigure 4.25 shows the load vs.
deflection plot for Specimen AS4. The crack labelboth Figs. 4.25 and 4.26
correspond to the labels in Figure 4.24. Figur® 4l2ws the plot of strut angle vs. load
for Specimen AS4. The strut angle again approaappsoximately 40°. The formation
of arch action for this specimen was less distinat in any of the previous tests; the

calculated arch angle varies from 50° to 40°.

Figure 4.24- Cracks in Specimen AS4
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4.4 Tests of Full Scale Specimens
The results for the full scale specimens were sg¢pdifrom the small scale
specimens due to the size effect. The behavidreda specimens replicates the

behavior of a full scale pier cap.

4.4.1 Test of Specimen AL1

Specimen AL1 was the first of the 36 inch deep spegs tested. It
contained 0.65% longitudinal tension reinforcemémg makes it the companion to
Specimens AS1 and AS2. On the day of beam testorgpanion cylinder testing
indicated that the compressive strength of the r@iadn the beam was 3,47342psi
based on three samples with an elastic modulug288B 8 ksi based on three samples.
The split tension strength of the concrete wast38lpsi based on three samples. The
compressive strength of the concrete in the coluas 3,066 165psi based on three
samples, and the longitudinal steel had a yielbstof 6% 8ksi based on three
samples.

Figure 4.27 highlights the cracks that formed dytime testing of Specimen
ALL. In comparison with specimens AS1 and AS2 rgdanumber of individual cracks
formed during the testing of the large specimere Righlighted cracks represent the
larger and more critical cracks which formed dutiesting. The flexural cracks and
D formed first at a load of 150 kips. The diagort@a crack® andE formed at a load
of 200 kips followed by crack, which formed at 250 kips. At an applied load of 505
kips, the longitudinal reinforcement reached idd/ipoint. The specimen reached its
ultimate capacity at an applied load of 545 kipsths point the steel had yielded and
the concrete crushed at the corner of the stubroolkbove the merger of cradRsand
E. The failure mode and even the crack patternsedgrell with those observed in

Specimen AS1.
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Figure 4.27- Cracks in Specimen AL1

Overall, the results of the testing of Specimen Algteed well with that of
Specimen AS1 and AS2. Figure 4.28 shows the loadeftection plot for the
Specimen AL1. Like Specimen AS1, Specimen AL1 alale to double its total
deflection after yielding of the longitudinal ream€ement and failed in a ductile manor.
The cracks denoted in Figs. 4.28 and 4.29 refertreceracks in Figure 4.27.

The strut angles calculated through equilibriuno algre similar in the
small and large specimens. Specimens AS1 and A&ap@roximate strut angles of
50°, while Specimen AL1 had an approximate strgienf 46°. Figure 4.29 shows the
strut angle vs. load plot for specimen ALL. Thistplas created using the strain data
from a strain gage at midspan of the specimen. §duje was used because when the
span was doubled from 48 to 96 inches it becandehao install the longitudinal
LVDT along the reinforcement. A string potentionreteas used in place of the LVDT
because it was simpler to mount on the specimeis.skting potentiometer was not as

precise as the LVDT and was unable to measurentiaé displacements early in the
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test. It could not capture the small strains. Tih&irs gage is localized at midspan so it
could not capture the effects of cracking in ofbents of the specimen; this can clearly
be seen in the way arch behavior begins beforefthe major cracks become visible
(see Figure 4.29). Avoiding this localization isearf the main advantages of using the
LVDT to measure longitudinal strains in the rei@ment, and an LVDT was used for

all of the following tests.
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Figure 4.28- Load vs. deflection for Specimen AL1
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Figure 4.29- Strut angle vs. applied load for Spegien AL1

4.4.2 Test of Specimen AL2

Specimen AL2 was 36 inches. deep with a longituderasion
reinforcement of 1.3%. It was the large-scale campato Specimen AS3 and AS4.
On the day of testing, the concrete that made efpp&am had a compressive strength of
3,651 218psi based on three companion cylinder samplesyarage elastic modulus
of 3,298ksi based on two samples, and a split tensiongttnesf 394 37 psi based on
three samples. The concrete in the column had @Essive strength of 3,383243psi
based on three samples. The longitudinal steefwasthe same batch as that for
Specimen ALL. It again, had a yield stress af 8%si based on three samples.

Figure 4.30 is a photograph of Specimen AL2 with ¢hacks highlighted.
The first flexural craclB became visible at a load of 200 kips. Cracformed at a load
of 250 kips and was followed by cragkat a load of 300 kips. Shear crdakormed
around an applied load of 400 kips. The beam fadgadly when a splitting crack
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formed, running from the corner to the supporg kiad of 660 kips, as illustrated in

Figure 4.31.

Figure 4.30- Cracks in Specimen AL2

Specimen AL2 performed similarly to its small-sceteinterparts,
Specimen AS3 and AS4. The splitting of the concoeturred before the longitudinal
reinforcement could yield. Figure 4.32 shows a pfahe applied load vs. the
deflection for Specimen AL2, and Figure 4.33 shdtivesangle of the principal
compression strut at approximately 40° which calasiwith that of Specimen AS3.
The strut angle at ultimate was 34.2°. The speciexéribited brittle behavior. The
cracks denoted in Figs. 4.32 and 4.33 correspotitbse labeled in Figure 4.30.
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Figure 4.33- Strut angle vs. applied load for Speien AL2

4.4.3 Test of Specimen BL1

Specimen BL1 was part of a second set of specinmaesided to
investigate the effect of including AASHTO'’s craobntrol reinforcement for deep
beams and to serve as controls for the strengthestinemes. Specimen BL1 was
constructed similarly to Specimen AL1.

On the day of testing, the concrete that made eppéam had a
compressive strength of 3,36226psi based on six samples, a split tension stresigth
377+ 43psi based on three samples, and an elastic moduBB5k 42ksi based on
three samples. The concrete in the column had @Essive strength of 3,26253psi
based on three samples. The longitudinal steeahaeld stress of 801.22ksi based
on three samples. This is significantly higher tf@aspecimen AL1 whose longitudinal

reinforcement had a yield stress of 65 ksi.

82



As load was applied to specimen BL1, the firstdiet cracks formed at a
load of 175 kips. The cracks are labedndD in Figure 4.34. The cracks were then
followed promptly byA, B, E andF at an applied load of 225 kips. Specimen BL1
failed when a splitting crack formed running frome tcolumn to the support at an
applied load of 500 kips. At this load the longital reinforcement had not yielded.
This failure mode is not consistent with the otsigecimens with 0.65% longitudinal
tension reinforcement in which the longitudinahfercement yielded. The failure mode
of Specimen BL1 was more like the brittle failureade of the specimens with 1.3%

longitudinal tension reinforcement.

Figure 4.34- Cracks in Specimen BL1
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Figure 4.35 shows the load vs. deflection plotSpecimen BL1. Despite
having the same longitudinal reinforcement as SpexiAL1, the load deflection curve
for Specimen BL1 resembles that of Specimen AL2enutwsely. The crack labels in
Figs. 4.35 and 4.36 refer to the cracks shownguré 4.34. Despite the difference in
failure mode, the strut angle vs. applied load fdotSpecimen BL1 agrees well with
that of Specimen AL1. The strut angle approachespgroximate value of 46°, and is

43.4° at ultimate.
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Figure 4.35- Load vs. deflection for Specimen BL1
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Figure 4.36- Strut angle vs. applied load for Spegien BL1

4.4.4 Test of Specimen BL2

Specimen BL2 was built similarly to Specimen ALZhés 1.3%
longitudinal tension reinforcement, and it is tleaicol for the specimens which include
AASHTO crack control reinforcement. The concretéhie@a beam section of Specimen
BL2 had a compressive strength of 3,8226psi based on six companion cylinder
samples, a split tension strength of 3B psi based on three samples, and an elastic
modulus of 3,33& 158ksi based on three samples. The concrete in tlhencohad a
compressive strength of 3,8242psi based on three samples. Again the longitudinal
reinforcement had a yield strength of80.22ksi based on three samples.

Figure 4.37 shows the crack pattern and failur8pgcimen BL2. Minor
flexural cracking began at an applied load of 23 kCracksB C DandE appeared at
a load of 250 kips. Cradk presented itself at a load of 350 kips, and Crabtdrmed at
a load of 400 kips. Specimen BL2 reached its uliencapacity at a load of 631 kips,
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when, a splitting crack formed suddenly betweerctiv@er of the column and the
support before the steel could yield. This failomede agreed well with Specimen AL2
which failed at an applied load of 660 kips. Theutes from the testing of Specimen
BL2 agree well with Specimen AL2. Both the plotdadd vs. deflection (Figure 4.38)
and strut angle vs. load (Figure 4.39) match cloelse for Specimen AL2. The crack

labels in the figures refer back to Figure 4.37

Figure 4.37- Cracks in Specimen BL2

86



0.35

Ultimate

0.3

0.25
Angle at

|
|
|
|
|
|
4 - -~
|
|
|
|
|
|

- — 4

0.2

deflection (in)

0.15

Splittinjg Failur

0.1

0.05

Figure 4.38- Load vs. deflection for Specimen BL2

700
600F — -~~~ i -
40—
30

(sdpy) peoj (sea1bap) ajbue nns

600 700

500

load (kips)
87

Figure 4.39- Strut angle vs. applied load for Spegien BL2



4.4.5 Test of Specimen BL3

In order to investigate the effects of the cracktod reinforcement
required by the AASHTO 2007 LRFD Specification fémep beams, additional
transverse and longitudinal reinforcement was adoddlde specimens. The
Specification requires that there be no less thau®@3 reinforcement ratio (0.3%) in
both the transverse and longitudinal directions thadlthe spacing between these
reinforcing bars be no greater than 10 inches (AASFbection 5.6.3.6). To
accomplish this #4 bars and stirrups were addedypical specimen with 1.3%
longitudinal reinforcement. The #4 bars in the itundjnal direction were required to
meet the minimum spacing requirements. The specwithnl.3% longitudinal
reinforcement was chosen because of the brittier@alf its failure; if the stirrups had
an effect it would be more pronounced in this tgpspecimen. Figure 4.40 shows the
additional crack control reinforcement. Specimer8Btas the first specimen tested

with crack control reinforcement.

Figure 4.40- Specimen with 1.3% longitudinal and aick control reinforcement

On the day of testing, the concrete in the beamahammpressive strength

of 3,966 185psi based on three samples, a split tension strerigt2%* 23 psi based

88



on three samples, and an elastic modulus of 3,a6bksi based on three samples. The
concrete in the column had a compressive strerf@tB@Gt 324psi based on three
samples. The #10 bars in main longitudinal reirdarent had yield strength of

80t 1.22ksi based on three samples. The #4 bars in th& comtrol reinforcement had
a yield stress of 852.3ksi based on three samples.

The first flexural crack in Specimen BL3, Crdokappeared at an applied
load of 250 kips as shown in Figure 4.41. Thenlatd of 300 kips CracksS andE
formed. CraclkC was a common flexural crack, but Crd€kvas a diagonal tension
crack running from the support to just below thgesdf the column. This type of crack
had instantaneously caused failure in Specimens BL2, and BL2; the specimens
could not sustain load after the formation of ttrack. Loading was continued, and at a
load of 350 kips Cracka andB formed. The loading continued to an applied lod o
739 kips, at which point Cradk finally propagated all the way to the edge of the
column causing failure. The longitudinal reinforearhhad yet to yield, making the

splitting tension the crack the failure mode.
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Figure 4.41- Cracks in Specimen BL3

The load vs. deflection plot shown in Figure 4.423pecimen BL3 agrees
well with similar plots from tests of Specimen AbAd BL2 despite the early formation
of the splitting crack. One main difference carsben: after reaching the ultimate load,
the curve in Figure 4.42 decreases slowly, in esttio the sharp decrease shown in
Figs. 4.32 and 4.38 for Specimens AL2 and BL2,eeBpely. The crack labels in Figs.
4.42 and 4.43 correspond to the labels in Figut&.4The plot of strut angle vs. applied
load shown in Figure4.43 does show some differefroes that of Specimens AL2 and
BL2 (Figs. 4.33 and 4.39). While arch action dgesate at about the same point (about
400 kips) the approximate strut angle is slightfyhler at about 45°. The calculated strut
angle at ultimate is also higher; 39.3° as apptsé&d.4° and 34.2° for Specimens AL2
and BL2 respectively. The inclusion of the crachtcol reinforcement did not have a
large effect on when cracks formed and arch adiegan, but it did slightly increase the

strut angle and allow the beam to carry load afterformation of the splitting crack
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4.4.6 Test of Specimen BL4

Specimen BL4 was similar to Specimen BL3. On theafdesting, the
strength in the beam was of 3,&7859psi in compression based on three samples, of
448t 40psi in tension based on three samples, and thiécatasdulus of
3,482 110ksi based on three samples. The concrete in thencohad a compressive
strength of 3,044 434psi based on three samples. The #10 bars whichiitted the
main longitudinal reinforcement had a yield stres80+ 1.22ksi based on three
samples, and the #4 bars used for crack contrdioregiement had a yield stress of
85+ 2.3ksi based on three samples.

The first flexural cracks formed at a load of 2%0sk these cracks are
labeledB andC in Figure 4.44. These cracks were followedAmndD at an applied
load of 300 kips. Crack formed at a load of 450 kips. Failure occurred nvae
diagonal splitting crack formed between the cooféhe column and the center of the
support at a load of 859 kips. At this point theesthad not reached yield, and the

splitting crack did not appear prior to failureitagid for Specimen BL3.

92



Figure 4.44 Cracks in Specimen BL4

Figures 4.45 and 4.46 show the load vs. defle@rmhthe strut angle vs.
applied load plots for Specimen BL4. Specimen BeAdved in the same manner as
Specimen BL3. The main difference was that thdtsmi crack did not appear until the
ultimate load has been reached; this allowed Spatigi4 to achieve an ultimate load
120 kips (16%) higher than Specimen BL3. The singfle at ultimate for Specimen
BL4 was 38.6°.
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Figure 4.45- Load vs. deflection for Specimen BL4
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4.4.7 Test of Specimen BL5

Specimen BL5 was similar to both Specimens BL3Bbd. This test was
performed due to the large discrepancies in uléncapacity between Specimens BL3
and BL4. The concrete in the beam portion of SpeniBL5 had a compressive
strength of 3,998 87 psi based on three samples, a split tension strerigt26 40psi
based on three samples, and an elastic modulu22#3439ksi based on three
samples. The concrete in the column section of iBgeTBL5 had an average
compressive strength of 3,168i based on two samples. The steel reinforcemehei
specimen had the same reinforcement as Specimedaidl BL4. The longitudinal
steel had a yield stress of#8@.22ksi based on three samples, and the crack control
reinforcement had a yield stress of:853ksi based on three samples.

Figure 4.47 shows the major cracks which formeghduthe testing of
Specimen BL5. The first Crack® andE formed at an applied load of 250 kips. Cracks
B, C, andF formed at a load of 300 kips, and Crd&kormed at a load of 450 kips.
Then, at a load of 750 kips, a diagonal splittirgck formed at a point just below the
corner of the column and the support. Failure didatcur immediately following the
formation of this crack; rather, loading increaged871 kips, at which point the
splitting crack penetrated all the way to the coofdahe stub column.

The crack labels in both Figs. 4.48 and 4.49 ref¢ne labels in Figure
4.47. Figure 4.48 shows that the load-deflectidatianship for Specimen BL5 was
similar to that of Specimen BL4. The ultimate loaals 871 kips which is close to
Specimen BL4's ultimate capacity of 859 kips. Fegdr49 shows the strut angle vs.

applied load for specimen BL5, which agrees wethvhat of Specimen BL4.
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Figure 4.47- Cracks in Specimen BL5
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Figure 4.48-Load vs. deflection for Specimen BL5
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4.5 Conclusions

The results of the experimental tests showed tiheeince of the
longitudinal tension reinforcement, the inclusidreack control reinforcement, and the
effect of size. The inclusion of the column was arignt in modeling the behavior of a
pier cap. These results can be used to develoaabfor the strengthening of existing

pier caps.

4.5.1 Effect of the Column Stub

The effect of applying load through the column suds very important in
achieving the proper boundary conditions to captivegoehavior of the pier caps. This
detail has been excluded from many different expenital programs in the past. Often
the column was omitted and replaced with a stegegb simplify specimen

construction, but removing the column also remosteglss concentrations.
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The longitudinal strains measured in the columntaredars were used to
calibrate an elastic finite element model. Figu&d4shows the strains through the depth
predicted by the finite element model and measdtethg the testing of Specimen
ALL. There is good agreement at 50 kips of apdbed, but the strains in the bar
diverge at an applied load of 100 kips. This défese is due to the influence of
cracking in the beam. Figure 4.51 shows the lo&atsel vs. the strain in the
longitudinal reinforcement. Linear behavior cansken before an applied load of
approximately 90 kips. After that the influencecodcking changes the behavior of the
strains. The linear elastic finite element modansapplicable at a load of 50 kips.

Figure 4.52 shows the strains in the longitudinaalion. Depicted on the
Figure is the location of the LVDT’s and strain gaged to compare longitudinal
strains. The strain/stress concentrations candre atethe corners of the column. Figure
4.53 shows the maximum principal compression steset of compression struts can
be seen running from the corner of supports t@theer of the column; another set can
be seen running from the corner of the column ¢oabplied load. The stress
concentrations can clearly be seen at the corrighge @olumn. These stress
concentrations contributed to the splitting crawksch lead to failure in each of the
specimens whose ultimate capacity was not govemggdelding of the longitudinal
reinforcement. The difference between column log@ind loading through a steel plate
can be seen very clearly in the crack patternsrtepdy Foster and Gilbert (1998),
which are shown in Figure 4.54. The failure atedge of the column can clearly be
seen as opposed to the entire area under the liatd Bor this reason it is important for

researchers to include the proper boundary det&iésh working with deep beams.

98



50 kips (FEM)

T T T
- \_h/ | | |
—~ | | [
= = Nl | |
E W w I I I
Sl T et Rl et !
n >~ unl, | |
a2 9 o, | I
x 2 X | | |
o X o | | |
O O O |- _r_____ |
— 1 | | |
1 | | |
1 | | |
1 O ) | |
1 B e e ey S

1 |

|

|

|

!

(ur) weaq Jo WoNoq wolj ssueisip

<

x1C

strain

Figure 4.50- Strains through the depth of the spegien at midspan

600
500F -
400
300

o
(sdiy) peoy

15 25

strain

0.5

(2]

x1C

Figure 4.51- Load vs. strain in the longitudinal renforcement

99



Figure 4.52- Strain contours in the longitudinal (EL1) direction for Specimen AL1
at 50 kips

Figure 4.53- Maximum in-plane principal compressivestrain for Specimen AL1 at
50 kips
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The diagonal splitting failure of the concrete saethe specimens is a
function of the stress concentration introducedhgycolumn and the supports. This
phenomenon has been observed before, and it hasritesreted as a bottle strut. The
Commentary to Appendix A in the ACI 318-08 BuildiGgde notes that a bottle shaped
strut is one that is wider at mid-length than iists ends, but no insight into when this
type of struts forms is given. When a bottle stouins the capacity of the strut is
reduced and special reinforcement is required (A& Section A.3.3). The AASHTO
2007 LRFD Bridge Design Specifications do not ingwany mention of a bottle strut,
but the AASHTO crack control reinforcement meetsribquirements of the
reinforcement required for a bottle strut in ACB31Figure 4.55 shows a bottle-shaped
strut superimposed on a specimen that underwegou splitting failure of the
concrete in a test conducted at the Universitye{ab-Austin (Brown and Bayrak,
2005). In this case, a steel plate with enoughstifs to introduce the stress
concentration was used to apply the load. Wheibditide strut was drawn onto the
photograph, the stress concentration was not ceresichowever, there is a clear
difference between the centerline of the splittrngck and the strut. The failure of a
bottle strut is assumed to be governed by the sbiibe strut, which is a function of
the stress concentrations introduced by the loaaththe supports. This failure mode
should always be assumed when the boundaries bktra are stiff enough (columns)

to induce stress concentrations. In general, $hadl ideep beams.
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Figure 4.54- Difference in column and plate loadingFoster and Gilbert, 1998)

Figure 4.55- Bottle strut and splitting failure crack (Brown and Bayrak, 2005)
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While introducing the stress concentration whichirges the failure mode,
the column also decreases the stresses in the fomdion of the specimen by allowing
them to distribute into the column as well as srurtg the effective span. These two
factors tend to increase the ultimate capacityhefdpecimen with a stub column. The
distribution of stresses into the column can clebd seen in the results of the FE model
shown in Figs. 4.52 and 4.53. The effective shamtgof the span can be seen in the
strut angles seen at ultimate in Table 4.2. Thiignen of the column effects the strut
angle. In table 4.2 is the distance between the center of the suppdine center of the
applied load, and is the distance from the top of the beam to timgroa of the
longitudinal reinforcement. It is common to approgie a strut angle by taking the
inverse tangent af/a. When compared to the strut angles calculatedyuesijiilibrium,
applied load, and strain data in the longitudire@hforcement, the measured strut angle
is larger in every case. The differences in theeslofa andac; ranges from 1.7%-
33.7% depending on the reinforcement details. Bsemption that the strut angle can
be approximated using tliga ratio is reasonable when the longitudinal tension

reinforcement ratio is high.

Table 4.3- Summary of experimental results

. a d q d/a CI ult Pcrack Pul'r
Specimen ry . . : .
P ' (in)  (in) (degrees) (degrees) (kips) (kips)
AS1 0.65% 0.0% 24 16.4 34.35 45.86 90 172
AS?2 0.65% 0.0% 24 16.4 34.35 46.16 60 160
AS3 1.30% 0.0% 24 16.06 33.79 43.52 125 259
AS4 1.30% 0.0% 24 16.06 33.79 40.90 100 267

ALl 0.65% 0.0% 48 32.8 34.35 46.38 200 546
AL2 1.30% 0.0% 48 32.12 33.79 34.24 300 661
BL1 0.65% 0.0% 48 32.8 34.35 43.40 225 499
BL2 1.30% 0.0% 48 32.12 33.79 34.46 200 631

BL3 1.30% 0.3% 48 32.12 33.79 39.30 300 739
BL4 1.30% 0.3% 48 32.12 33.79 38.61 300 858
BL5 1.30% 0.3% 48 32.12 33.79 39.20 300 871
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4.5.2 Longitudinal Reinforcement

The amount of longitudinal reinforcement impacts lehavior and the
failure mode of the pier cap specimen. The addibbilongitudinal reinforcement
caused a reduction in the angle of the comprestrahand an increase in capacity.
Only the large specimens presented in Sectionré.dliacussed to avoid including size
effect. Figure 4.56 shows the load vs. deflectilmtsgfor Specimens AL1, AL2, BL1,
and BL2 up to ultimate load. The specimens wi85@ longitudinal reinforcement
(AL1 and BL1) failed at an average load of 522 kiphile the specimens with 1.3%

longitudinal reinforcement (AL2 and BL2) failedat average load of 646 kips.
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.
e S
| | |
—_ | | |
| | |
g 400 ‘ b boeoomoo
é | | |
3 | | |
3 800p -~ T T I
| | |
|
200l - - - S A~ ALL(r=0.65%) |
‘ —& AL2 (r=1.3%)
|
- 0
o= L o ~® BLL(r=0.65%) |
| B BL2 (=1.3%)
§ | | |
0 0.1 0.2 0.3 0.4 0.5

deflection (in)

Figure 4.56- Load vs. deflection plot for SpecimenaL1, AL2, BL1, and BL2

The ultimate capacity of Specimen AL1 was goverloggielding of the

longitudinal reinforcement. Despite being condgddn the same manner, Specimen

BL1 failed due to tension splitting. The reasontfos was the difference in the yield
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stress of the longitudinal reinforcement. The |tundjnal steel in Specimen AL1 had a
yield stress of 65 ksi while the longitudinal reirdement of BL1 had a yield stress of
80 ksi. The lower yield stress of the longitudiggdel gave Specimen ALL1 its ductile
behavior. The ductile failure mode will govern fgrecimens with smaller
reinforcement ratios and lower yield stresses.uféigt.57 shows the applied load vs. the
strain in the longitudinal reinforcement for speema AL1, AL2, BL1, and BL2. The
strains were calculated for all specimens usind-WieT 18 except for Specimen AL1
where a strain gage mounted on the longitudinafeetement at midspan was used.
Also depicted in the figure are the yield straiostheir respective longitudinal
reinforcement. Specimen BL1 failed at a strain \@oge to the point where specimen
AL1’s reinforcement yielded. If specimens AL1’s tptudinal reinforcement had a
slightly higher yield point it can be presumed &tsipg failure of the concrete like
specimen BL1's would have occurred. The strairsoith Specimens AL2 and BL2 did

not reach yield.
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Figure 4.57-Load vs. strain for Specimens AL1, AL2BL1, and BL2
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Doubling the longitudinal reinforcement increasled average capacity of
the specimen by 23%. Changing the longitudinalfoegement ratio changed the shape
of the tied arch which formed increasing its simd allowing greater loads to be
reached. This is shown by the change in the arfgleeqorincipal compression strut
when the reinforcement ratio is increased, as shovAgure 4.58 for Specimens AL1,
AL2, BL1, and BL2. Again, the principal compregsstrut angle is calculated using
equilibrium, the applied load and the strains m lttngitudinal reinforcement.

Arch action for the full scale specimens began betw200 and 300 kips of
applied load. Specimen AL1 appears to be an oubigrthis is because a strain gage at
midspan of the bar of the bar was used to calctit@strut angle. The localized strain
gage was not as sensitive to cracking across tire epan as the LVDT,; this is why the
plot for AL1 shows a truncated transition into aeation. The cracking loads for
Specimen AL1 agree well with results for the othgecimens; since arch action is

initiated by cracking; this indicates that archi@ttegins at the same time.
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Figure 4.58- Strut angle vs. load for Specimens ALJAL2, BL1, and BL2

The specimens with 1.3% longitudinal reinforcem@it2, and BL2) had a

smaller strut angle than the specimens with 0.6&9¢itudinal reinforcement (AL1, and

BL1). At ultimate, the strut angle for the specmsavith 1.3% longitudinal

reinforcement had an average value of 34.4°, amdplecimens with 0.65%

longitudinal reinforcement had an average valuéssf There is a difference of 11°

between these values. By reducing the strut ahglérajectory of the strut is moved

away from the corner of the column to the centehefcolumn. This reduces the

influence of the stress concentration. If no changbe shape of the tied arch occurred

with the increase of longitudinal reinforcemeng 8tress concentration would have had

the same influence and failure would have occuatdtie same loads despite the

difference in longitudinal reinforcement.
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4.5.3 Size Effect

The effect of depth (or size) on the ultimate sloagacity of reinforced
concrete beams is well documented. Bazant and F87] included size effect into
their equation for shear capacity. They postul#tetlthe size effect was due to a
difference in the energy release rate at the @iffebeam sizes, and the energy release
rate is governed by the size of the aggregatelandharacteristic length of the
concrete. Of all the analysis methods investigdBadant's equation is the only one
which considers the effect of size. Since thihiesdase, the small specimens were
scaled using Bazant’s equation and the flexural exdroapacity. Scaling the specimens
for size effect included reducing the maximum aggte size from one inch to a half an
inch for the small scale specimens.

Figures 4.59, 4.60, 4.61, and 4.62 show the noredlioad vs. deflection
and strut angle vs. applied load for the comparkbge and small specimens. The plots
are normalized to remove the effects of the difieszales and concrete strengths; the
specimens are separated by reinforcement ratimpoove clarity. The performances of
the large and small specimens agree reasonablytheyl even had similar crack
patterns which are shown in Figs. 4.63 and 4.64e dmall-scale specimens tended to
develop arch action at a higher normalized load,the strut angle tended to be greater
than the large specimens. For specimens with 0l68%6tudinal reinforcement the
average strut angles for large and small specimwens 45° and 46° respectively; there
is only about a one degree difference betweenathe For specimens with 1.3%
longitudinal reinforcement the average strut amgds 42° for small specimens and 34°
for large. There is 8° degree difference betweenlo.

Figure 4.59 shows that all of the specimens wi@% longitudinal
reinforcement reached similar normalized ultimatpacities. The ultimate capacities of
all of these specimens were governed by yieldintp@fongitudinal reinforcement

except for Specimen BL1 which failed by splittinigtiee concrete. Despite this there is
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no distinguishable size effect on ultimate capaityspecimens with 0.65%
longitudinal reinforcement. This is not the casedpecimens with 1.3% longitudinal
reinforcement. In figure 4.60 the average normdlipads at which the small specimens
fail is greater than that of the larger specimgn829%6. In Chapter 3 when the small
scale specimens were designed it was discussedhgosharacteristic length of the
concrete could not be scaled, and the area oforemment that could be provided was
limited to common bar sizes. This created an emnrthe scaling. These errors were
10.5% for specimens with 0.65% longitudinal reicment and 12% for specimens
with 1.3% longitudinal reinforcement. Despite g8waling error, the percent difference
between the normalized ultimate capacity betweenaige and small specimens with
0.65% longitudinal reinforcement was 3%; well witlihe experimental error. This low
error can be attributed to the fact that the ultev@apacity of three out of the four
specimens was governed by yielding of the longrtabieinforcement; and there should
be no size effect for the yielding of steel. Oa tither hand, the 32% difference for the
specimens with 1.3% longitudinal reinforcementusrotwo and a half times greater
than the expected error. This shows that theresigeaeffect when splitting failure of
the concrete governs the ultimate capacity, antthieaprovisions for size effect in
Bazant’s equation (aggregate size and effectivgtigrdo not properly account for it.
This means that full depth specimens will be rezpito get accurate results applicable
to existing pier caps This study has shown tha daes have an effect on when arch

action begins, and it causes an increase in thie ah¢he principal compression strut.
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Figure 4.63- Specimens witlr=0.0065

Figure 4.64- Specimens witlr=0.013
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4.5.4 Effect of Crack Control Reinforcement

The most important effect that the crack controifercement had was that
it allowed load to be carried after the formatidrihee splitting crack. The splitting crack
caused failure immediately in the specimens théhndi contain crack control
reinforcement. The splitting failure mode was fdiéure mode in all of the specimens
shown in Figure 4.65, but the addition of the reinément confined the crack and
allowed the specimens to achieve much greater tegsad he open markers represent
specimens with crack control reinforcement while fililed markers represent beams
without crack control reinforcement. The additidrtlee crack control reinforcement

increased the average ultimate capacity by 27%.
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Figure 4.65- Load deflection plot comparing the e#ct of control reinforcement

The crack control reinforcement did not affect ttvenation of any crack

other than the splitting crack. Figure 4.66 shovweoa of strut angle vs. load comparing
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the effects of crack control reinforcement. Desgieinclusion of the reinforcement,

the diagonal cracks formed at close to the sandslaa the specimens without
reinforcement. This is shown by the way that amioa begins in the same area,
between 200 and 300 kips. Figure 4.71 shows tleainttiusion of the crack control
reinforcement did increase the angle of the pradagompression strut. At ultimate, the
specimens with crack control reinforcement hadaarage strut angle of 40° as
compared to 34° for beams without reinforcemene &kperiments have shown that the
angle of the principal compression strut is a fiomcof the loading and supports, the
longitudinal reinforcement ratio, the depth of eam, and the crack control
reinforcement. With the loading and supports béielgl constant, the amount of the

longitudinal reinforcement had the greatest eftecthe strut angle.
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Figure 4.66- Strut angle vs. load plot comparing &ct of crack control
reinforcement
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Chapter 5

CALCULATION OF ULTIMATE CAPACITY

With the experimental data presented in Chaptepdesenting the behavior
of a common pier cap, the effectiveness of differeathods for analyzing the behavior
and strength of pier cajgs situ can be evaluated. At the end of Chapter 2 thd Stvdi
Tie Model, the Zararis Method, and Bazant's equetiere selected as candidates for
the analysis of deep beams. Of these methodstiea®d Tie model and Zararis’s
Method can be considered mechanical models, whaaBt's equation is based on
empirical fitting. Bazant’'s equation is the onlysoof the three that incorporates size
effect. In this chapter, some modifications are entadthe general procedures of strut
and tie modeling so that they more closely repretbenbehavior seen in the
experimental testing. Modifications are also magdraris’s method. Along with
these methods, the AASHTO Simplified Model for Narestressed beams will be
compared. Sample calculations using each of thesleaus are presented in Appendix

B.

5.1 Proposed Modifications to Strut and Tie Model

The strut and tie procedures in the AASHTO Speaifons are specifically
oriented toward the design of new structures, m@t&lvaluation of existing structures.
A set of procedures were developed to construat atrd tie models for the assessment
of existing structures which satisfy the AASHTO uggments while being simple,
repeatable, programmable, and representative of wésaobserved in the experimental
program. In the design of new structures the leagiirements of the pier cap are

known, and the applied loads drive the analysisolmrast, in order to calculate the
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ultimate capacity of an existing structure theistna the bar must be used as a variable
to determine the ultimate applied load.

Figure 5.1 defines the geometric parameters nkdéevelop a strut
and tie model according to the AASHTO 2007 LRFDdBg Design Specifications. In
the analysis of an existing structure, the beaniih (I,) and the amount and location
of longitudinal reinforcement are known. The deptithe nodal zoned4 andhs) and
the strut angledt) need to be determined. With these variableswibléh of the strut

(ws) can be determined.

wWe=lpSingst heCos

We=lpSingst hacos

Figure 5.1- Limiting area for nodes and struts (AASITO 2007)
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To simplify the procedure, a strut with a constaitth will be used; this
means thalf, will be the same at either end of the compressiarn, and thal, andhs,
shown in Figure 5.1, also will be equal. Figure $hdws the proposed strut and tie
model superimposed on a specimen with 1.3% lonigiideinforcement from the
experimental program. The first step in creatirggtrut and tie model is to determine
the smallest bearing length; this bearing lengthgeivern for the strut and tie model. In
the case of Figure 5.2 (which is representativeast pier caps in the State of Georgia),
the bearing at the bottom of the beam is the sstalf®r a typical pier cap thgon the
tension face of the beam is approximately the gifidage width while thé, on the
compression face is the width of the column. N#h,vertical projection of the nodal
zone [y ) is calculated using Eq. 5.1, which is base@@ulibrium of forces in the
horizontal direction. The tern#s, Es and g represent the force provided by the
longitudinal reinforcement in tensios is the area of the longitudinal tension
reinforcementg is the strain in the longitudinal tension reinfemeent, ands is the
elastic modulus of steel. The ter@35f, andb represent the equilibrating
compressive force. The reduction factor of 0.78piscified in the AASHTO 2007
LRFD Specifications for when a tension tie is prese a nodal zone. This factor
reduces the compressive strength of the cond’gteThe variabléd represents the

width of the beam.

— ASESGS

= 5.1
= 075f'.b 1)
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Figure 5.2- Geometry of a compression strut

In order to calculate the angle of the compresstaut (g), the location of
the node located on the tension side of the beast bauassumed. The limit for the
depth of the nodal zone anchored by the tensias aidunction of the bar diameter
which can be seen in Figure 5.1. Figure 5.1 iglaalization; in general, the main
longitudinal reinforcement is not spaced conveiyeait6 bar diameters from the
bottom of the beam and in perfect symmetry, allgutime nodal area to be centered at
the effective depth oflf. The tension force in the longitudinal reinfarent is not
resisted by a compressive stress along the veféicalof the nodal zone on the tension
side of the beam as implied by Figure 5.1. It igedigped through shear forces between
the bar and the concrete, in addition to any aragf@provided. As long as the bar has
proper development length or anchorage, the végpend of the node will not fail.
Moodey et al. (1956) tested details with and witiwaoked bars, and concluded that

the hook had no effect on the development of thie Daie to the compression forces
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induced by the supports on the tension side ob#aan the development length of the
longitudinal tension reinforcement became so sth@took was not needed to anchor
the bar. This agrees well with the small anchofagees measured during the current
experimental program; these forces are discussAgpendix A. The formation of the
tied arch decreases the development length regiaréte longitudinal reinforcement.
With proper anchorage, debonding is not an issheréffore in practice, if a check of
the details reveals that proper anchorage forahgitudinal reinforcement is provided,
the location of the center of the nodal zone caadseimed to be at the intersection of
the centroid of the longitudinal tension reinforemand the center of the vertical
bearing.

With the center of the tension nodal zone locatsel strut angle can be
calculated from the known geometry of the strucamd the vertical face of the nodal
zone. Figure 5.2 shows the geometry of a compnessrat. The shear spaa)(is
defined as the distance between the center ofpgbked load and its reaction, whiteis
the distance from the extreme compression edgeedbéam to the centroid of the
longitudinal reinforcements comp. is the width of the bearing on the compressioe sid
the beam. In the case of different specimens aaudirig schemes it is possible fgto
be equal tdy, comp. The nodal area at the compression side of the Iebroated near the
edge of the column as depicted in Figure 5.2;rdpdicates what was seen in the
experimental program. This allows the node on timapression side of the beam to be
located using both andd. Equation 5.2 gives the angle of the compresdian. $Vith
the strut angledt) and the width and depth of the nodal zdmgahdly), the width of

the strut can be calculated using the equatioedist Figure 5.1 and shown as Eg. 5.3.

1 AEe

.- s—s“s

. 2075f".b
|

bcomp + I7b

2 2

g, =tan (5.2)
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Ws = Ib Sin(qs) + ha COS@S) (53)

The stress in the strut can be calculated as aidumaf the force in the
longitudinal reinforcement and the width of theustEquation 5.4 gives the nominal

stressfg) in the compression strut.

AE
=< (5.4)

"~ Wb, cosg)

This nominal stress must be less than the maximiawable stressf{,) set by
AASHTO and represented in Eq. 5.5.
f ]

f,=——C° £ 085f" (5.5a)
08+170e,

e =e, +(e + 0002 cot’(a,) (5.5b)

Each equation involved in the analysis is a fiamcof the strain in the

longitudinal reinforcemeng. The set of equations can be solved iterativelgh@nging

the longitudinal strain and checking if the striesthe compression strut (Eq. 5.4) is less

than or equal to the allowable value (Eq. 5.5), #@n@dnodal areas are within the
geometric boundaries. The longitudinal strains usadt be less than or equal to the
yield strain.

Procedures for the development of strut and tidetsin ACI 318 are very
similar to those seen in the AASHTO Specificatiofise main difference is that the
allowable stress in the concrete strut is not &tfan of the strain in the longitudinal
reinforcement. The allowable stress in the conaretepression strut is limited by Eq.

5.6.

f_=085bf" (5.6)
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bs=0.6n0 crack control reinforcement

b=0.75 crack control reinforcement

Other than this, the modified procedures develapdhis section for performing an
AASHTO strut and tie calculation are appropriatederforming an ACI strut and tie

calculation also.

5.2 Proposed Modifications to Zararis's Method

The concept behind Zararis’s method is that diagjoracking reduces the
depth of the flexural compression block, and bgwualing the crushing capacity of the
reduced block, the ultimate capacity of a deep bemmbe determined. Therefore,
Zararis's Method begins with the calculation of flexural compression block. In this
calculation, the longitudinal tension steel is nmedes linear elastic. This works for
beams reinforced above the balanced point whereaherete crushes before the
longitudinal tension steel yields, but does notkvor beams reinforced below the
balanced point where the longitudinal tension stealyield before the concrete crushes
as noted by Senturk and Higgins (2010). They cated that for their specimens the
compression force from the restricted compressiockxcalculated with Zararis’s
method was greater than what the tension steetlqgoalide. They developed a method
where equilibrium was checked at the end of thdyaisaand, it was not satisfied, an
alternate method of calculating the restricted a@®sgion block was used. This
accounts for yielding of the longitudinal tensi@mnforcement at the end of the analysis
rather than at the beginning.

The method proposed herein takes into accourdftbets of yielding of the
longitudinal tension reinforcement by calculatihg flexural compression block using
an equation which models the tension reinforcematht an elastic perfectly plastic
behavior. Furthermore, in order to make the datmn of the flexural compression

block consistent with flexural design in the Ui8e crushing strain of the concrete is
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assumed to be 0.003 and the ratio of the maximexufal compressive stress to the
compressive stress is assumed to be 0.85 (Mattadk ¥961). With these concepts and
the elastic-perfectly plastic model for the longinal tension reinforcement, Zararis’s
equation for the normalized depth of the flexu@hpression blocke/d, was re-
derived, as shown in Eq. 5.7. The compression faagassumed to be
C=(2/3)bc(0.85)t. and the tension force was assumed td-bebdEe(d-c)/cif the
longitudinal reinforcement does not yield. If tladitudinal reinforcement yields, then
T=Ady. The stress and strain diagrams for these forreuiations are shown in Figure
5.3. This type of parabolic stress block was useddraris when developing his

original model. The rest of Zararis’s method remainchanged.

Figure 5.3- Strain and parabolic stress diagrams foflexural compression block
calculation

2

g +153520fL, g -153520%,:0 if efe, (5.7a)
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3Af,

C —_
d~ 2085f'.hd

if e >e, (5.7b)

5.2.1 Evaluation of Proposed Model

To determine how the proposed changes to Zaramstel affect the
calculation of the ultimate capacity the resultshaf experimental program were used to
calculate the ratio of the experimental ultimatpamaty over the calculated ultimate
capacity. With known values for the material prajgsrand the principal compression
strut angle at ultimate, this shows how accuratedymodels can predict the ultimate
capacity of the specimen with reference to the expntally determined capacity. In
order to incorporate the known strut angle, ancéiffe shear span was calculated by
asr=d/tan(@es), Wheregesiwas the strut angle at ultimate calculated fromldgjium
for each test. In the experimental prograpg was measured from the horizontal axis,
and in this case tagfs)= d/a. Zararis measured his strut angle from the vdréxes.

By calculatingaes the measured strut angle can be incorporatedZamdris’s
assumption that tagd) » a/d is maintained. The measured strut angle couldlase
been converted to Zararis angle by subtractingmf90°.

Table 5.1 shows the.ad/Pexp for Zararis’s Method and the Proposed
Modifications to Zararis’s Method in the last twolemns of the table. Zararis’s
Method has an avera@aid/Pexp 0f 0.96plus or minus one standard deviation of 0.21
(0.96:0.21) The averag®:ad/Pexp for the Proposed Modifications to the Zararis’s
method has an average of 08®11.The modifications had little impact on the mean
bias, but reduced its coefficient of variation biaetor of two.

While good agreement is seen between the moddlthartest results, it is
not possible to replicate this analysis for antmgsstructure. The main problem is in
determining the strut angle. In this case it waemeined experimentally; the

experimental program has shown that the strut asgléected by loading geometry,
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reinforcement ratio (both longitudinal and transegr and the beam depth. Figure 5.4
shows the geometry used to formulate the effeetideatio. It mimics the calculation

of the strut angle in Eq. 5.2 and shown in Figu& he main difference is thl{ is
replaced with three eighths c, the distance ot#dreroid of the parabolic compression
block from the compression face of the pier cape &ffiective shear spascf) is taken
horizontally from the middle of the compressiontogato the middle of the bearing at
the edge of the column It is calculated by subitngdbalf of the bearing on the
compression side from the shear span. Half oftinlest bearing is then added to the
value. The effective depth is taken vertically froentroid of the longitudinal tension
reinforcement to the centroid of the flexural coegsion zone. The centoid of the
assumed parabola is calculated as three eighthsltoavn in Figure 5.3. It is calculated
by subtracting three eighths c from the effectieptl. These formulations resulted in
Eqg. 5.8. Equation 5.8 gives the approximate singteain the form of an effectiva/d
ratio. The effective shear span to depth ratio oabae greater than the actual shear span

to depth ratio.

ald 2 £ald (5.8)

effective »
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Table 5.1- Calculation of specimens ultimate capagi

Ctest et b d et fy Asv fyv fe PPF0P~ Piararis Pexp Pexp Pexp
Specimen () _(in) (in) (n) /d_A.(ind (ks) 1 () (ks) r, (psi) (KipS) (kipS) (KIPS) /Pyey Praras
AS1 459 1591 9 16.40 0.97 0.93 79 0.0063 0.0000 4123 1@22.2 172.4 1.07 0.78
AS2 46.2 15.75 9 16.40 0.96 0.93 79 0.0063 0.0000 4226 1@2®.3 159.9 0.98 0.70
AS3 435 1691 9 16.06 1.05 2.00 76 0.0138 0.0000 4036 2@4&1 2589 0.96 1.04
AS4 40.9 1854 9 16.06 1.15 2.00 85 0.0138 0.0000 4650 2@3B5 267.2 1.01 1.12
ALl 46.4 31.25 18 32.80 0.95 3.81 65 0.0065 0.0000 347305825.5 545.8 0.98 0.66
AL2 34.2 47.19 18 32.12 1.47 7.62 65 0.0132 0.0000 365145&46.7 660.7 1.24 1.21
BL1 43.4 34.69 18 32.80 1.06 3.81 80 0.0065 0.0000 335205&89.5 498.8 0.87 0.72
BL2 345 46.80 18 32.12 1.46 7.62 80 0.0132 0.0000 335206B22.5 630.8 1.02 1.21
BL3 39.3 39.24 18 32.12 1.22 7.62 80 0.0132 2.4 85 0.0034 39B%39 831.3 739.5 0.82 0.89
BL4 38.6 40.22 18 32.12 1.25 7.62 80 0.0132 2.4 85 0.0033 387868 793.4 859.0 0.98 1.08
BL5 39.2 39.48 18 32.20 1.23 7.62 80 0.0131 2.4 85 0.0034 368@228 791.1 871.0 0.98 1.10
Mean 0.99 0.96

Std 0.11 0.21

C, 0.11 0.22

OO0 O0CO0Ooooo
[eNeReNeNeNeNeNeo)

Figure 5.4- Geometry for effective a/d ratio

Table 5.2 compares strut angles calculated withbEB)(@ a4 eff) tO Strut
angles calculated by assuming @ahéd/a (¢g). The angles are measured from the
horizontal axis. The ratio offes{ gtac Was calculated. It is clear that the mean for Eq.

5.8 is closer to one, making it a better estimate.
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The calculation of the ultimate capacity of a feined concrete deep beam
using the proposed modifications to the ZararishHdédtis a straight forward procedure.
The depth of the flexural tension block is calcethtising Eq. 5.7a. The results are then
checked using Egs. 5.9 and 5.10. If the compredsiae C) is greater than the tension

force (), Eqg. 5.7b must be used to define the flexuralm@ssion block.

C= %bc(oss) fr (5.9)

T=Af, (5.10)

Table 5.2- Comparison of strut angles

Specimen Quger(®)  Gua®)  Gea() O O
q ard eff q ad
AL1 40.2 34.3 46.4 1.15 1.35
AS1 40.2 34.3 45.9 1.14 1.34
AS2 40.2 33.8 46.2 1.15 1.37
AL2 37.2 33.8 34.2 0.92 1.01
AS3 36.6 34.3 43.5 1.19 1.27
AS4 36.8 33.8 40.9 1.11 1.21
BL1 39.5 34.3 43.4 1.10 1.26
BL2 35.7 33.8 345 0.96 1.02
BL3 36.5 33.8 39.3 1.08 1.16
BL4 36.4 33.8 38.6 1.06 1.14
BL5 36.C 33.€ 39.2 1.0¢ 1.1¢
Mean 1.09 1.21
Std 0.08 0.12
c, 0.07 0.10

The effectivea/d ratio is then calculated using Eq. 5.8. The redwmenpression block
due to diagonal cracking is calculated using Efjl 5Finally, the nominal strength is

computed using Eq. 5.12.
— 1+ OZ?R(a/def‘fectiv&2 C

S _ . (5.11a)
d 1+ R(a/ deffectivs) d
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R=1+ (rv / r)(a/deﬁectivgz (511b)

2 2
S 1. 05% f 40570, 1-= 2 (5.12)
d d d deffective

v, = bd
ald

effective

5.3 Comparison of Analysis Methods

The objective of this section is to determine who€lthe analysis models
best represents the behavior of the reinforcedretmcleep beams when compared to
the experimental results and, more importantly ldberatory tests of the pier cap
specimens. To compare the different analysis nasthe larger sample of tests is
required than those tested herein and reportedhapter 4. To supplement the present
experimental program, a database of symmetricadlged reinforced concrete beams
tested at/d ratios between 1 and 2 was assembled. Tests wirénoluded if the
material properties were characterized properlythedlimensions of the bearing and
loading points were reported. Appendix C givesdétails of the specimens considered.
Table 5.6 gives the calculated ultimate capacitgaafh of the specimens using the six
different methods, and the ratio of the experimanitanate capacity to the calculated
ultimate capacity. The material properties usecaloulate the ultimate capacity were
those reported from material characterization,noohinal design values. Including the
results from the current experimental program,@ividual tests are listed in the
database.

The average reinforcement ratio for this databs®:24% and the average
beam height is 20 inches. These values differ fiftuerstandard pier cap used to design
the experimental program which had a reinforcematim of 0.65% and a height of 36
inches. Since this was the case, both the entteddse and just the results of the

experimental program were used when making coratgsabout analysis methods.
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Table 5.3 summarizes this analysis, giving the msamdard deviation and coefficient

of variation for the ratio oPex/Pcarc for each of the different analysis methods.

Table 5.3- Ratio of experimental to calculated ulthate capacity for entire database
and Phase | specimens

I:)exp./ Pexp./ Pexp./ Pexp./ Pexp./ Pexp./

P Zararis P Mod. Zararis |:)A/-\SHTO I:)ACI I:)Simplified PBazant

Entire Database n=92

Mean 0.98 1.06 2.22 1.74 2.48 1.54
Std. 0.21 0.19 0.91 0.51 1.55 0.62
C, 0.21 0.18 0.41 0.29 0.63 0.40
Current Experimental Program n=11

Mean 1.37 1.18 1.48 1.40 3.97 2.53
Std. 0.19 0.18 0.17 0.22 1.89 0.28
C, 0.14 0.15 0.11 0.16 0.48 0.11

Looking at the entire database and presuming thati@as close to 1.0 is
desirable; Zararis's method has the ratio clogeste followed by the Modified Zararis
Method. Bazant's equation had a ratio closer @than both the ACI and AASHTO
strut and tie models. The ACI strut and tie moda$\ess conservative and had a bias
closer to 1.0 than the AASHTO strut and tie mo8eice the geometries of the models
were constructed in the same manner, the differbattgeen the two models is entirely
a function of how the allowable stresses in thetstare calculated. The AASHTO
simplified model did the poorest job in this regard

Regarding the specimens in the current experim@ntgram reported in
Chapter 4, the results are slightly different. Therelation between the calculated and
experimental ultimate capacity improved for bote HASHTO and ACI strut and tie
models, while the correlation worsened for Zarariethod, the Modified Zararis
Method, Bazant’'s Equation, and the AASHTO Simplifeetthod. The change in results
for Zararis’'s Method is due to the smaller reinfanent ratio. Zararis’s method could

not account for the yield of the longitudinal temrssteel. Also, by approximating the
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principal compression strut angle as a/d it doeésocount for the effects of the stub
column. The change for the Modified Zararis Metledtrictly caused by the effect of
the stub column on the strut angle. Bazant’'s eqonasi based on a regression analysis,
and it is possible that some of the same testsaiatabase were used in the
development of his equation. This is why Bazantjgation does not perform as well
when applied to the experimental program as itwieén applied to the larger database.
Any regression equation will work well for the tessults used in its derivation.
Finally, the larger ratio shown by the AASHTO Siifipd method for both the database
and the current experimental program indicatesithgimuch less applicable to deep
beams than any of the other methods.

Taking into account the results presented in Tal8ethe Modified Zararis
Method appears to be the most suitable model foulzding the ultimate capacity of
reinforced concrete deep beams similar in confitgumao the pier caps considered in
this study. It performs well when compared to hbibi database and the results from
the experimental program. When the exact struteaisgknown, it can predict the
ultimate capacity with a ratio ®ex/Pcac 0f 0.99 and a standard deviation of 0.11 as
shown in Table 5.1. When the strut angle is unkmawd must be calculated, the
average oPey/Pcac increases to 1.18, as shown in Table 5.3.  Witthér
investigation of the parameters that affect thetstngle, further improvements in the
Modified Zararis method might be possible. .

Both the AASHTO and ACI strut and tie models colddimproved
through better handling of the allowable streswelt as improved methods of
determining the truss geometry. The best indicattine truss geometry in a deep beam
is provided by the cracks, which show the boundasfehe compressive struts. Figure
5.5 shows the strut and tie configuration formuddte Specimen AL2. ; The observed
cracks are superimposed onto the beam, and indlwat¢éhe strut and tie model is

generating compression struts which encroach mda@tacked area of the beam and are

129



too large. When the ratio &/Pcac is examined, the AASHTO and ACI strut and tie
models have ratios above one. This indicates ltiegtdre conservative. Since the arches
are modeled as larger than is appropriate as shgwigure 5.5 the allowable stress in

the struts must be underestimated to make thelaitms conservative.

Figure 5.5- Strut and tie model with observed crack for Specimen AL2

5.3.1 Effect of Stub Column

The specimens designed for this experimental pragncluded a stub
column to distribute the applied load. Other expental tests with columns cast along
with beams were found and added to the databadb.tki$ data, it is possible to use
hypothesis testing to determine if the column hataastically significant effect on the
ultimate capacity of the specimens. Before perfiogna hypothesis test, a probability
distribution to describe the data needed to beraeted. Three distributions were
compared using probability plots: the normal, legmal, and Weibull distributions.
When the data are plotted vs. the matching themadadistribution, the plot should be
linear. Table 5.4 gives the coefficient of deteration (R value) for a line fit to the

data in the probability plots; the closer the vaki® one the more linear the fit. The
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entire database of 92 samples was used to detetn@rdstribution. From the table, it
can be seen that the Log-Normal distribution presithe best fit to the data of the three

distributions tested.

Table 5.4- R values for linear fits to probability plots

Normal Log-Normal  Weibull

Zararis 0.93 0.96 0.90
Mod Zararis 0.89 0.95 0.86
AASHTO 0.84 0.96 0.80
ACI 0.89 0.93 0.88
Simplified 0.88 0.94 0.84
Bazant 0.99 0.98 0.97

The Kolmogorov-Smirnov test (K-S Test) was useddtermine if the data
for specimens with and without columns originatexhf the same distribution, at the
5% significance level (Georgakakos, 2009). Theltesif the K-S Test for the six
methods indicated that specimens which includeld stlumns came from a different
statistical population than those which did noable 5.5 summarizes the means,
standard deviations, and coefficients of variabbthe ratio of ultimate experimental
capacity to calculated ultimate capacity for beantb and without stub columns. The
presence of the column does clearly have an effgtkjng the ultimate capacities
predicted by the Zararis Method, the proposed MedliZararis Method, the AASHTO
simplified method, and Bazant’s equation more corad@e. This agrees with the
conclusion from chapter four that despite addisty@ss concentration the presense of
the column tends to increase the ultimate capatitige specimen by distributing
stresses into the column and shortening the sipaar $he means and coefficients of
variation are reduced for all of these models. ddlemn has the opposite effect on the

strut and tie models. The correlation between #ieutated ultimate capacity and the
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experimental ultimate capacity improves with theusion of the stub column for the

strut and tie models.

Table 5.5- Ratio of ultimate experimental capacityo calculated ultimate capacity
for beams with and without columns

Pexp./ Pexp./ Pexp./ Pexp./ Pexp./ Pexp./

P Zararis P Mod. Zararis PAASHTO I:>ACI I:>Simplified PBazant
Without Columns n=64
Mean 0.94 0.99 2.45 1.86 2.16 1.21
Std. 0.30 0.15 0.43 0.38 1.53 0.42
C, 0.32 0.15 0.18 0.20 0.71 0.35
With Column n=28
Mean 1.06 1.23 1.72 1.48 3.19 2.29
Std. 0.14 0.19 0.98 0.52 1.46 0.34
C, 0.13 0.15 0.57 0.35 0.46 0.15
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Table 5.6- Ultimate capacity calculations

Pexp. P Zararis P Mod. Zararis PAASHTO PSimplified PBazant Pexp./ Pexp./ Pexp./
SpeCimen (kIpS) (kIpS) (kIpS) (kIpS) I:)ACI (klps) (kIpS) (kIpS) P Zararis P Mod. Zararis I:)AASHTO I:)Simplified PBazant
Bechtel 2011
AL1 545.0 425.2 397.4 422.1 422.1 139.1 206.7 1.28 1.37 1.29 3.92 2.64
AS1 170.0 117.4 117.9 118.4 125.2 37.9 59.4 1.45 1.44 1.44 4.49 2.86
AS2 160.0 119.2 118.5 120.3 125.5 38.4 59.7 1.34 1.35 1.33 4.17 2.68
AL2 660.0 532.5 633.0 532.4 521.8 139.6 317.2 1.24 1.04 1.24 4.73 2.08
AS3 260.0 144.7 185.6 144.9 144.2 36.7 93.9 1.80 1.40 1.79 7.08 2.77
AS4 252.0 159.1 2104 159.8 166.1 394 96.2 1.58 1.20 1.58 6.40 2.62
BL1 498.8 415.7 462.5 344.5 486.3 136.6 205.3 1.20 1.08 1.45 3.65 243
BL2 630.8 502.4 663.1 436.9 479.0 133.8 312.9 1.26 0.95 1.44 1 471 2.02
BL3 739.5 643.2 786.0 516.4 566.8 553.5 321.5 1.15 0.94 1.43 1 134 2.30
BL4 859.0 634.7 777.4 527.7 553.5 551.8 320.3 1.35 1.10 1.63 1 156 2.68
BL5 871.0 616.0 757.7 524.3 524.8 548.0 317.5 1.41 1.15 1.66 1 159 2.74
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Table 5.6- Ultimate capacity calculations continued

Pexp. P Zararis P Mod. Zararis I:)AASHTO F>Simplified PBazant Pexp,/ Pexp_/ Pexp,/ Pexp,/ Pexp,/ Pexp_/
Specimen (kIpS) (kIpS) (kIpS) (kIpS) I:)ACI (klps) (kIpS) (kIpS) PZararis F>Mod. Zararis I:)AASHTO I:)ACI I:>Simplified PBazam
Clark 1951
B1l-1 125.4 110.2 119.8 27.6 70.5 114.1 90.3 1.14 1.05 455 8 1.7 1.10 1.39
B1-2 115.4 115.8 126.6 29.6 76.5 1153 91.7 1.00 0.91 389 115 1.00 1.26
B1-3 128.1 1111 120.9 27.9 71.5 114.3 90.6 1.15 1.06 459 917 112 141
B1l-4 120.6 110.0 119.6 27.5 70.3 114.1 90.3 1.10 1.01 438 2 1.7 1.06 1.34
B1-5 108.6 113.7 124.0 28.9 74.3 114.9 91.2 0.96 0.88 3.76 614 0.95 1.19
B2-1 135.4 133.0 139.8 27.4 70.1 199.5 90.2 1.02 0.97 493 319 0.68 1.50
B2-2 144.9 141.7 150.2 30.6 79.5 201.3 924 1.02 0.97 473 2 1.8 0.72 1.57
B2-3 150.6 137.8 145.5 29.2 75.2 200.5 91.4 1.09 1.04 516 0 2.0 0.75 1.65
B6-1 170.6 157.0 143.1 45.6 127.1 123.9 101.7 1.09 1.19 3.74 341 138 1.68
C1l-1 124.9 130.9 124.3 49.9 56.1 93.8 100.3 0.95 1.01 250 222 133 1.25
C1-2 139.9 133.1 124.8 51.0 57.7 94.2 100.7 1.05 1.12 274 324 149 1.39
C1-3 110.6 125.4 122.7 47.3 52.5 92.8 99.3 0.88 0.90 2.34 2.111.19 1.11
Cl4 128.6 141.4 126.8 55.0 63.5 95.7 102.2 0.91 1.01 234 220 1.34 1.26
C2-1 130.4 138.8 137.3 46.8 84.0 156.3 99.1 0.94 0.95 279 515 0.83 1.32
C2-2 135.4 143.1 138.9 48.9 88.7 157.1 99.9 0.95 0.97 277 315 0.86 1.36
C2-3 145.6 140.4 137.9 47.6 85.7 156.6 99.4 1.04 1.06 3.06 0 1.7 0.93 1.46
C2-4 129.6 149.2 141.1 51.9 95.7 158.3 101.1 0.87 0.92 250 351. 0.82 1.28
C3-1 100.5 89.3 96.9 30.5 30.8 86.0 924 1.13 1.04 3.29 3.26 17 1. 1.09
C3-2 90.1 88.1 95.5 30.0 30.2 85.8 92.2 1.02 0.94 3.00 298 510 0.98
C3-3 84.6 88.7 96.2 30.3 30.5 85.9 92.3 0.95 0.88 2.79 277 809 0.92
C4-1 139.0 142.9 158.5 52.8 53.9 93.3 133.7 0.97 0.88 263 8 25 149 1.04
C6-2 190.6 214.6 186.2 86.4 99.7 103.8 146.0 0.89 1.02 221 911. 184 131
C6-3 195.6 2129 185.9 85.6 98.4 103.6 145.7 0.92 1.05 229 99 1. 1.89 1.34
C6-4 192.7 221.7 187.4 89.8 104.8 104.8 147.1 0.87 1.03 215 841 184 131
D1-1 135.4 188.4 162.5 89.4 109.2 94.5 151.4 0.72 0.83 152 24 1. 143 0.89
D1-2 160.4 188.1 162.5 89.2 108.9 94.4 151.4 0.85 0.99 1.80 47 1. 1.70 1.06
D1-3 115.4 180.6 160.9 85.2 102.3 93.5 150.5 0.64 0.72 135 13 1. 1.23 0.77
D2-1 130.4 180.7 163.9 83.8 100.0 1145 150.2 0.72 0.80 156 301 114 0.87
D2-2 140.4 189.5 166.0 88.6 107.9 115.6 151.3 0.74 0.85 158 301 1.21 0.93
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Table 5.6- Ultimate capacity calculations continued

Pexp. P Zararis P Mod. Zararis PAASHTO I:)Simplified PBazant Pexp./ Pexp./ Pexp./ Pexp./ Pexp./ F)exp./
Specimen (kips)  (kips) (kips) (kips)  Paci(Kips)  (kips) (KipS) P zararic P mod. zararic  PaastTo Paci Psimpiitied Pgazant
Clark 1951 Continued
D2-3 150.4 184.4 164.8 85.8 103.3 115.0 150.7 0.82 0.91 1.75 461 1.31 1.00
D2-4 150.6 183.0 164.4 85.0 102.0 114.8 150.5 0.82 0.92 1.77 481 1.31 1.00
D3-1 177.6 231.9 233.7 104.6 1175 159.6 206.3 0.77 0.76 1.701.51 1.11 0.86
D4-1 140.4 192.1 181.0 81.4 96.3 199.2 149.8 0.73 0.78 1.72 46 1. 0.70 0.94
D1-6 78.6 78.9 85.8 23.3 61.3 82.8 63.0 1.00 0.92 3.37 1.28 509 125
D1-7 80.6 79.5 86.5 23.6 62.1 82.9 63.1 1.01 0.93 3.42 1.30 709 1.28
D1-8 83.6 79.1 86.1 23.4 61.6 82.8 63.1 1.06 0.97 3.57 1.36 110 1.33
BO-1 54.4 64.3 45.9 22.3 40.8 28.6 44.1 0.85 1.18 2.44 1.33 019 1.23
BO-2 42.4 64.9 46.0 225 41.4 28.8 44 .2 0.65 0.92 1.88 1.02 7 1.4 0.96
BO-3 57.6 64.2 459 22.2 40.7 28.6 44.0 0.90 1.25 2.59 141 220 131
CO0-1 78.4 93.4 65.3 40.4 54.0 29.3 60.6 0.84 1.20 1.94 145 826 1.29
CO0-2 79.9 90.4 65.1 38.9 51.4 28.5 60.0 0.88 1.23 2.05 155 028 1.33
CO0-3 75.1 90.7 65.1 39.1 51.6 28.6 60.1 0.83 1.15 1.92 145 226 1.25
DO-1 99.6 150.9 103.3 74.3 715 30.0 100.5 0.66 0.96 1.34 1.393.32 0.99
DO-2 116.9 152.2 103.4 75.0 72.4 30.2 100.6 0.77 1.13 1.56 116 3.88 1.16
DO-3 100.4 151.3 103.3 74.5 71.8 30.0 100.5 0.66 0.97 1.35 014 3.34 1.00
Moody et al. 1954
24 a 133.0 125.4 141.2 69.4 76.8 29.8 137.0 1.06 0.94 1.92 3 1.7 4.46 0.97
24 b 136.0 140.2 159.1 78.3 89.0 32.1 139.4 0.97 0.85 1.74 3 15 4.23 0.98
25 a 120.0 168.6 190.6 93.7 105.1 34.9 168.9 0.71 0.63 1.28 14 1. 3.44 0.71
25b 130.0 129.1 143.3 70.3 74.4 29.4 162.7 1.01 0.91 1.85 5 1.7 4.42 0.80
26 a 189.0 161.3 179.4 88.0 93.5 32.9 193.4 1.17 1.05 215 2 2.0 5.74 0.98
26 b 178.0 155.2 172.2 84.4 89.0 32.1 192.5 1.15 1.03 211 0 2.0 554 0.92
27 a 156.0 144.0 163.7 80.6 92.3 32.7 140.0 1.08 0.95 1.94 9 1.6 4.77 1.11
27b 160.0 151.6 172.9 85.1 98.8 33.9 141.2 1.06 0.93 1.88 2 16 473 1.13
28 a 136.0 163.1 184.0 90.4 100.6 34.2 168.1 0.83 0.74 150 35 1. 3.98 0.81
28 b 153.0 158.3 178.2 87.6 96.7 33.5 167.3 0.97 0.86 1.75 8 1.5 457 0.91
29 a 175.0 161.7 179.9 88.2 93.8 33.0 193.5 1.08 0.97 198 7 1.8 5.31 0.90
29t 196.( 180.: 201.¢ 99.2 107.% 354 196.4 1.0¢ 0.97 1.9¢ 1.82 5.54 1.0C
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Table 5.6- Ultimate capacity calculations continued

Pexp. PZararis P Mod. Zararis PAASHTO PSimplified PBazant Pexp./ Pexp./ Pexp_/ Pexp,/ Pexp_/ Pexp,/
SpeCimen (kIpS) (kIpS) (kIpS) (kIpS) I:)ACI (klps) (kIpS) (kIpS) PZararis P Mod. Zararis I:)AASHTO I:)ACI I:)Simplified PBazant
Moody et al. 1954 Continued
30 215.0 193.0 212.3 100.5 109.5 107.5 196.8 1.11 1.01 214 96 1. 2.00 1.09
31 228.0 185.2 199.7 90.6 153.6 156.7 194.2 1.23 1.14 252 8 14 1.46 1.17
Rogowsky 1984
BM1/1.0 T1 270.7 425.1 293.9 190.6 135.2 86.9 201.9 0.64 209 142 2.00 3.12 1.34
BM1/1.0 T2 314.3 427.5 293.5 190.6 135.2 72.4 201.9 074 710 1.65 2.32 4.34 1.56
BM2/1.0 T1 337.2 432.5 294.5 194.2 138.8 87.8 202.5 078 411 174 2.43 3.84 1.67
BM1/1.5T1 136.2 143.1 95.5 75.2 131.8 51.9 67.7 0.95 1.43 811. 1.03 2.62 2.01
BM1/1.5T2 159.2 142.8 98.2 75.2 131.8 70.1 67.7 111 1.62 122. 121 2.27 2.35
BM2/1.5T1 101.6 142.8 98.2 75.2 131.8 70.1 67.7 0.71 1.03 351. 0.77 1.45 1.50
BM2/1.5T2 156.5 142.8 98.2 75.2 131.8 70.1 67.7 1.10 1.59 082. 1.19 2.23 231
Foster and Gilbert 1998
B2.0-1 357.5 373.3 266.6 189.c 194.¢ 120.2 143.7 0.9¢ 1.34 1.8¢ 1.8¢ 2.97 2.4¢
B2.0-2 370.9 466.2 273.2 241.9 281.8 131.0 153.0 0.80 1.36 53 1. 1.32 2.83 2.43
B2.0-3 314.7 359.4 265.2 181.4 183.1 118.6 142.3 0.88 1.19 73 1. 1.72 2.65 2.21
B2.0B-5 263.0 383.8 253.2 198.4 209.0 55.0 145.3 0.69 1.04 331. 1.26 4.78 1.81
B2.0C-6 328.2 403.2 275.2 204.4 218.4 148.5 146.4 0.81 119 611 150 2.21 2.24
B2.0D-7 323.7 428.0 270.9 220.2 244.2 126.6 149.2 0.76 119 471 133 2.56 2.17
B3.0-1 229.3 228.8 175.6 81.3 134.4 160.9 85.0 1.00 1.31 2.821.71 1.43 2.70
B3.0-2 236.1 284.6 180.8 108.5 198.4 172.6 95.1 0.83 1.31 721 1.19 1.37 2.48
B3.0-3 236.1 224.1 175.0 79.1 129.4 159.9 84.2 1.05 1.35 2.991.82 1.48 2.80
B3.0A-4 348.5 330.8 235.6 155.2 187.9 155.4 120.3 1.05 148 242 1.85 2.24 2.90
B3.0B-5 195.6 219.6 143.8 87.9 149.5 55.0 87.5 0.89 1.36 2.231.31 3.56 2.24
Aguilar et al. 2002
ACI-| 610.0 613.2 496.2 397.9 452.0 274.5 332.6 0.99 1.23 315 1.35 2.22 1.83
STM-I 510.0 502.7 428.3 330.1 405.9 265.0 276.4 1.01 1.19 515 1.26 1.92 1.85
STM-H 578.0 576.1 496.6 369.6 401.5 268.7 335.3 1.00 1.16 615 1.44 2.15 1.72
STM-M 574.( 566.1 479.% 369.¢ 401.¢ 154.: 335.1 1.01 1.2C 1.5¢ 1.4% 3.7z 1.71



CHAPTER 6

SHEAR STRENGTHENING OF REINFORCED CONCRETE BEAMS WI TH
FIBER REINFORCED POLYMERS

Strengthening by externally bonded fiber reinforpetymer (FRP)
composites has been viewed as an effective metrachproving the performance of
existing structures for many years. What makes tparticularly desirable is their high

strength to weight ratio.

6.1 Existing Experimental Research on the Externabhear Strengthening Using
FRP

Existing research into rehabilitation with exteipdlonded FRP composites
to enhance shear strength was reviewed to detetmivalifferent parameters affect the
strengthening of reinforced concrete beams in shv@hrFRP. In this review, a
database of 139 experimental specimens was confpiledl7 different publications
and 14 different research groups. The data collemtethe concrete specimens focused
on the parameters which affect shear resistan@(lbeight, ratio of shear span/depth,
and longitudinal reinforcement ratio) as well as gdverall beam geometry and
transverse reinforcement ratio. It was also ndtéuei concrete specimen was cracked
before retrofit. The data collected on the FRP béitation included the fiber type, the
orientation of the fiber to the longitudinal axise type of wrap, if an ASTM standard
was used to evaluate the composite tensile pregerti

The ultimate shear capacities of the rehabilitafgecimens were then
compared to the control specimens included in e&the individual studies to evaluate

the percent increase in shear capacity. Studies @@y incorporated into the database
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if they included tests on specimens with no exterfaabilitation for comparison. The
entire database is presented in tabular form inefApgpx D Using the database the
following sections explore the effects that thdetent reinforced concrete and FRP
parameters have on the increase in shear streftgthtype of study was first performed
by Triantafillou in 2000. Bouselham and Challalisged it in 2004 expanding on the
database which Tiantafillou (2000) had collectesiswork again expands the database
incorporating tests which were performed to filt aveas Bouselham and Challal

(2004) had identified as needing further researabst notably beams with greater
heights.

To improve the shear strength of an existing resgd concrete beam FRP
reinforcement is bonded to the beam’s exterioramérfLoad is transferred by shear
from the concrete through the bond into the FRRfeecement. If epoxy is used to bond
the composite there must be a nominal amount of F@ed to the concrete to
develop load in the FRP reinforcement (Chajes, L9B4s is the effective
development length. The effective development lemgt function of the axial stiffness
of the FRP, longer development lengths being reguior larger FRP stiffness
(Pellegrino et al, 2008). Development of loadia FRP composite can greatly be
improved by using different shaped wraps. Figuleshows the three most common

wrap types, the side bond, the u-wrap, and thenftdp.
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(@) (b) (c)

Figure 6.1- FRP wrap configurations (a) side (b) Wvrap (c) full wrap

The FRP reinforcement can be bonded as indivistuigls, much like
steel stirrups, or it can be bonded continuoustyuie 6.2 shows examples of beams

with FRP applied continuously (a) and as strips (b)

(@)

(b)

Figure 6.2- Longitudinal application of FRP (a) cotinuous wrap (b) wrap as strips
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The main advantage of using strips is that mogt@itoncrete beam remains exposed,
making inspection easy. However, the continuougpwraolves the application of more
FRP, allowing a stronger retrofit and improved depment length in the longitudinal

direction.

6.1.1 Shear Span to Depth Ratio

Chapter 2 showed that the ratio of the shear spéreteffective depth of
the beama/d, has been shown to affect the shear resistan@ndbrced concrete
members significantly. Depending on #od ratio, different failure modes can be
expected. Figure 6.3 shows the ratio of the ineed@she shear strength due to the
external application of FRP vs. thé&l ratio. This ratio of shear strength increase is
defined by Eqg. 6.1.

V., -V

frp ~ Ycontrol
o= 6.1
inc. vV ( )

control

inc=ratio of increase in ultimate shear due to appbosof FRP
Vip=experimental shear capacity of specimen strengthenth FRP
Veonro=€Xperimental shear capacity of specimen with n® FR

strengthening

There is a large scatter in the data points. WhieFRP reinforcement appears to be
more effective at highea/d ratios, the data are inconclusive on this poirtiose very
few tests were performed at aful less than two. At aa/d less than 2, arch action is the
main load carrying mechanism. Bousselham and G{a0®4) also concluded that the
externally bonded shear FRP reinforcement was efbeetive at highea/d ratios.
Thea/d ratio has been used as a control variable in tudiess. In the first,
Zhang et al. (2004) tested rectangular beams anutifthat a decreaseafd caused a

decrease in the effectiveness of the FRP strenigitnechemes. The strengthening of
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these beams included both side bonded and U-wragpedjurations, with fiber angles
ranging from O to 90 degrees from the longitudasat. Zhang et al. (2004) concluded
that asa/d decreased in deep beams, strengthening with fdi€d8° to the longitudinal
axis became less effective while strengthening ¥ilirs at 45° became more effective.
In addition, asa/d decreased the effectiveness of employing U-wrapedesed. This
could be due to the increase of the angle of thepcession strut a&/d decreases. In

the second study, Bousselham and Chaallal (206&dd -beams, and observed the
opposite behavior from the rectangular beamsj@decreased the effectiveness of the
FRP strengthening increased. The strengtheninpesetbeams were U-wraps made of

0°/90° woven fibers.

2.5 ‘ ; ‘ ; ; ; ;
A Full Wrap 3 3 3 3 3
O  Side Bond | | A 1
0w |
1 1 1 1 1 A 1
| | | | | | | |
]_.5,,,D\ 77777 LffffL7777L777m7777L7777L77,,4 ,,,,,
| | | | | |
Rine, o m 8
CH M 1 1 1 1 1
| | | | | | | |
e i - B R
O | [©F | | | | |
0 o I I 5 I I I A
I I @ I I I I
o d LA 1 1 1
L I S RhtC R SEEs - LT EE L PR RES
1 1 1 1 ‘ ‘ ‘
1 1 1 1 % Lo 1
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0 L O 1 N 1 1 1
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h (in)

Figure 6.3- Ratio of shear strength increase va/d ratio
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6.1.2 Beam Depth

Chapter 2 showed that there is a size effect ®istiear resistance of
reinforced concrete beams. Figure 6.4 shows thar $bece increase plotted against the
beam depth in beams that had been strengthene@éxtémally bonded FRP
composites. The experimental data presented iffighige was taken for beams which
had no transverse steel reinforcement becausersindbrcement can mask size effect.
Since there is no detectable pattern in the da&sepmted in Figure 6.4, it can be
concluded that the effectiveness of externally leohERP rehabilitations does not
depend on the size of the beam. This conclusidifferent from that of Bousselham
and Challal (2004), who concluded that there wsigeeffect. It should be noted,
however, that the data set explored by BousselmahCaallal was limited because it
had only a few tests with specimen depths greh#ar 12 inches. The data that they had
made it appear that there was a possible sizeteBeam depth was used as a control
variable in two later studies by Bousselham andI&h@008) and Leung et al. (2007).
The results of those reports also conflict with elerall data shown in Figure 6.4,
finding a size effect for both side-bonded and Wyvpred rehabilitations but no size
effect for full-wrap rehabilitations. Both studiéound that as the beam depth

increased, the effectiveness of the FRP reinforoéohecreased.
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Figure 6.4- Ratio of shear strength increase vs. s depth

6.1.3 Longitudinal Reinforcement

Kani (1967) asserted that a reduction in the amotilingitudinal steel
causes a reduction in the shear capacity of aoei@fl concrete beam. Figure 6.5
shows the ratio of shear strength increase vdotiggtudinal reinforcement ratio in
beams that had been strengthened with FRP reimhenaie This figure was again

developed for test specimens with no transverst gaforcement.
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Figure 6.5- Ratio of shear strength increase vs.ngitudinal reinforcement ratio

Longitudinal reinforcement does not appear to taveffect on beams
strengthened with externally bonded FRP reinforaent®it no controlled study on the
effect of longitudinal reinforcement has been pemied to date. Moreover, all of the
beams in the database have reinforcement ratiesegrthan 1%. Bousselham and
Challal (2004) concluded from their data that thees a relation between longitudinal
reinforcement and the effectiveness of the reltabdn. They based their conclusions
on a study of the shear strength vs the ratioritadinal reinforcement to the amount
of applied FRP reinforcement; unfortunately, thigdy shows the effect of applying

more or less FRP reinforcement; not the effecongitudinal reinforcement.

6.1.4 Transverse Reinforcement
Transverse steel reinforcement is thought to bertbst common way of

increasing the shear capacity of a reinforced aiadream. Figure 6.6 shows the ratio
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of shear strength increase vs. transverse reinfegoeratio. It shows that the
effectiveness of the FRP strengthening decreasir® ageb reinforcement ratio
increase. Bousselham and Challal (2004) also cdedlthat the effectiveness of FRP
strengthening decreases as web reinforcement sesed o investigate the effect of the
a/dratio and the effect of the web reinforcement tbge an axis was added to Figure
6.6 resulting in Figure 6.7. From Figure 6.7 it tenseen that the effectiveness of the
FRP strengthening is decreased by both the addifiareb reinforcement and a

decrease ia/d.

A Full Wrap
O  Side Bond| -

|
|
:
1
0.015 0.02 0.025

Figure 6.6- Ratio of shear strength increase vs. Weeinforcement ratio
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Full Wrap
Side Bond| -

Figure 6.7- Ratio of shear strength increase vs.@Ws. web reinforcement ratio

The transverse steel reinforcement ratio was usedcantrol variable in
eight publications: Bousselham and Chaallal (2@068), Denaud and Cheng (2001,
2003), Taerwe et al. (1997), Pellegrino and Mod¢éat®?2, 2006), and Khalifa and
Nanni (2002). The results of these studies showadapplying FRP reinforcement is a
much more effective method of strengthening a ceo®d concrete member when there
is no transverse steel reinforcement present themwsuch reinforcement is already
present. In some cases, if enough transverserstefilrcement is already present, the
FRP reinforcement provides essentially no incréaskear strength. However,
Bousselham and Chaallal (2006, 2008) observedhbadtrain in the transverse steel
was less in beams where FRP reinforcement waseabplRellegrino and Modenia
(2002, 2006) observed that the relative stiffnddb@transverse steel to the FRP
reinforcement controls the effectiveness of the BR&ngthening scheme. In particular,

if the FRP reinforcement is much stiffer than ttansverse steel, the FRP will carry the
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majority of the load while the steel carries almusthing. Conversely, if the FRP

reinforcement is less stiff then the steel, thelstall carry the majority of the load.

6.1.5 Fiber Angle

The relation of the load relative to the fiber kengreatly affects the
strength and stiffness of a unidirectional fibenferced composite. For this reason the
orientation of fibers relative to principal tensitece is of great interest. Applying the
fibers parallel to the primary tension force givles greatest composite stiffness and
strength. The fiber angle has been a control vigriakthree publications: Chajes et al.
(1995), Challal et al. (1998), and Carolin and Jtelp (2005). The results of these tests
show that applying FRP reinforcement in which thers are aligned with the
longitudinal axis of the beam are not beneficiaémancing shear capacity. All of the
specimens tested by each or the researchers heatia&lin excess of 2, and could not
carry load through arch action. Applying fiber®8tand 45 degrees to the longitudinal

axis is more effective.

6.1.6 Strength of Composite

Increases in the strength and stiffness of the ositgpdo not always
increase the shear resistance of the beam. Thpeaapto be a maximum level of
strength and stiffness (Khalifa and Nanni, 2008nce the FRP reinforcement is
externally bonded, the load is transferred fromdbecrete to the FRP reinforcement
through shear. The contribution of the FRP is kaliby the shear strength of the

concrete substrate.
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6.2 Existing Mechanical Models and Design Methods

There exist several models for the strengtheningioforced concrete
members for shear with FRP reinforcement. NCHRPOR&55 (Zureick et al. 2010) is
a guide specification on the strengthening of mitéd concrete members with FRP
which has been published for use with the AASHT@cSrations. It includes
provisions for shear strengthening with FRP reicdonent. Report 655 is discussed first
and is followed by other methods for predicting strengths of concrete members

strengthened with FRP reinforcement.

6.2.1 NCHRP Report 655

NCHRP Report 655 (Zureick et al. 2010) presentsipional guidelines
for the strengthening of bridge components usibgrfreinforced polymers. Chapter 4
of the report deals with shear strengthening. Tdrainal shear strength of the
unreinforced member is calculated in accordanck thik 2007 AASHTO LRFD Bridge
Design Specifications. The shear resistance cartimib from the FRP is calculated
through the truss model and is dependent on thedfpeinforcement. FRP can be
applied in strips, or as a continuous sheet. Thesaeinforcement types are shown in

Figure 6.2. The shear resistances of the FRP skremigg are given as:
For continuous reinforcement

Vip = N§

wp (Sina +cosa)d

(6.2)

frp

Vip= nominal shear strength provided by FRP
N%p= effective strength per unit width of FRP
a= angle between FRP principal direction and lordjital axis

drp=effective FRP reinforcement depth

For intermittent reinforcement
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_ Nf,wg, (sina +cosa)d

frp — S\/

Wirp= Width of FRP reinforcement

frp

Vv

(6.3)

S~ spacing FRP reinforcement

The FRP reinforcement can be bonded to two (soahel)y three (U-
wrap) or four (full wrap) sides of the member. Fig6.1 shows examples of the three
wrap types. The side bond is not considered tanbeffactive strengthening method
because it is so dependent on the bond betwedfRReand concrete, so no value for

N%p is given for the side bond case. The values®gf for the cases of the u-wrap and

full-wrap are:
For the U-wrap

N?rp = Nooo4 (6-4)

No.oo#~ tensile strength per inch width at a strain 604.

For the full wrap

e 1
N frp =N 0004 +E[O-5N frpult ~ N 0004] (6-5)

Nirpw= 0.9Nut 2 No o4

Nu=nominal tensile strength of FRP

The value 0Ny o4 is the force in the FRP reinforcement at debonding,
which occurs at an FRP reinforcement strain of 4.0Mis means that the strength of
the FRP in a U-wrap is invariably governed by detiog. The ultimate strength of the
FRP is incorporated into the full wrap becauseviulips may fail by fracture of the

FRP. The ultimate strength is reduced due to strassentrations where the FRP is

wrapped around corners.
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6.2.2 Other Models

There are many methods for design of shear strengty using FRP
reinforcement, including models developed by Taétiou (1998), Khalifa et al (1998),
Chen and Teng (2003), Carolin and Taljsten (20&&), more recently Monti and Liotta
(2007). All of the methods take the same gengmait@ach, in that they assign a shear
contribution to the concrete, the transverse s@eforcement, and the applied FRP
separately.

Triantafillou (1998) and Kahlifa et al. (1998) eropéd an equation for the
shear contribution of externally bonded FRP reicdonent which is a function of the
elastic modulus of the FRP reinforcement, FRP oeg&@ment ratio, and the strain in the
FRP reinforcement. The strains in the FRP reinfoe are found through the use of
empirical equations based on strain measuremekes turing the testing of reinforced
concrete members strengthened in shear with FRRbreement. The method proposed
by Carolin and Taljsten (2005) takes a similar apph, but instead of using empirical
data, they use an assumed stress profile andveekdtifnesses to convert the stresses to
strains for the strengthened member. Monti andt&.i®007) developed closed-form
solutions for the FRP stress using a stress shptitative law, compatibility with the
width of the opening shear crack, and boundary itiong based on available bond.
These methods are all intended to work with thestmodel of shear behavior,
discussed in Chapter 2.

Chen and Teng's model, known as the strip methhls the FRP
reinforcement into strips and uses normalizedrsdtddased on experimental
measurements in FRP reinforcement crossing a shael, to calculate the

development length, the bond strength, and theatg strain in the FRP reinforcement
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(Deniaud 2004). This method was developed for use withirgstmodel, but was later
expanded for use with the shear friction model.

Park and Aboutaha (2009) developed a design proeeuduich
incorporated FRP reinforcement into the strut amdnbdel. Their method simply used
the resultant of forces in the transverse reinfoleat (both steel and FRP) to locate
transverse tension ties horizontally, and they twisssgsformed sections to locate
longitudinal the tension ties which are made upath internal steel reinforcement and
externally bonded FRP. The locations of transvargklongitudinal tension ties are

given by Eqgs. 6.6 and 6.7 respectively.

ffi Afi afi + fyi Asiasi

a= (6.6)
ffi Afi + fyiAsi
Af Ef
dg =d +————-d; (6.7)
Af Ef + AsEs

a= horizontal distance to direction of loading betwéwo nodes

fi andfy= allowable stress in FRP and in steel respectively
ArandAg= areas of transverse steel and FRP respectively

ai andag= horizontal distance of FRP and steel stirrupsfeupport
die= effective depth of longitudinal reinforcement FRf steel

d= effective depth of longitudinal reinforcementeste

ArandAs<= areas of longitudinal steel and FRP respectively
ErandEs= modulus of elasticity of FRP and steel respettive

d= distance between center of longitudinal steelRE reinforcement

This model was then checked against a finite el¢@ealysis.
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6.3 Critical Review

To properly design a strengthening scheme usingfleRRorcement, the
properties of the FRP reinforcement must be undedsand considered. The tensile
properties of the entire composite, both fibers lauadiix, must be tested and
documented according to ASTM standards (ASTM D-308B638). The strength of
the fibers alone or the data provided by the mantufar is not sufficient. Of the 139
tests in the database only 13 reported materiglgpties according to an ASTM
standard.

The behavior of members strengthened with FRPasament is highly
dependent on the member itself. A decrease ia/theatio appears to decrease the
effectiveness of the strengthening, but the expantadl results reviewed are in conflict
on this point. The addition of transverse steeifigcement has been shown to
decreases the effectiveness of strengthening VR ieinforcement. This means it may
not be possible to apply an FRP strengthening seleran existing beam with
significant transverse reinforcement and see atrgase in strength. The amount of
longitudinal reinforcement affects the shear cayasfia reinforced concrete member,
but no study on how it influences the effectivenafsshear strengthening with FRP
reinforcement has been performed, and there appebesno trend in the compiled
experimental data. The stiffness and orientatiotnefFRP clearly influences the
effectiveness of the retrofit. Aligning the fibexgth the direction of principal tension
increases the effectiveness of the FRP. Incredbagtrength and stiffness of the FRP
only improves the retrofit to a point, beyond whibkre is no benefit. One obvious
conclusion from examining the database is thaetieea large amount of variation in
the increase in strength provided by implementiRg Istrengthening schemes. This can
be seen in the large scatter in all of the plotsnfFan experimental point of view, this
makes it important to repeat tests to get an idélaisdistribution. Previous research on

shear strengthening with FRP reinforcements hagllaneglected the special case of
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larger f > 20in) deep beams/d < 2). The benefits, if any, of FRP reinforcemenai
beam which supports load mainly through arch aatnains an open question.

Of the available design methods, only the methop@sed by Park and
Aboutaha (2009) addresses the arch action seezemloieam behavior. All of the other
models are only applicable to beams which faihatformation of diagonal cracks; they
do not account for arch action. Failure due toftimmation of diagonal cracks occurs
whena/d is greater than 2. The addition of FRP and s&afarcement is considered to
restrict the growth of shear cracks preventingaf causing failure. The crack in most
cases is assumed to grow at an angle of 45°; Hessanptions are the basis for the
Simplified Method for Nonprestressed beams giveth@é2007 AASHTO LRFD
Bridge Design Specifications. In the previous ckafitwas shown that this model was
very inaccurate when compared to the experimeiatal fr deep beams. The main
reason for this is that the formation of diagomalkks does not limit the shear strength
of a beam with aa/dratio less than 2. Rather, the diagonal craakgplyiform and
allow arch action to develop. Failure of the bemours with failure of the arch, which
is caused by either failure of the compressiort stryielding of the longitudinal steel
tie. The addition of longitudinal and transversac&rcontrol steel did not affect the
formation of diagonal shear cracks, but they dalte confinement for the
compression strut, which delayed splitting failoféhe concrete.

Park and Aboutaha’s model does account for arcbrabecause it is based
on the strut and tie model, but their assumptiegsurding the effects of the inclusion of
transverse steel and FRP reinforcements are irgtecliEquation 6.7 for the location of
the longitudinal tension tie is reasonable, but@§.can lead to an inaccurate
representation of strut and tie action. As amexta, Specimen BL3 included

AASHTO crack control reinforcement. According tarlPand Aboutaha the inclusion
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of the transverse steel reinforcement should cagsérmation of a transverse tension

tie which is located using Eq. 6.6:

Q= (04)B80)(8+16+24+32+40)
(5)(04)@80)

=19.2in.

Figure 6.8 compares the simple representatioheo$trut and tie action
proposed by Park and Aboutaha to that which agtaaiturred in the specimen. The
model by Park and Aboutaha suggests that the ioclug the transverse steel
reinforcement should increase the angle of thecgrath compression strut up to 59°.
This is an increase in strut angle of 71% overcthr@rol specimen BL1 (34.5°). The
angle measured at ultimate for Specimen BL3 wastB® was an increase over the
control specimen of 4.5°. At the high strut angiegmsed by Park and Aboutaha the
limit state of the strut and tie model would beldileg of the transverse reinforcement at
an applied load of 384 kips. Specimen BL3 failedraapplied load of 739.5 kips. An
AASHTO strut and tie model which entirely negleitts inclusion of the transverse
reinforcement predicted the capacity to be 516.Kijpearly the model for strengthening

does not represent the effects of the inclusiamasisverse reinforcement well.

154



Figure 6.8- Comparison of strut and tie model per Brk and Aboutaha (2010) to
experimental results

The model by Park and Aboutaha not only predictaiah greater strut
angle than that seen in the beam tests, it alsdisés more truss members and more
steel. This means that the truss will develop higl&in energy of deformation under
load. Due to the principle of minimum potential egye the truss which has the smallest
strain energy will be the one that forms. Changiregangle of the principal
compression strut using external reinforcementvsry difficult task. An example
where the required size of a transverse tensidarge enough to change the principal
compression angle from 40° to 57° follows.

The elastic strain energy for truss members, gindfy. 6.8, can be used to
calculate the size of a transverse steel tensgoretjuired to change the angle of the

principal compression strut.

155



P?L
2EA

U=

(6.8)

The first step to designing the tension tie isdfzulate the elastic strain
energy for the existing structure. We considerefastic strain energy at the ultimate
load for Specimen AL2 as an example. Specimen Al dreinforcement ratio of
1.3% and had an ultimate capacity of 660 kipsa#t & similar reinforcement ratio and
geometry to Specimen BL3, but did not contain cramhtrol reinforcement. It had an
approximate strut angle of 40°. On the day oftgsihe concrete strength for
Specimens AL2 was 3651 psi with an elastic modafiegpproximately 3300 ksi.

A strut and tie model for Specimen AL2 was creatsitg the strut angle
calculated from equilibrium and using the crackthim specimen as a guide. This was
done to create a strut and tie model to as cloteetexperimental specimen as possible.
The strut and tie model is shown in Figure 6.9]lc@ating the strain energy using Eg.

6.12, we have:

(16P)? (4537) (123P)% (2463 (123P)” (9952)
(3300(15084) ' 2(3300(11556) i 2(29000)(762)
233P?x10"* + 488P*x10" ° + 341P?x10" *
6.23P*x10" *

cC C
I
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Figure 6.9- Strut and tie model for strain energy alculation for Specimen AL2

With the strain energy calculated for the origisiaut and tie model, a new
strut and tie model for including a transverseitamsie can be created. The
strengthening would increase the angle of the raicompression strut to 57°. The
strut and tie model for the rehabilitation schemshiown in Figure 6.10. The
calculation of strain energy is done keeping tle@a#enan and elastic modulu€fenan

of the tension tie as variables.
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U = (119P ¥ (3597) N @A19P ¥ (3121 N (0648P Y (1705) N (129P Y (1988)
(3300(1332)  (3300(1332) (3300)(7182)  2(3300(14364)

, (0648P} (1966) _ (129P f (6019) , (P Y (3014)
(29000)(762)  2(29000)(762)  E, . Aunas

U = 116P*x10* + 101P*x10 * + 302P*x10°° + 349P*x10°°

+ 374P*x10°° + 227P*x10°* +—(P)2 (3014)
ErehabAYehab
U = 5a7P?x10 + (PTG
ErehabA\'ehab

Figure 6.10- Strut and tie model for strain energycalculation for the rehabilitation

of Specimen AL2

With the total strain energy for both of the stad tie models, the area of

the transverse tension tie can be can be calcubased on assumed moduli. The strut

and tie action shown for the rehabilitation schewilenot form until it has a total strain

energy less then that in the original strut andrioelel.
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(P Y (3014)
ErehabAehab

623P*x10* = 547P*x10°“ +
ErehabAehab = 396579

Figure 6.11 shows the required area of the tertgors. the elastic
modulus of the tie. As the modulus decreases sg theerequired area. If the modulus
is assumed to be 29,000, as for carbon steelréaecd the tension tie would need to be
13.7 irf. This is a very large amount of steel, and is maaer than the 2 frseen in
Specimen BL3. This shows how the addition of arml strengthening large and stiff

enough to change the angle of the principal congpyasstrut is a difficult task.
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Figure 6.11- Plot of required transverse tension & area vs. elastic modulus
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CHAPTER 7

STRENGTHENING OF REINFORCED CONCRETE DEEP BEAMS WIT H
EXTERNALLY BONDED FRP REINFORCEMENT

The previous chapters have established a bastef@loping practical
methods for strengthening reinforced concrete gags using external reinforcement.
The experimental program described in Chapter #velldhat an increase in
longitudinal reinforcement increased the capaditjne specimens by strengthening the
tension tie and changing the geometry of the tretl ehich forms. The change of
geometry was the result of the change in the prahcompression strut angle
computed using equilibrium and measured straitsariongitudinal tension
reinforcement. The addition of the crack contrahi@cement increased the capacity by
reinforcing the splitting crack which caused fa@wf the concrete arch but did not have
a large effect on the geometry of the tied archciiiormed. It also was found that it is
necessary to include the effects of the columrbtain the proper boundary conditions
in the test. With the experimental observationsand, several different analysis
methods were examined in Chapter 5, and it wasrdeted that the Modified Zararis
Method best captured the phenomena seen in theiggmés. Previous research into
the shear strengthening of reinforced concrete berith FRP was reviewed and
appraised in Chapter 6.

In this chapter, a method for designing strengtigschemes with the
proposed Modified Zararis Method for pier caps deeéno be deficient is developed.
This method is then validated experimentally thitotegts of strengthened specimens.
The strengthening focused on specimens with 0.@bfgitudinal reinforcement

because this type of specimen represents an exsen cap with shear deficiencies.
160



7.1 Design Strategy
The rehabilitation of an existing structure is vdifferent from the design
of a new one. In many ways, design of a new stragsumuch simpler because there is
more freedom to change different parameters. ihtrast, with a reinforced concrete
pier cap, many parameters are fixed. The strengtiecconcrete and the internal
reinforcement cannot be changed; nor can the gadércolumn spacing be adjusted.
To examine the effectiveness of various methodsternally strengthen a
beam, a parametric study was performed on Spedshérusing the proposed
Modified Zararis Method (summarized in Eq. 5.7 tdZ). In the parametric study, the
yield value of the transverse reinforcement wasmassl to be 80 ksi; this is the same
yield strength as the longitudinal tension reinémnent. Figure 7.1 shows the calculated
effect of independently increasing the amount agltudinal and transverse
reinforcement in Specimen BL1. The x axis of tlggife represents increases in both the
longitudinal and transverse reinforcement, andytheris depicts the calculated increase

in ultimate capacity over the calculated capaditgecimen BL1.
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Figure 7.1- Percent increase in ultimate capacityatculated using the Modified
Zararis Method for specimen BL1 due to increases ifongitudinal
and transverse reinforcement

Figure 7.1 shows that increasing the longitudieaiforcement has a
greater benefit until an additional 7.55 of steel longitudinal tension reinforcement
has been added. The piece-wise nature of Eq. B.B&aeen in the figure. With the
addition of 3.5 il of longitudinal tension reinforcement the equatised to calculate
the flexural compression block transitions from b to 5.7a. This transition occurs
at a longitudinal tension reinforcement ratio &f4B6, which is indicated in the figure.
This is considered the balanced point, or the psh#re the flexural calculation in the
proposed Modified Zararis Method predicts thatdabecrete will crush at the same
load at which the longitudinal tension steel yiel@nce the focus of the strengthening
program is the specimens with 0.65% longitudinasten reinforcement, the addition of
externally bonded longitudinal tension reinforcetregmparently is the simplest way of

increasing the ultimate capacity.
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7.2 Specimen RB1

Specimen RB1 was strengthened using a unidiredtg@mbon composite in
the longitudinal direction. The specimen contaie8b% longitudinal reinforcement
tension reinforcement. It was cast at the same @isn8pecimen BL1, making it a B
Series specimen; the geometry of Specimen BL1 @&fdi®shown in Figure 3.8. The
carbon composite was applied using hand layup. fibkes were Sikawrap 117c, and
the matrix was Sikadur 301. One layer of fabric wagregnated and made into panels
which were then fabricated into coupons for tensesting. The coupons were created
and tested in accordance with ASTM D-3039. A phaipg of one of the coupons is
shown in Figure 7.2. The results of the ten coupsts are given in Table 7.1, which
gives the width, maximum force per inch width, stri@ failure, and the tensile stiffness
of each coupon. The width of the specimen was nmedsno the middle and 3-5/8
inches from the end of each of the 10-inch coup®hs.tensile stiffness was calculated
by fitting a line to a plot of the force per inchdth vs. strain. The slope of the best fit
line was taken as the tensile stiffness for thgpoouln two of the coupons, the tabs
debonded and no useful measurements were obtdihedhickness of a field-
manufactured composite can vary greatly. To oldaimeasure of the variability in
thickness of the composite, 32 measurements wede meer the two inch gage length
of two different coupons. These measurements anersin Figure 7.3. The mean from
these 64 measurements was 0.0247 inches with @asthdeviation of 0.0014 inches
and coefficient of variation 0.057. This mean kiniess was used along with the
average tensile stiffness reported in Table 7 dpfmroximate the elastic modulus of the
composite. The elastic modulus was calculated Wadidig the average tensile stiffness

by the average thickness, resulting in an approvarakastic modulus of 9,510 ksi.
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Figure 7.2- FRP coupon created according to ASTM D89

Table 7.1- FRP properties for Specimen RB1

. a Fma)l . Tensile
Coupon W'_dth INyidth Ma>(<0/S )t rain Stiffness
() ipin) ° (kip/in)
1 0.54 3.0 1.36 215.8
2 0.56 2.1 1.08 198.8
3 0.50 Tabs Debonded
4 0.54 2.4 1.01 239.7
5 0.51 Tabs Debonded
6 0.52 2.5 1.01 248.8
7 0.50 2.3 0.91 262.6
8 0.52 3.00 1.32 228.5
9 0.52 2.90 1.12 260.4
10 0.56 2.70 1.22 224.6
Mean 0.53 2.61 1.13 234.9
% The reported value is the average of three
measurements
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Figure 7.3- Measured thickness of composite coupsiior Specimen RB1

7.2.1 Design of Strengthening for Specimen RB1

Let us assume that the desired increase in strémg#t at 20%. This is a
reasonable increase in capacity when looking atiexgi pier caps. When looking at
Figure 7.1 an increase of approximately 20% cagdieed by the addition of 15mof
steel longitudinal tension reinforcement. If theéegmally bonded FRP is assumed to
maintain compatibility of deformations with the beand the internal reinforcement it
is possible to use a modular ratio to determineatea of FRP required. The modular
ratio of the FRP to the steel is 9,510 ksi/29,08100k 0.32. This means that 3.125di
FRP are required. Using the width of the fiber f@lt2 in.) and the average thickness
of the composite (0.0247 in.), the required nundféayers of composite is 10.41. To
have an equal number of layers of FRP strengthemingpth sides of the specimen, it
was wrapped six times on each side for a totaPdagers. Figure 7.4 shows the

strengthening scheme for Specimen RB1. The lay@teeccomposite were wrapped
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over themselves so that only one free end was expd$e fiber fabric was cut into
three lengths which were wrapped completely aradbedeam twice. The beam was
wrapped in this manner to prevent global debondintpe FRP. The centroid of the
composite is not located at the same depth astgitlidinal reinforcement in this
particular beam. This is shown by the differencd anddy, in Figure 7.4. The

strengthened specimen is shown in Figure 7.5.

Figure 7.4- Strengthening scheme for Specimen RB1
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Figure 7.5- Specimen RB1

To calculate the capacity of the strengthened spati the material
properties from Specimen BL1 were used becausedpaitimens were cast at the same
time. The first step is to recalculate the distaacthe centroid of the longitudinal

tension reinforcementd). The modular ratio is used to transform the FRRB steel.

_ (38D)(328) + (12)(0.0247 )(12)(2925)(032) _
- 381+ (12)(0.0247)@12)(032) -

d 3198in

With the new value ofl, the Modified Zararis Method can be used to caleuthe
ultimate capacity of the specimen. Since the cehwbthe FRP is above the centroid of
the steel longitudinal reinforcement, the averdgarsin the FRP will be less than the
strain in the steel. Furthermore, by wrapping tR€Eompletely around the end of the

beam, global debonding of the FRP should be predeforcing failure of the FRP
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reinforcement to occur by fracture rather than deloog. Fracture of the FRP occurred
at an average strain of 1.3%, as shown in TableThé longitudinal tension steel will
yield before the FRP fractures, making yield of litnegitudinal reinforcement the
governing factor for the strength of the tensien 8ince the steel will yield before the
FRP reinforcement fractures the calculation ofutthienate capacity can be performed
using the Modified Zararis Method and the transfedmsection of the FRP

reinforcement.

3(4962)(8000)

g =0. (5.7b)
d  2(085)(3352)(18)(3199)

4g. 36,115
a/deffective » 23 2 = 1'29 (58)

3198 1- é(0363)
R=1 (5.11b)
2

G o1+ 021297 5363 = 0197 (5.11a)
d 1+ (129

V, :%[0197(1- 05(0197))(3352] =264,942bs  (5.12)

P =2V, =530kips

The ultimate capacity of Specimen RB1 is calculatgidg eq (5.12) to be 530 kips.
This is an increase of 15% over the calculatednalte capacity of Specimen BL1 (462
kips). The difference between the original estinwit20% and the new estimate of 15%

is attributable to the reduction dh

7.2.2 Testing of Specimen RB1
Specimen RB1 was cast at the same time as the®iBeries specimens.

After strengthening using CFRP, it was testedltimate capacity. Companion
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cylinders were tested on the same day as the Esirtotdetermine its material
properties. The concrete which made up the beahahaverage ultimate compressive
strength of 3,67 psiplus or minus one standard deviation of 115 psi

(3,67H 115psi) based on three samples, split tension strengtb@f 43 psi based on
three samples, and an elastic modulus of 3;Z3ksi based on three samples. The
compressive strength of the concrete which madéeigolumn had a compressive
strength of 3,29% 52psi based on three samples, and the longitudindbreing steel
had yield strength of 801.22ksi based on three samples.

Specimen RB1 was tested in the same manner ashitiespecimen. Load
was applied in a quasi-static manner, and pausestaleen to locate and measure
cracks. Figure 7.6 highlights the cracks which fednn Specimen RB1. Cracks C, E
andF were the first cracks to form at an applied lo&@50 kips. These cracks were
followed by CracksA andD at an applied load of 300 kips. At a load of 35fski
localized debonding of the FRP was observed abttaion of Cracks; Figure 7.7
shows the FRP pulling away from the beam at thekcrat a load of 594 kips, a
splitting crack between the corner of the columd #re support formed, causing
failure. The ultimate capacity of 594 kips was acréase of 19% over its control

Specimen BL1 (500 kips).
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Figure 7.6- Cracks in Specimen RB1

Figure 7.7- Localized debonding of FRP at crack lation for Specimen RB1
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Figure 7.8 shows the load vs. deflection plotsSpecimen RBland for the
control specimen, Specimen BL1. These specimens vast at the same time with the
same geometry and reinforcement. The addition®HRP strengthening allowed
Specimen BL1 to achieve a higher capacity. Thesg®e in capacity of 19% was
greater than the calculated 15%. This differencebsaattributed to differences in the
strength of the concrete between the two specingpecimen BL1 had a compressive
strength of 3,352 psi while Specimen RB1 had a cesgwve strength of 3,671 psi. If
the calculation of the increase in capacity is redosing the measured concrete strength
of Specimen RB1 (3,671 psi) the capacity is 548 Kifhis gives a calculated increase
in capacity of 18% over the control beam, BL1, whiorrelates well with the

experimentally observed 19% increase.
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Figure 7.8- Load deflection plot for Specimen RB1
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To investigate the compatibility of deformationgvaeen the FRP and the
longitudinal reinforcement, strain gages were ifefeon the FRP. Figure 7.9 shows the
location on the strain gages on both the barsla@&RP. The strain gages on the bars
are located at the effective depthand the strain gages on the FRP are locate@ at th
effective depth of the FRRi(,). There is a difference of 3.55 in between thethiepf
the strain gages. Also, the strain gages on thed&RRbcated 12 inches from the end of
the beam. The gages were located on the portitimed¥RP crossing the anticipated
cracks which grow from the supports. The gagedendngitudinal tension steel were

located at mid shear span.

Figure 7.9- Strain gage locations on Specimen RB1
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The relation between applied load vs. the straieasured at each of the
longitudinal strain gage locations is illustratadrigure 7.10 (Positiom& to E in Figure
7.9). The strains shown in Figure 7.10 are aver&iges the sets of strain gages on the
bar and the FRP respectively at the location. Bartize testing of Specimen RB1 the
strain in the FRP reinforcement was smaller tharsthain in the steel reinforcement.
This could be due to the vertical and horizontabtmns of the gages, and also the fact
that the strain gages are located on the outsitteedfRP. The difference is most
prominent between the gages located in the spadssdhe largest at the point where
cracks became visible in the span (250-300 kipfgrAhe formation of the cracks, the
strains in the bar and FRP begin to converge. @rgappears to affect the strain gages
attached to the bars before the gages attachbed ©RP. At ultimate load, the strains
converge and there is compatibility of deformatibesveen the longitudinal
reinforcing steel and the externally bonded FRRfoecement.

Figure 7.11 shows the plot of strut angle vs. &gpload for Specimen
RB1. The strut angle was calculated using equiliorand the longitudinal strains from
LVDT 17. LVDT 17 was located at the effective depilhich was calculated for both
the longitudinal steel reinforcement and the FRRfoecement (31.98 in.); it spanned
longitudinally from the center of the supports. &&hown in Figure 7.11 is the strut
angle vs. applied load for the control Specimen BIle formation of cracks and arch

action is similar between RB1 and BL1.
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Figure 7.11- Strut angle vs. applied load for Speien RB1
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7.3 Specimen RA1

Specimen RA1 was an A series specimen; it wasatdlse same time as
Specimen AL1 (see Figure 3.8), contained the sanmuat of longitudinal tension
reinforcement, and the reinforcement came fronsdme batch. The limit state of the A
series specimens with 0.65% longitudinal tensiamfoecement differed from that of
the comparable B series specimens. Yield of thgitodinal tension reinforcement
governed the limit state for the A Series specinvelide splitting of the concrete
governed for the B Series specimens. By strengtlgethie A Series specimen it is
possible to determine the effect of increasingdhgitudinal tension reinforcement of a
specimen whose limit state is governed by yieldifithe longitudinal tension
reinforcement. Specimen RA1 was strengthened wiitlinectional carbon fiber
reinforced polymer. Sikawrap 117c and Sikadur 3@teragain used to fabricate the
composite. Ten coupons were made and tested imdzsuze with ASTM D3039; the
results are shown in Table 7.2. The width and thstie modulus were determined in
the same manner as for Specimen RB1. The thickneasurements are shown in
Figure 7.12; the mean thickness of the 64 sampéss0A0238 with a standard deviation
of 0.0018 and coefficient of variation 0.076. Tlkeulting approximate elastic modulus

was 9,937 ksi.
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Table 7.2- FRP properties for Specimen RAL

Force per . Tensile
. a
Coupon W'_dth Width Ma>(<0/§)tram Stiffness
N (kipfin) (kip/in)
1 0.56 2.3 1.05 237.7
2 0.49 2.0 0.74 271.3
3 0.48 2.7 1.14 225.1
4 0.56 2.6 1.16 222.1
5 0.51 3.0 1.25 224.0
6 0.50 1.8 0.83 254.1
7 0.54 25 1.12 238.8
8 0.54 19 1.06 219.4
9 0.51 1.7 0.90 223.6
10 0.55 2.4 0.95 248.9
Mean 0.52 2.3 1.02 236.5
*The reported value is the average of three
measurements
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Figure 7.12- Measured thickness of composite coupsiior Specimen RAL
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7.3.1 Design of Strengthening for Specimen RA1

The strengthening for Specimen RA1 was designgddeide a greater
increase in capacity than Specimen RB1, and théruof layers of FRP was increased
to 16. Figure 7.13 shows the strengthening focispen RAL. The calculation for the
increase in capacity is the same as for Specimeh RiBe modular ratio of FRP to
longitudinal tension steel is 9,937/29,000 or 07B4e calculation of the increase in

capacity is based on the geometry and materialgptieg of Specimen AL1.

Figure 7.13- Strengthening scheme for Specimen RA1

The same steps used to calculate the ultimate itppdSpecimen RB1

were used to calculate the capacity of Specimen.RA#& FRP is transformed into steel
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using the modular ratio, and then a new effectimatlal is calculated. The Modified

Zararis Method is then used to calculate the uténcapacity as follows.

4 = _(380328) + (12(0.0238 )(16)(2925/(034) _

3177in

381+ (12)(0.0238)(L6)(034)
C_  3(5364)65000  _ (5.7b)
d 2(085(3473)18(3177) '

48_ iG +g

a/deffective » 2 3 2 = 1'27 (58)

3177 1- §(031)
R=1 (5.11b)
G 1+ 0210277 539y = 017 (5.11a)
d 1+ (127)

v, :—(18%(2;‘77) [017(1- 05(017))(3473] =243,254bs  (5.12)

P =2V, =487kips

This is a calculated 22% increase over Specimen (8RX kips).

7.3.2 Testing of Specimen RA1

Companion cylinder tests were performed on the sgageas beam testing.
The concrete in the beam had a compressive strengt682 124psi based on three
samples, a split tension strength of # 23 psi based on three samplaad an elastic
modus of4,120+ 25Xksi based on three samples. The compressive dtrehgte
concrete in the column was 4,3880psi based on three samples, and the longitudinal
steel had a yield stress of#6B ksi based on three samples.

Figure 7.14 shows the cracks which formed in SpeniRRAL. Crack8
andC formed at an applied load of 200 kips. Créctlormed at a load of 300 kips, and
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CracksD andE formed at 350 kips. At an applied load of 600 kipe longitudinal
tension reinforcement reached its yield point. $pecimen continued to carry
increasing loads up until a load of 702 kips whespléting crack formed.

Figure 7.15 compares the load vs deflection forcBpen AL1 and RAL.
The crack labels correspond to those shown in Eigut4. The addition of the FRP
greatly changed the behavior of the specimen. ifiedtate was governed by splitting
failure of the concrete rather than yield of thedwudinal steel reinforcement. The
longitudinal tension reinforcement in Specimen RAached the yield point at an
applied load of 600 kips; this was 100 kips higifan in Specimen AL1 (500 kips).
The yield of the longitudinal reinforcement did matuse the large change in the load-
deflection behavior which was observed for Specidkh, where yielding of the
longitudinal tension reinforcement led to a relelyMarge increase in deflection without
an increase in applied load. Specimen RA1 reaahadtimate capacity of 702 Kips;
this was a 29% increase over Specimen AL1 (545 Kigee difference in concrete
strengths between the two specimens (3,473 pdi,§82 psi) accounted for an
estimated 6% increase in capacity. The addition of the exteFRP reinforcement
accounted for an estimafe@6% increase in capacity; this is a total cal@dancrease

in capacity of 32% which agrees well with the oledr29% increase.

1 Estimated using the Modified Zararis Method
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Figure 7.14- Cracks in Specimen RA1
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Figure 7.15- Load vs. deflection plot for SpecimeRA1
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Strain gages were installed on the FRP to complirtengages installed on
the longitudinal tension reinforcement. Figure 7shéws the locations of the strain
gages and the longitudinal LVDT 17. The strain gage the FRP were placed at the
same longitudinal locations as the gages on the Bais was done to determine if the
longitudinal location of the gages was the causéhi® lag between the strain measured
during the testing of Specimen RB1. For indepehdenfication, LVDT 17 was
located at the effective depth of 31.76 inches,\aasl mounted on the exterior of the
beam over the FRP spanning from the center ofuppats. It had a total length of 96
inches. The strains measured are shown in Figai® Koving the strain gages to the
same longitudinal location did reduce the lag shawthe strains for Specimen RB1
significantly, but the gages on the FRP did notsueaas much strain as the gages on
the bar at ultimate. This could have been dueedaltstance of the FRP gages from the
location of the cracks. Also there was not thedaagiount of debonding seen in
Specimen RB1. After the debonding of the FRP, cdiitity of strains was maintained
in Specimen RB1. The strains calculated from LVIYTshow strain compatibility with
the gages installed on the longitudinal tensionfeecement. The difference in the

strain gage measurements can be attributed tazedagffects.

181



load (kips)

Fi

800
700
600
500
400

300

2001 L5

100

gure 7.16- Strain gage locations for Specimen RA1

, —-4A— Position A (Bar)
o | 7 Position A (FRP)]
i —@ Position B (Bar)
—————————————————— L ~©- Position B (FRP)H
| M Position C (Bar)
1 -B Position C (FRP)
—+—  LVDT 17

|

|
5 2 25 3 35
strain x1c°

Figure 7.17- Strains for Specimen RA1
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Figure 7.18 shows the strut angle calculated fitoenstrains in LVDT 17
vs. the applied load. For comparison, the struteamg load for Specimen AL1 is also
shown in the figure. The strut angle for Speciméri s calculated using a strain gage
at midspan instead of an LVDT. That strain gage susseptible to localized effects
which causes some variation in the results. Fraptats it can be seen that Specimen
RA1 achieves a lower strut angle, which is constsiath the addition of longitudinal

tension reinforcement. Arch action is achievelht#r point than for Specimen ALL.

strut angle (degrees)

load (kips)

Figure 7.18- Strut angle vs. applied load for Speien RA1

7.4 Conclusions
This chapter has presented a simple approachetagshening reinforced

concrete beams with externally bonded FRP reinfoes#, using transformed sections
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and the Modified Zararis Method for reinforced ceate deep beams with a
longitudinal reinforcement ratio less than the be&d point. The FRP reinforcement
provides additional longitudinal tension reinforaart) increasing the strength of the
longitudinal tension tie which, in turn, changed ghape of the concrete arch which
formed. This led to an increase in ultimate c#pac

Table 7.3 summarizes the results of the tests aiadun support of the
proposed strengthening method. It gives the utBngapacity of the experimental
specimenR,;) and the calculated ultimate capacity based otibaified Zararis
Method @cac). The experimentaRontrol uir) @and calculatedRcontrol calc) Ultimate
capacities for the corresponding control specina@asalso tabulated. With these values,
the percent increase in ultimate capacity was Gatied based on both the experimental
(Qxp and calculatedac) ultimate capacities. The ratios Rfi/Pcaic, and Qxd Raic
were then calculated. The results show that theeileded increase in capacity
represents the observed experimental increaseacitg well. The average ratio for

Dyd Dacis 0.971. The ratio oPy/Pcac was 1.21.

Table 7.3- Results of strengthening experiments

. Pexp I:>calc I:>control exp I:)control calc D exr/ Pex;/
Specimen . . ontro . . D
i (kips) (kips) (kips) (ki) ™" " Dgge  Poac
RB1 594 546 BL1 500 463 19% 18% 1.049 1.088
RAL 702 525 ALl 545 397 29% 32% 0.893 1.337

Mean 0.971 1.213
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Chapter 8

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

This Chapter summarizes the major accomplishmaeritss dissertation,
while highlighting its important conclusions. Thenmary and conclusions are
followed by ideas for possible future work whichvhaeen identified during the

research.

8.1 Summary of research

Reinforced concrete pier caps in aging bridges sudfer from
deterioration, leading to deficiencies in theiraheapacity that may prompt posting.
This limits the travel of goods and services, amay tead to costly repair or to
replacement. If the deficiencies in the pier cagus lse addressed through economical
strengthening or rehabilitation, the postings aduced or lifted and the bridge can be
returned to normal use.

A pier cap is a large deep reinforced concrete heamhich the shear spans
are short (typically less than twice the effectapth of the beam). Due to their size and
loading, they have the ability to carry load thrbwgch action. Externally bonded
reinforcement has been successfully used to strengeinforced concrete members,
but there is little existing research to shed lighthow it might be used to strengthen a
beam similar to a pier cap.

It is essential to understand the behavior of ceocdd concrete pier caps
before attempting to address the merits of vargttengthening methods. Accordingly,

the research was conducted in two distinct pafts.first was an experimental study on
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the behavior of reinforced concrete pier caps witlexternally bonded reinforcement.
This work involved the experimental testing of ledtory specimens and comparison of
different existing methods for analyzing large deepms. With the understanding of
pier cap behavior gained from the experimentalysaul a suitable analysis method
supported by the experimental results, the secandop the study could focus on
methods for strengthening the reinforced concretegaps with externally bonded
reinforcement. This second part entailed the @isenoodified strut-and-tie analysis,
supported by tests of laboratory specimens tha¢ wempanions to those tested earlier
but which had been retrofitted with externally bedd=RP composites.

Reinforced Concrete deep beams, such as pier ltays.a shear span over
effective depth ratio less than two, which givesntithe ability to carry load through
arch action once some amount of diagonal crackasgdecurred. It is the arch
mechanism which determines the ultimate strength@beam. The main factors that
affect the strength of a reinforced concrete dessprbare its effective depth, shear span,
longitudinal tension reinforcement, and the transgeshear reinforcement. The depth is
of particular significance because there is a sffext associated with it. In this case,
beams with a smaller depth have a higher capadityrespect to beams with large
depths when normalized to account for differenoescale. Methods that might be
suitable for the analysis and design of deep beardgheir retrofits were also identified
in Chapter 2; these methods are evaluated funhggrel context of the experimental
program, particularly with regard to their abiltty capture the dominant failure mode
involving arch action.

The specimens for the experimental program weredas the pier caps
for Bridge 085-0018 in Dawson County, Georgia. Vagables which were examined
with the specimens included the amount of longnattension reinforcement, beam

depth, and crack control reinforcement. Two longjital tension reinforcement ratios
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were considered. The first was 0.65% which matt¢hedeinforcement ratio of Bridge
085-0018, and the second was 1.3% which was sidqiple the first. The effect of
beam depth was treated by scaling down full sqa¢eimens with an approximate
height of 36 inches to 18 inches using Bazant'saiqn and the Buckingham Pi
Theorem. Bazant’'s Equation was used for the sgélecause it includes factors which
account for size effect, such as the size of ttgekt coarse aggregate used in the
concrete. The effects of crack control reinforcetvegre treated by comparing
specimens with crack control reinforcement meetitgg2007 AASHTO LRFD Bridge
Specification against specimens without crack aym&inforcement. Eleven tests were
performed and their results were analyzed with isé\ifferent methods for
determining the ultimate capacity of reinforced aate deep beams. These methods
included both the AASHTO and ACI strut and tie misdeith new procedures
developed for the evaluation of existing structuBeszant’s Equation, Zararis’s
Method, and the new proposed Modified Zararis Métfidhe analysis methods were
also compared using a larger database collected lfterature.

A literature review on the strengthening of renced concrete members for
shear with FRP was presented. The review was dpaedlyzing a database of beams
strengthened externally with FRP. Of the 139 testg 13 characterized the FRP
material according to an ASTM Standard. In ordenske comparisons between the
materials used by different researchers the méenast be categorized according to
ASTM Standards (ASTM D-3039 or D-638).

Finally the work presented in the previous chaptesynthesized into a
method for externally strengthening reinforced cetedeep beams (pier caps). It
begins by laying out a design strategy for specsmeith longitudinal reinforcement
ratios below the balanced point, defined as that@diwhich the Modified Zararis

Method predicts that the longitudinal tension reinément yields at the same time as
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the longitudinal compression zone in the concraisles. Reinforcement ratios below
the balanced point were emphasized in this tasausecclassic reinforced concrete
design methodology has strongly encouraged thahlveeforcement be proportioned
below the balanced point to improve their ductjland pier caps showing distress are
generally reinforced in this way. To increaseuhnate beam capacity, the amount of
longitudinal tension reinforcement was increasdw Galculation for the increase in

capacity is done using the Modified Zararis Method.

8.2 Conclusions

Early in the experimental design, finite elemendeis were used to
determine the most highly stressed regions of iiiegap. These models showed that
replacing the column with a steel plate to simpdiyecimen construction changed the
stresses in the pier cap specimen. As a ressiiilbacolumn was cast on top of the
specimens to maintain similitude between the spewciand the pier cap. The stub
column was critical in modeling the behavior of fher cap. It induced stress
concentrations into the pier cap which dictatedf#iilere mode in some cases, and it
also affected the angle at which the principal casgion strut formed. It shows the
importance of the boundary conditions on the bedranii deep beams.

Increasing the longitudinal reinforcement causetharease in the ultimate
capacity of the specimen. The increase in capa@/due to an increase in the strength
of the tension tie, and a change in the shapeedti¢kd arch. The change in the shape of
the tied arch decreased the effects of the stsseatration at the re-entrant corner of
the beam-column. The change in the shape of tieisusshown by the change in the
principal compression strut angle. Increasing thewnt of reinforcement reduced the
compression strut angle at ultimate. Without thenge in the strut angle, increasing the
tension tie would have had no benefit; this wasnshim the comparison of the ultimate

capacities of Specimens BL1 and Specimen AL1. elmsing the yield strength of the
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tension tie increased its ultimate capacity, butitscstiffness. Without the change in
stiffness, there was no change in the strut angilleeogeometry of the tied arch which
formed.

Two different ultimate limit states were observébe first was yield of the
tension tie. After the formation of the tied artie longitudinal tension tie reached its
yield point. This limit state was generally a dlecbne, and was a function of both the
longitudinal reinforcement ratio and the yield sg®f the steel. Generally the
specimens with 0.65% longitudinal reinforcement trasl limit state. The other limit
state observed was splitting of the principal caspion strut in the concrete arch.
Splitting occurred due to the stress concentrationduced by the stub column. A
splitting tension crack formed running from therearof the column to the center of the
nearest support. This failure mode was brittle. €salty the specimens with 1.3%
longitudinal tension reinforcement had this lintdts.

Crack control reinforcement in accordance with2887 AASHTO LRFD
Bridge Design Specifications was added to specimeatisl.3% longitudinal
reinforcement. The presence of the crack contiofaecement increased the beam
capacity by reinforcing the splitting crack. In tsgecimens with crack control
reinforcement, the splitting crack appeared andfiezimen continued to carry
increasing load. In specimens without crack corrgoiforcement, however, the
splitting crack caused immediate failure. The cremitrol reinforcement only had a
major effect on the splitting crack; it did notexdt the point where other cracks
developed.

The formation of diagonal cracks generally appeatetD% of the ultimate
capacity on averag&he specimens still had the majority of their catydeft after the

formation of diagonal cracks; the cracks do notcaté eminent failure.
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Half scaled specimens were designed to investigh&ther size effects
might be significant. For specimens with 0.65%gitudinal reinforcement, no
significant size effect was observed. Howevergaificant size effect was observed for
specimens with 1.3% longitudinal reinforcementgémeral, for specimens whose
ultimate strength is governed by yield of the Idadinal reinforcement, there was no
size effect. Conversely, for the specimens in Wilhe ultimate strength was governed
by splitting failure of the concrete there wasgngicant size effect.

The proposed Modified Zararis Method was chosehasnodel that best
represented the ultimate behavior of a reinforagttete pier cap based on a
comparison to both the results of the experimgmmagram and a larger database. A
small parametric study was performed using the ggeg Modified Zararis Method. It
showed that the most effective way to strengthbaaan reinforced below the balance
point was to add additional longitudinal tensiomf@ercement. Increasing longitudinal
tension reinforcement is not as effective in insne@ the capacity of beams reinforced
above the balance point. This method was adoptethéostrengthening of reinforced
concrete pier caps. Two tests were performed ocirseas with 0.65% longitudinal
reinforcement with externally bonded strengthersalgemes. The results of the test
agreed well with the predictions made using the ifftedl Zararis Method. This showed
that increasing the strength of the longitudinakten tie is an effective way to increase
the strength of reinforced concrete deep beam#oreed below the balance point, and
that the Modified Zararis Method is an effectiveyed determining the increase in

capacity.

8.4 Recommendations for Design and Evaluation of & Caps
Measures should be taken to mitigate the stresseotration introduced by
the column in the design of new pier caps. A simydg to accomplish this is to cast the

pier caps with hammerhead columns. The hammerheaddsbe designed to transfer
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the forces directly from the girders into the cofurnihe strut and tie model and the
Modified Zararis Method are both effective procesiufor the design of new pier caps.
The Modified Zararis Method has better correlatiothe experimental results than
either of the strut and tie models. The ultimatgacdties calculated using the ACI strut
and tie model had a better correlation to the empantal results than the AASHTO
strut and tie model. The AASHTO strut and tie maziel be improved by adopting the
allowable strut stress parameters form the ACI rhddes splitting failure of the
concrete was shown to be a function of the stressentration. When a column is
present a splitting failure should be anticipated erack control reinforcement
provided.

The Modified Zararis Method should be used in thaleation of existing
structures. It eliminates the need for the extengaration required by the strut and tie
model. The proposed Modified Zararis Method givesaple procedure for

determining the ultimate capacity of existing reitcied concrete deep beam.

8.4 Recommendations for Future Work

During the research a number of different linetutiire inquiry were
identified. The first major effort should be diredttoward reducing the stress
concentration at the interface of the beam andneo]was it served as a crack starter in
practically all of the tests in this research pesgrand a related program (O’Malley,
2011). While stress concentrations are most corhnsbadied using a finite element
analysis, the cracking in the reinforced concret@n makes such an analysis
problematic. In most FEA methods, the crackingeaiforced concrete is modeled as a
reduction in stiffness, but the individual crackermselves are not modeled. This
method works when stiffness governs the behavitne@imember and the discrete
cracks play a minor role in structural behaviortia case of reinforced concrete deep

beams, however, diagonal cracking is essentialfowing a tied arch mechanism to
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form, making the individual cracks important. Whandeling a reinforced concrete
deep beam with a FEA analysis, the nature of taekang causes a singularity and
ultimately causes the analysis to fail. A discedment analysis (Lorig and Cundal,
1989) might provide a fruitful alternative to FEA dealing with this issue numerically.
Discrete element analyses have been employed sficitegs geotechnical engineering,
where they have been used to model movement inulgnamedia and fracture in rock.
This method of analysis allows for the formatiordafcrete cracks, which may make it
a suitable method for modeling reinforced concpate caps and reinforced concrete in
general. Reinforced concrete compression cylindedsflexural members have been
successfully modeled using the discrete elemerftadef_orig and Cundal, 1989). With
a properly calibrated discrete element model, patamstudies could be conducted on
the stress concentration, factors which affe@nt practical approaches for its
mitigation.

A deep beam is generally defined as having a Spaar to deptha{d) ratio
less than 2.5, but not all deep beams exhibitangesbehavior. All deep beams can be
limited by their tension tie. Deep beams withadthratio less than 2 can undergo arch
action and fail due to crushing of the concretthaarch. For beams witdid ratios
between 2 and 2.5, shear failure occurs by diagenalon failure of the concrete in the
compression zone. The research in this study amgiders beams which fail due to
crushing of the concrete in the arch. The effeebdérnal strengthening schemes on
beams witha/d ratios between 2 and 2.5 is still unknown.

There were no existing cracks in the strengthepedisiens tested as part
of this study. The concept used to strengthengkeisiens dealt with using an increase
in the longitudinal tension reinforcement raticefect a change in the shape of the tied
arch which formed at ultimate. It may not be pogsib change the shape of the tied

arch if cracks are already present in the specimen.
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The effects of adding external transverse reinfoe still needs to be
studied. The experimental program focused on amddf longitudinal tension
reinforcement because the Modified Zararis Metmaticated that it would be the most
effective way to increase the capacity of beam¥woeted below the balanced point. It
is important to determine what effect external $xase reinforcement has on deep
beams. It may be an effective strengthening scHem@eams reinforced over the
balanced point, or transverse and longitudinaffoeaement may successfully be used
together.

The external reinforcement was a unidirectional jgosite. This was done
to avoid the addition of variables which would cdicgte observations. The main
advantage of composites are that through the ukerahation and different molding
and shaping techniques a part can be designedlmiibst any required shape and
mechanical property. It may be possible to desi§RR strengthening scheme

specifically for the rehabilitation of reinforcedrtcrete pier caps.
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APPENDIX A

BAR DEVELOPMENT FORCES

The load cells were placed on the end of the lodgial reinforcement to
provide anchorage. It was hoped that since thelmdshort development lengths (less
than 12 in.), the bars would debond and the lodid weuld directly measure the force
in the bar. This force could then be used to cateuthe angle of the principal
compression strut. What was found is that the égusmfor development length in the
AASHTO 2007 LRFD Specifications are very consemati

The equations for development length are basetl@work of Orangun et
al. (1977). This work is an empirical analysis e¥aral different experimental programs
on development length. It takes into account tifecebf bar coating, size, and spacing;
as well as the inclusion of transverse reinforceraed the amount of concrete cast
under the bar. It was determined how these pammatfect the average bond stress of

the bar defined as in Eq. A.1.

u= 1:sdb

a (A.1)

u =averagdondstresgpsi)

f, = maximumstressn bar(psi)
d, = diameterof bar(in)

|, = developmetlength(in)
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Equation A.1 was solved fdg This resulted in the equation for
development length show in Section 5.11.2.1 of/AASHTO 2007 LRFD Design
Specifications which is shown as Eq. A.2. Equafodis for #11 bars and smaller.
Other equations are listed for larger bars, butesimone were used in the experimental

program they are not included.

125A f
= A" Y3 04d,f, (A.2)

SN
l&= development length (in)

A,= area of bar (if)

fy=yield strength of bar (ksi)

f' <= compression strength of concrete (ksi)

dy= diameter of bar (in)

Knowing that the development lengths are based/erage stress allows
the development lengths required for full developtrd the bar calculated using EQs.
A.2 to be converted back into average bond streisgUEq. A.1. This is the average
bond stress used to calculate the developmentieaguired by the codei{y).

Equation A.3 shows how the required average bardstvas calculated.
— fydb
thea = 4],

(A.3)

Ureq™ Maximum average bond stress allowed by code (ksi)
fy=yield stress of longitudinal reinforcement (ksi)
dp= diameter of bar (in)

l,= development length as calculated by Eq. 4.3 (in)

It is also possible to calculate the average baress for the longitudinal

bars in each specimen. Equation A.4 shows howvbeage bond streseids) was
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calculated using the data collected during the exyant. In Eq. A.4p is the length of

the bearing. At a crack the average developmesgsis equal to zero (Orangun, 1977).
From the many pictures showing the cracks in tleeispens, it can be seen that in
general cracks develop at the corner of the begletg. This limits the development
length of the bars to the area over the supporsubyracting the force measured by the
load cells E.¢) from the force calculated using the strains mllar £ the force

carried by the interaction of the bar and the ceteccan be calculated.

— (Fe B FLC)db

u =
test A]4Ib
Ues= average bond stress (ksi)

(A.4)

Fe&force in bar calculated from measured strains fkips
FLc= force measured by load cells at end of bars )kips
dy= diameter of bar (in)

A,= area of bar (if)

l,= bearing length (in)

Figure A.1 shows the development force measurdtidioad cells on the
end of the bars vs. both the force in the bar hadertical force for Specimen AL1.
Due to symmetry, the vertical force is the appleatl divided by two. The development
force for other specimens is very similar to thaasured for Specimen ALL. There is a
nonlinear relationship between the developmentfared both the force in the bar and
the vertical force. This means that there is noviat where the bars fully debond and

the force in the bar was carried only by the anaper
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Figure A.1 Development force at end of bar vs. apjd load and bar force for
Specimen AL1

The inability of the longitudinal reinforcementfidly debond is a function
of the confinement provided by the bearing plate @#e principal compression strut
which forms once arch action becomes the main édaaying mechanism. Figure A.2
shows the state of equilibrium at the support wdueh action is the load carrying
mechanism. The force from the strht(.) has both a vertical and horizontal
component. The vertical component of the strutéasan equilibrium with the vertical
reaction forceKyer) While the horizontal component is in equilibrivmth the force in
the bar Fpar). The force in the bar is developed by the avelayel stressuj and the
force in the bearing load celf(c). Due to the vertical equilibrium there is also an
average bearing stress) This stress serves to confine the concrete arthmbar and

increase the average bond stregsmvhich can develop.
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Figure A.2- Equilibrium at support during arch acti on

With this concept in mind the data for individualrltypes was collected
from specimens which had no crack control reinforeet and only one row of bars.
The data from Specimens AL1 and BL1 were used tkensanclusions about #10 bars,
Specimens AS1 and AS2 were used to make conclualomg #5 bars, and Specimens
AS3 and AS4 were used to make conclusions aboba#f Figure A.3 shows a plot of
the average bond stress from the tagt) normalized by the required average bond
stress (req) Vs. the confining bearing stresg)(after the transition to arch action for #10
bars. Average bearing stress is, again, the veftioze divided by the bearing area. The
plot of the data points has a linear trend. A Irmegression is shown in the figure with
the equation for the line as well as the coefficisfrdetermination (Rvalue). Since the

coefficient of determination is very close to 00e9p) the linear regression is a good fit.
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req

Figure A.3- Normalized average bond stress vs. baag stress for #10 bars

Figures A.4 and A.5 show the same normalized potboth #5 and #9

bars. The linear regression for the #9 bars wasssticcessful as that for the #10 and

#5 bars; it had a coefficient of determination &@
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u, (ksi)

Figure A.4- Normalized average bond stress vs. baag stress for #9 bars

y=

15

0.5

u, (ksi)

Figure A.5- Normalized average bond stress vs. baag stress for #5 bars
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With the results of the linear regression it isgble to develop equations
which relate the development length calculated fthencode using Eq. A.1 and what
was seen in the experiments. The equations anateoted to be design equations.
They are meant for the evaluation of existing strees when arch action is the primary
load carrying mechanism. They remove the excesseteatism in the code and give an
engineer a way of determining if a bar has sufficevelopment length if it does not
meet the requirements of the current code. Eatheathree bar types has a different
equation which is a function of the average beasingss (i,) and the required
development lengtH«). Average bearing stress is the vertical readtioce divided by
the bearing area, and the required developmentiaesgalculated through Eq. 4.3. If
the development lengths calculated with Eqs. A, @&d A.7 are longer than the
bearing length, the length can be converted baokarstress using Eq. A.2. This stress
can be converted into a force by multiplying by tiveumference of the bar and the
bearing length. This force can be subtracted fioeforce required to yield the bar, and
the remaining force can be input into Eq. A.1 tlwakate the additional required

development length.

#10 bar

l 4 :ﬁm‘” (A.5)
#9 bar

l 4 :mﬂdr (A.6)
#5 bar

|
ly=——9% £ A7
“ 14u,+ 024 (A7)

l¢= development length from test (in)
l¢~= development length from code Eqg. 4.3 (in)

up= average bearing stress (ksi)
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APPENDIX B

SAMPLE CALCULATIONS FOR ULTIMAE CAPACITY

In this Appendix each type of ultimate capacitycoddtion discussed in
Chapter 5 will be demonstrated. To do this an exarmmglculation will be performed
using Specimen AL2 to illustrate the intricacieseath method. Specimen AL2 was
chosen because it is a full depth specimen whickewrent a brittle failure; this is
considered a more dangerous failure mode. Figdretows the reinforcement details
for Specimen AL2, and on the day of testing theccete that made up the beam had a
compressive strength of 3651 psi, and the longiiditeel had a yield stress of 65 ksi.
Specimen AL2 reached its ultimate capacity at gliegh load of 660 kips.

Figure B.1- Specimen AL2
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B.1 AASHTO Simplified Method for Nonprestressesd Bams

The AASHTO Simplified Method for NonprestressedBss is based on
the truss model, and it is shown in Eq. 2.3. Indfeation )/ is the shear contribution
from concrete anls is the shear contribution from the transversel séxforcement.
Since Specimen AL2 does not have any transversekistthe shear span, thg can be

ignored. This simplifies the calculations to:

V. =V,
V, = 2(0.0316,/f".h,d,

f' = 3651ksi

b, =18in

d, =32.12in

V, = 2(0.0316,/3651 (1§)(3212)
V, =V, = 70kips

Specimen AL2 was loaded symmetrically; this makestttal calculated applied load

equal two times the nominal shear.

P=2/
P = 2(70) = 140kips

B.2 Strut and Tie Model

The first step in developing a strut and tie mabeording to the method
developed in Chapter 5 is to determine the smddkeating width.When looking at
Specimen AL2, the smallest bearing width for a irggrut is 11.5 inches. This
corresponds to the bottom bearing plate. The aaildearing width provided by the
column is 36 inches. This means thds equal to 11.5 inches. The known values for

Specimen AL2 are:
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A= 7.62irf
Es<= 29,000 ksi
f,= 65 ksi
' =3.651 ksi
b/=18in
d=32.16 in
a=48in
lb comg= 36 In

l,=11.5in

The first attempt at the solution will assume tihat steel yields
(6=0.0022); which is simply calculated BYEs. The solution to the problem is as

follows:

—_ ASESES
" 075f'_b,

o - _(162(29000)(0.0022
g 0753651)(L9)

h, = 986in

(5.1)

1 AEe

.- s—s"s

. 2075f'.D,

a- Tﬂ+|£

2 2

3016. L (762)(29000)(0.0029

2 075365109

18- 326 #155

(5.2)

g, =tan

g, =tan™

g, = 373°
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Ws = Ib Sin(a:;) + ha COS@S) (53)
w, = 115sin(37.3) + 986c0s(37.3)

w, = 1479in
o AEe -
w,b, cos@.)
¢ - (762(29000)(0.0029
" (14798 cos(B73)
f, = 2.3Ksi
e = e, +(e,+ 0002 cot’(a,) (5.5b)

e, = 0.0022+ (0.0022+ 0002 cot? (37.3)

€, = 0.0094
f 1
f,=—° £ 085f" (5.5a)
08+170¢,
f, = 3051 o gg5a659)
08+170(0.0094
3651

£ 0853651

f =
' 08+170(0.0099
fo, = 152ksi£3.10ksi

f, > f, ® tryagain
The nominal strut stress is greater than the albdgvstrut stress. The whole
calculation needs to be repeated assuming a sretatn in the longitudinal steel. This

is the point where having the whole process prograchbecomes most helpful. The

results of the computer analysis are as follows:
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€, =0.001475

h, = 661in
g, = 392°
w, = 1240in
f, = 189Ksi
f., = 189ksi

The only check that is required is that the stogsthe limiting bearing is
not too great. The ultimate load can be simplywdaled based on the force in the

longitudinal reinforcement; for Specimen AL2 thss i

P=2AE € tan@,)
P= 2(762)(29000)(0.001475tan(39.2)
P =5324kips

The limiting stress on the vertical bearing isegi\by0.75f", and for
Specimen AL2 is 2.73 ksi. The bearing stress atltimate load of 532.4 kips is 1.29
ksi. and is within the limit. This indicates that acceptable strut and tie model has been
established.

The American Concrete Institute has its own sgiro€edures for
performing a strut and tie analysis. The main d#ffee between the AASHTO and the
ACI approach are the limit on the crushing strégh® concrete in the compression

strut. In the ACI approach there is no Eq. 5.2. @lh@wvable crushing stress in the strut

is simply taken as:

f_=085bf" (5.6)

fee= effective strut compressive strength (psi)
f -=compressive strength of concrete (psi)
b=1.0if strut is prismatic

b=0.6 if strut is a bottle strut
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b=0.75if strut if adequate reinforcement is provided

Adequate reinforcement is defined as:

isin(avi) 3 0003
)

As= total area of surface reinforcementyin
b= width of beam (in)
S= spacing of reinforcement (in)

as= angle between reinforcement and axis of the tiegrees)

Taking the nominal strut stress from the firstatemn of the AASHTO strut

and tie model it is compared to the allowable sttgss according to the ACI code.
f. = 085b 1", (5.6)

£=0.6 no reinforcement
f.. = 0850.6)(365)

f _ =1862psi® 1.862ksi
f, = 2.3ksi

f, > f, ® Try Again

Again the computer is turned to and the resulthefanalysis are:

€, =0.001442
h, = 647in

g, = 393°

w, = 1229in
f, = 1862ksi
fo, = 1862Ksi

The ultimate capacity based on the ACI procedwges i
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P=2AE.€ tan@,)
P= 2(762)(29000)(0.001443 tan(39.3)
P =522kips

Again, performing the bearing checks shows thasthess on the vertical face of is 1.26

ksi which is within the limit of 2.73 ksi. This &n acceptable strut and tie model.

B.3 Zararis's Method
Zararis’'s Method is described in Chapter 2. Equati.11 to 2.13 are used
to calculate the ultimate shear capacity of a cgo€d concrete deep beam. The

calculation of the ultimate capacity of Specimen?Akith Zararis’s Method is as

follows:
2
c +87poo—f’, g- 87000—f’, =0 (2.11)
2
c +87DOZO'0131£ ) 870020'0131:0
3651 d 3651

2

C 40312°% - 0312=0
d d

¢ _ - 0312+,/0312 - 4(1)(- 0319

d 2(1)

£ = 0424
d

R=1+(r,/ r)(ald)? (2.12Db)
R=1+ (0/0.0131)(48 /3212)?
R=1

1+ 027R(a/d)® ¢
1+R(a/d)* d

C
= 2.12a
9 ( )

1+ 027(1)(48 /3212)2
1+ ()48 /3212)°

c
= 042
r 04249
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S = 0210
d

2 2

v, =P & g 5% 05 f e (2.13)
a/d d d d d
w[omo(l 05(0210))(3653)

" (48/3212)
V, = 265500lbs® 2655kips

Again, due to symmetry the ultimate capacity iscewihe shear capacity.

P=2V,
P = 2(2655) = 5310kips

B.4 Proposed Modified Zararis Method

The Modified Zararis Method was developed in ChaptdBased on the
observations made during the experimental progitaimproves upon some of the
assumptions which Zararis’s made while developisgiethod. The calculations for

the ultimate capacity of Specimen AL2 with the Mati Zararis Method are shown.

2

° +153520fL| % . 153520%,:0 (5.7a)
2

© 15352000181 € 05000131

d 3651 d 3651

C ? C

£ 405515 - 0551=0

d d

c _ - 0551+, 055% - 4(1)(- 055

d 20)

£ - o516

d

c=0516*3212=1657in
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C=§bc(085)f'c

C =§ (L8)(L657)(085)(3653)

C =617.0kips
T=Af,

T = (762)(65)
T = 495.3kips

C >T thereforee, > €,

c_  SAT,
d ~ 2085f' bd
c_ 3(762)(65)
d 2(085)(3651)@9(3212)
C - 0414
d
a- wa +I7b
a/ deffective » 2 2
d1-> ¢
8 d
45. 36,115
a/ deffective » 23 2
3212(1- 5 (0414)
al/d » 131

effective
R=1+ (/'V / r)(a/deﬁectivgz
R=1+ (0/0.0131)(1.31)
R=1

1+ 027R(a/deffectiv9)2 c
1+ R(a/ deffectivg2 d

S
d
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c. 1+ 0271)131)>
o= (0414

1+ ()(L3D?

S = 0223
d
2 2
vy=— 24 %y 05% piosr e =S & (512)
ald effective d d d d effective

_ (18@212 ]
V, _w[ozz:ﬁ 05(0223)(3651)

V, =319300lbs® 319.3kips

P=2V,
P = 2(3266) = 6386kips

B.5- Bazant’s Equation

Bazant’s equation is based on a regression anadysisit takes the form of

Eq. 2.2; itis solved in a straight forward manor.

ro=400{1+tanh[2(1.49-2.8)]}= 4.22 (2.2b)

(1/3)
V. =[/3651+ 3000 0.0131 Bp 65(0.0133 @ (1+/02/1) 1086212 (2.28)
(48 /3212 |, 3212

0
2511+ EZ)

V, =1583kip P = 2(0583) = 316.6kips
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As Asv  Agg.  Tow Bpw fy Pexp.
Specimen Loading Column a(in) d(n) ad b(nind (@nd) (n) (in) (in) f.(psi) f, (ksi) (ksi) (kips)

T

..\
-

Clark 1951

B1-1 4 pt. No 30.00 1540 195 800 381 0.89 100 350 3508833465 48.0 1254
B1-2 4 pt. No 30.00 1540 195 800 381 0.89 100 350 3.50803646.5 480 1154
B1-3 4 pt. No 30.00 1540 195 800 381 0.89 1.00 350 3503534465 48.0 128.1
B1-4 4 pt. No 30.00 1540 195 800 381 0.8 100 350 3508033465 48.0 120.6
B1-5 4 pt. No 30.00 1540 195 800 381 0.89 100 350 350703546.5 48.0 108.6
B2-1 4 pt. No 30.00 1540 195 800 381 178 100 350 350703346.5 480 1354
B2-2 4 pt. No 30.00 1540 195 800 381 178 1.00 3.50 3.50203846.5 48.0 1449
B2-3 4 pt. No 30.00 1540 195 800 381 178 100 350 350153646.5 48.0 150.6
B6-1 4 pt. No 30.00 1540 195 800 381 0.89 100 350 3501061465 48.0 170.6
C1l-1 4 pt. No 2400 1530 157 800 254 0.67 1.00 350 350203746.5 48.0 1249
C1-2 4 pt. No 2400 1530 157 800 254 0.67 1.00 350 3.50203846.5 480 1399
C1-3 4 pt. No 2400 1530 157 800 254 0.67 1.00 3.50 350753446.5 48.0 110.6
C1-4 4 pt. No 2400 1530 157 800 254 0.67 1.00 350 3501042465 480 128.6
C2-1 4 pt. No 2400 1530 157 8.00 254 133 1.00 350 3503034465 48.0 1304
Cc2-2 4 pt. No 2400 1530 157 8.00 254 133 1.00 350 3502536465 48.0 1354
C2-3 4 pt. No 24.00 1530 157 8.00 254 133 1.00 350 3.50003546.5 48.0 145.6
C2-4 4 pt. No 2400 1530 157 8.00 254 133 1.00 350 3501039465 48.0 129.6
C3-1 4 pt. No 2400 1530 157 800 254 0.67 1.00 3.50 3.50402046.5 48.0 1005
C3-2 4 pt. No 2400 1530 157 800 254 0.67 100 3.50 350002046.5 48.0 90.1
C3-3 4 pt. No 24.00 1530 157 8.00 254 0.67 1.00 350 3.50202046.5 48.0 84.6
C4-1 4 pt. No 2400 1540 156 800 381 0.67 1.00 3.50 3.50503546.5 48.0 139.0
C6-2 4 pt. No 2400 1540 156 800 381 0.67 1.00 350 3.50606546.5 48.0 190.6
C6-3 4 pt. No 2400 1540 156 8.00 381 0.67 1.00 350 3.50806446.5 48.0 195.6
C6-4 4 pt. No 2400 1540 156 800 381 0.67 1.00 3.50 3.50006946.5 48.0 192.7
D1-1 4 pt. No 18.00 1550 1.16 8.00 202 0.67 100 350 3.50003848.6 48.0 1354
D1-2 4 pt. No 18.00 1550 1.16 8.00 2.02 0.67 100 350 3.50903748.6 48.0 160.4
D1-3 4 pt. No 18.00 1550 1.16 8.00 202 0.67 100 350 3.50603548.6 48.0 1154
D2-1 4 pt. No 18.00 1550 1.16 8.00 202 0.89 1.00 350 3.50803448.6 48.0 130.4

D2-2 4 pt. No 18.00 1550 116 8.00 2.02 0.89 100 350 3.50553748.6 48.0 1404



v1¢c

As Asv Agg. Tow Bow 1:yv |:)exp.
Specimen Loading Column a(in) d(n) a/d b(nXin® (ind (n) (in) (in) f'e (psi) f, (ksi) (ksi) (kips)
Clark 1951 Continued
D2-3 4 pt. No 18.00 1550 1.16 8.00 202 0.89 1.00 3.50 3.50953548.6 48.0 150.4
D2-4 4 pt. No 18.00 1550 1.16 8.00 202 0.89 100 350 3.50503548.6 48.0 150.6
D3-1 4 pt. No 18.00 1550 1.16 800 3.04 1.33 1.00 3.50 3.50904048.6 48.0 177.6
D4-1 4 pt. No 18.00 1550 1.16 800 202 1.78 1.00 3.50 3.50503348.6 48.0 140.4
D1-6 4 pt. No 2400 1240 194 6.00 254 0.67 100 350 3.50104048.6 48.0 78.6
D1-7 4 pt. No 2400 1240 194 6.00 254 0.67 1.00 350 3.50604048.6 48.0 80.6
D1-8 4 pt. No 2400 1240 194 6.00 254 0.67 100 3.50 3.50304048.6 48.0 83.6
BO-1 4 pt. No 30.00 1530 1.96 800 120 0.00 1.00 3.50 3.50203453.7 0.0 54.4
BO-2 4 pt. No 30.00 1530 1.96 800 120 0.00 1.00 3.50 3.50683453.7 0.0 42.4
BO-3 4 pt. No 30.00 1530 1.96 800 120 0.00 1.00 3.50 3.50103453.7 0.0 57.6
Co-1 4 pt. No 2400 1530 1,57 800 120 0.00 1.00 3.50 3.50803553.7 0.0 78.4
Co0-2 4 pt. No 24.00 1530 1,57 800 120 0.00 1.00 3.50 3.50053453.7 0.0 79.9
CO0-3 4 pt. No 24.00 1530 1.57 800 120 0.00 1.00 3.50 3.50203453.7 0.0 75.1
DO-1 4 pt. No 18.00 15.30 1.18 8.00 120 0.00 1.00 3.50 3.50503753.7 0.0 99.6
DO0-2 4 pt. No 18.00 15.30 1.18 800 120 0.00 1.00 3.50 3.50003853.7 0.0 116.9
DO0-3 4 pt. No 18.00 1530 1.18 8.00 120 0.00 100 3.50 3.50653753.7 0.0 100.4
Moody et al. 1954
24 a 4 pt. No 32.00 2100 152 7.00 4.00 0.00 1.00 8.00 8.00802545.7 0.0 133.0
24 b 4 pt. No 3200 2100 152 7.00 4.00 0.00 1.00 8.00 8.00902945.7 0.0 136.0
25a 4 pt. No 32.00 2100 152 7.00 5.09 0.00 1.00 8.00 8.00303%45.4 0.0 120.0
25b 4 pt. No 3200 21.00 152 7.00 5.09 0.00 1.00 8.00 8.00002545.4 0.0 130.0
26 a 4 pt. No 32.00 2100 152 7.00 6.25 0.00 1.00 8.00 8.00403143.8 0.0 189.0
26 b 4 pt. No 32.00 21.00 152 7.00 6.25 0.00 1.00 8.00 8.00902943.8 0.0 178.0
27 a 4 pt. No 32.00 2100 152 7.00 4.00 0.00 1.00 8.00 8.00003145.7 0.0 156.0
27b 4 pt. No 32.00 21.00 152 7.00 4.00 0.00 1.00 8.00 8.00203345.7 0.0 160.0
28 a 4 pt. No 32.00 2100 152 7.00 5.09 0.00 1.00 8.00 8.00803345.4 0.0 136.0
28 b 4 pt. No 32.00 21.00 152 7.00 5.09 0.00 1.00 8.00 8.005032454 0.0 153.0
29 a 4 pt. No 32.00 2100 152 7.00 6.25 0.00 1.00 8.00 8.00503143.8 0.0 175.0
29k 4 pt No 32.0C 21.0C 1.5z 7.0C 6.2 0.0 1.0 8.0 8.0C 362C 43.¢ 0.0 196.C



al¢

As Asv Agg. Tow Buw fyv Pexp.
Specimen Loading Column a(in) d(n) ad b (inXinZ) (in2) (in) (in) (in) . (psi) f, (ksi) (ksi)  (Kkips)
Moody et al. 1954 Continued
30 4 pt. No 32.00 21.00 152 7.00 6.25 0.76 1.00 8.00 8.00 36838 47.3 215.0
31 4 pt. No 32.00 21.00 152 7.00 6.25 140 1.00 8.00 8.00 323838 44.0 228.0
Rogowsky 1984
BM1/1.0 T1 3pt. Yes 3940 3740 105 7.87 279 0.17 040811.7.87 3785 55.1 43.1 270.7
BM1/1.0 T2 3pt. Yes 3940 3740 1.05 7.87 279 0.00 0.4081m1.7.87 3785 551 431 3143
BM2/1.0 T1 3 pt. Yes 3940 3740 105 7.87 279 0.17 040811.7.87 3886 55.1 43.1 337.2
BM1/1.5T1 3pt. Yes 39.40 2106 187 7.87 186 0.00 0.408m11.7.87 6148 66.0 43.1 136.2
BM1/1.5T2 3pt. Yes 3940 2106 187 7.87 186 0.21 0.40811.7.87 6148 66.0 43.1 159.2
BM2/1.5T1 3pt. Yes 39.40 21.06 187 7.87 186 0.21 0.40811.7.87 6148 66.0 43.1 101.6
BM2/1.5T2 3pt. Yes 3940 2106 187 7.87 186 0.21 0.40811.7.87 6148 66.0 43.1 1565
Foster and Gilbert 1998
B2.0-1 3 pt. Yes 3240 2462 132 492 292 0.39 040 9.84 498035 63.8 856 3575
B2.0-2 3 pt. Yes 3240 2462 132 492 292 039 040 9.84 4987400 63.8 85.6 370.9
B2.0-3 3 pt. Yes 3240 2462 132 492 292 0.39 040 9.84 4981310 63.8 85.6 314.7
B2.0B-5 3 pt. Yes 3240 2462 132 492 292 0.00 0.40 9.84849.12905 63.8 85.6 263.0
B2.0C-6 3 pt. Yes 3240 2462 132 492 292 054 0.40 9.8484 913485 63.8 85.6 328.2
B2.0D-7 3 pt. Yes 3240 2462 132 492 292 0.39 0.40 9.84849.15080 63.8 85.6 323.7
B3.0-1 3 pt. Yes 46.30 24.62 188 492 292 0.64 040 9.84 4981600 63.8 85.6 229.3
B3.0-2 3 pt. Yes 46.30 24.62 188 492 292 064 0.40 9.84 4987400 63.8 85.6 236.1
B3.0-3 3 pt. Yes 46.30 24.62 188 492 292 064 040 9.84 4981165 63.8 856 236.1
B3.0A-4 4 pt. No 36.40 2462 148 492 292 059 0.40 9.84 49.82760 63.8 85.6 3485
B3.0B-5 3 pt. Yes 46.30 24.62 188 492 292 0.00 0.40 9.84849.12905 63.8 85.6 195.6
Aguilar et al. 2002
ACI-I 4 pt. No 36.00 31.13 1.16 12.00 4.74 1.32 1.00 12.00002.4750 61.0 65.0 610.0
STM-I 4 pt. No 36.00 2825 1.27 12.00 4.74 1.32 1.00 12.00002.4750 61.0 65.0 510.0
STM-H 4 pt. No 36.00 3150 1.14 12.00 4.74 132 1.00 12.00002.4130 61.0 65.0 578.0
STM-M 4 pt No 36.0C 31.5C 1.14 12.0C 4.74 0.44 1.0C 12.0C 12.0C 413C 61.C 65.C 574.(



IT¢

As Asv Agg. Tow Bpw fyv Pexp.
Specimen Loading Column a(in) d(n) ad b(nXin®) (@n® (n) (i) (in) . (psi) f, (ksi) (ksi)  (Kips)
Bechtel 2011
AL1 3 pt. Yes 48.00 3280 146 18.00 3.81 0.00 1.00 36.00 13473 65.0 0.0 5450
AS1 3 pt. Yes 24.00 16.40 146 9.00 0.93 0.00 050 18.00 5.73234 79.0 0.0 170.0
AS2 3 pt. Yes 24.00 16.40 146 9.00 0.93 0.00 050 18.00 5.73264 79.0 0.0 160.0
AL2 3 pt. Yes 48.00 3212 149 1800 7.62 0.00 1.00 36.00 13651 65.0 0.0 660.0
AS3 3 pt. Yes 24.00 16.06 149 9.00 2.00 0.00 050 18.00 5.76364 76.0 0.0 260.0
AS4 3 pt. Yes 24.00 16.06 149 9.00 2.00 0.00 050 18.00 5.76504 85.0 0.0 252.0
BL1 3 pt. Yes 48.00 3280 146 18.00 3.81 0.00 1.00 36.00 0113352 80.0 85.0 498.8
BL2 3 pt. Yes 48.00 32.12 1.49 18.00 7.62 0.00 1.00 36.00 0113352 80.0 85.0 630.8
BL3 3 pt. Yes 48.00 3212 149 18.00 7.62 240 1.00 36.00 0113966 80.0 85.0 7395
BL4 3 pt. Yes 48.00 32.12 149 18.00 7.62 240 1.00 36.00 0113873 80.0 85.0 859.0
BL5 3 pt. Yes 48.00 3212 149 18.00 7.62 240 1.00 36.00 113672 80.0 850 871.0
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ASTM

Beam H Fiber Fiber | Ratio for Vit V control

Ref. | Specimen Geometry (in) | a/d r Type Angle trp Wrap rw FRP | (kips) | (kips) | Increase
C-95 | Al T-Beam 75 | 2.1 | 2.10% | Aramid | 0/90 1 U-C | 0.00% no 8.7 4.2 107%
C-95 | A2 T-Beam 7.5 2.1 | 2.10% | Aramid 0/90 1 U-C | 0.00% no 6.8 4.2 61%
C-95 | E1 T-Beam 75 | 21 | 210% | Glass 0/90 1 U-C | 0.00% no 8.3 4.2 96%
C-95 | E2 T-Beam 75 | 2.1 | 210% | Glass 0/90 1 U-C | 0.00% no 7.6 4.2 81%
C-95 | G1 T-Beam 75 | 2.1 | 2.10% | Carbon | 0/90 1 U-C | 0.00% no 8.0 4.2 90%
C-95 | G2 T-Beam 75 | 2.1 | 210% | Carbon | 0/90 1 U-C | 0.00% no 8.2 4.2 95%
C-95 | 45G1 T-Beam 75 | 2.1 | 210% | Glass | 45/135 1 U-C | 0.00% no 8.5 4.2 101%
C-95 | 45G2 T-Beam 75 | 21 | 2.10% | Glass | 45/135 1 U-C | 0.00% no 10.7 4.2 154%
T-97 | BS4 Rectangular | 17.7 | 2.8 | 2.00% | Carbon 90 1 U-S | 0.19% | vyes 56.7 30.7 85%
T-97 | BS5 Rectangular | 17.7 | 2.8 | 2.00% | Carbon 90 1 U-S | 0.19% | vyes 38.2 30.7 24%
T-97 | BS6 Rectangular | 17.7 | 2.8 | 2.00% | Carbon 90 1 U-S | 0.19% | yes 37.5 30.7 22%
T-97 | BS7 Rectangular | 17.7 | 2.8 | 2.00% | Carbon 90 1 U-S | 0.19% | vyes 52.9 30.7 72%
T-97 | BS2 Rectangular | 17.7 | 2.8 | 2.00% | Carbon 90 1 U-S | 0.31% | yes 55.6 46.4 20%
A-97 | CF-045 Rectangular | 15.7 | 3.0 | 2.30% | Carbon 90 1 Full-S | 0.19% no 53.1 | 45.2 17%
A-97 | CF-064 Rectangular | 15.7 | 3.0 | 2.30% | Carbon 90 1 Full-S | 0.19% no 58.9 45.2 30%
A-97 | CF-097 Rectangular | 15.7 | 3.0 | 2.30% | Carbon 90 1 Full-S | 0.19% no 69.0 45.2 53%
A-97 | CF-131 Rectangular | 15.7 | 3.0 | 2.30% | Carbon 90 1 Full-S | 0.19% no 80.5 45.2 78%
A-97 | CF-243 Rectangular | 15.7 | 3.0 | 2.30% | Carbon 90 1 Full-S | 0.19% no 91.5 45.2 102%
A-97 | AF-060 Rectangular | 15.7 | 3.0 | 2.30% | Aramid 90 1 Full-S | 0.19% no 53.3 45.2 18%
A-97 | AF-090 Rectangular | 15.7 | 3.0 | 2.30% | Aramid 90 1 Full-S | 0.19% no 58.2 45.2 29%
A-97 | AF-120 Rectangular | 15.7 | 3.0 | 2.30% | Aramid 90 1 Full-S | 0.19% no 70.1 45.2 55%
K-97 | No. 2 Rectangular | 15.7 | 2.0 | 2.28% | Carbon 90 1 Full-S | 0.00% no 64.1 40.7 58%
K-97 | No. 3 Rectangular | 15.7 | 2.0 | 2.28% | Aramid 90 1 Full-S | 0.00% no 53.1 40.7 30%
K-97 | No. 4 Rectangular | 15.7 | 2.0 | 2.28% | Carbon 90 1 Full-S | 0.00% no 41.3 40.7 2%
K-97 | No. 5 Rectangular | 15.7 | 2.0 | 2.28% | Aramid 90 1 Full-S | 0.00% no 40.7 40.7 0%
K-97 | No. 7 Rectangular | 23.6 | 2.0 | 1.43% | Carbon 90 1 Full-S | 0.00% no 1279 | 66.3 93%
K-97 | No. 8 Rectangular | 23.6 | 2.0 | 1.43% | Aramid 90 1 Full-S | 0.00% no 119.1 | 66.3 80%

C-95= Chajes et al. (1995), T-97= Taerwe et al. (1995), A-97= Araki et al. (1997), Kamiharako et al. (1997), U= wrapped on 3 sides, Full=
wrapped on 4 sides, S= strips, C= continuous
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ASTM

Beam h Fiber Fiber | Ratio for Vit V control
ef. Specimen Geometry (in) | ad r Type Angle trp Wrap M FRP | (kips) | (kips) | Increase

S-97 | No.2 T-Beam 11.8 | 2.0 | 3.28% | Carbon 90 1 U-C-A | 0.35% no 50.1 | 44.7 12%
S-97 | No.3 T-Beam 11.8 | 2.0 | 3.28% | Carbon 90 1 U-C-A | 0.35% no 59.3 44.7 33%
C-98 | RS90-1 Rectangular | 9.8 | NG | 1.40% | Carbon 90 1 Side-S | 0.45% no 19.7 12.0 64%
C-98 | RS90-2 Rectangular | 9.8 | NG | 1.40% | Carbon 90 1 Side-S | 0.45% no 21.4 12.0 78%
C-98 | RS135-1 Rectangular | 9.8 | NG | 1.40% | Carbon 45 1 Side-S | 0.45% no 21.1 12.0 76%
C-98 | RS135-2 Rectangular | 9.8 | NG | 1.40% | Carbon 45 1 Side-S | 0.45% no 224 | 12.0 86%
K-00 | BT2 T-Beam 15.9 3 1.50% | Carbon 90 1 uU-C 0.00% no 34.8 | 20.2 73%
K-00 | BT3 T-Beam 15.9 3 1.50% | Carbon | 90/0 2 u-C 0.00% no 35.4 20.2 75%
K-00 | BT4 T-Beam 15.9 3 1.50% | Carbon 90 1 U-S 0.00% no 36.4 | 20.2 80%
K-00 | BT5 T-Beam 15.9 3 1.50% | Carbon 90 1 Side-S | 0.00% no 27.3 | 20.2 35%
K-00 | BT6 T-Beam 15.9 3 1.50% | Carbon 90 1 U-C-A | 0.00% no 49.7 20.2 146%
D-01 | T6NS-C45 | T-Beam 23.6 | 25 | 1.73% | Carbon 45 1 U-S 0.00% | vyes 48.0 | 24.8 94%
D-01 | T6S4-C90 | T-Beam 23.6 | 25 | 1.73% | Carbon 90 1 U-S 0.24% | vyes 61.3 | 42.2 45%
D-01 | T6S4-G90 | T-Beam 236 | 25 | 1.73% | Glass 90 1 u-C 0.24% | vyes 66.9 | 42.2 58%
D-01 | T6S4-Tri T-Beam 23.6 | 25 | 1.73% | Glass | 0/+-60 1 U-C 0.24% no 712 | 42.2 69%
D-01 | T6S2-C90 | T-Beam 23.6 | 25 | 1.73% | Carbon 90 1 U-C 0.47% | yes 69.6 | 80.2 -13%
P-02 | TR30C2 Rectangular | 11.8 3 NG Carbon 90 1 Side-C | 0.00% no 27.0 16.8 61%
P-02 | TR30C3 Rectangular | 11.8 3 NG Carbon 90 3 Side-C | 0.00% no 25.4 16.8 51%
P-02 | TR30C4 Rectangular | 11.8 3 NG Carbon 20 3 Side-C | 0.00% no 31.5 16.8 88%
P-02 | TR30D10 | Rectangular | 11.8 3 NG Carbon 90 2 Side-C | 0.34% no 43.4 36.3 20%
P-02 | TR30D2 Rectangular | 11.8 3 NG Carbon 90 3 Side-C | 0.34% no 48.0 36.3 32%
P-02 | TR30D20 | Rectangular | 11.8 3 NG Carbon 20 3 Side-C | 0.34% no 55.6 36.3 53%
P-02 | TR30D3 Rectangular | 11.8 3 NG Carbon 90 1 Side-C | 0.34% no 36.3 36.3 0%

P-02 | TR30D4 Rectangular | 11.8 3 NG Carbon 90 2 Side-C | 0.34% no 46.9 36.3 29%
P-02 | TR30D40 | Rectangular | 11.8 3 NG Carbon 90 2 Side-C | 0.34% no 47.7 36.3 31%

S-97= Sato et al. (1997), C-98= Chaallal et al. (1998), K-00= Khalifa and Nanni (2000), D-01= Deniaud and Cheng (2001), P-02= Pellegrino
and Modena (2002), Side= bonded on 2 sides, U= wrapped on 3 sides, Full= wrapped on 4 sides, S= strips, C= continuous, A= anchored,
NG= not given
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ASTM

Beam h Fiber Fiber | Ratio for Vit V control

Ref. | Specimen Geometry (in) | ad r Type Angle trp Wrap My FRP | (kips) | (kips) | Increase
K-02 | SW3-2 Rectangular | 12 3 3.50% | Carbon | 90/0 2 uU-C 2.00% no 39.8 28.4 40%
K-02 | SW4-2 Rectangular | 12 4 3.50% | Carbon | 90/0 2 uU-C 2.00% no 40.6 22.5 80%
K-02 | SO3-2 Rectangular | 12 3 3.50% | Carbon 90 1 U-S 0.00% no 29.4 17.3 70%
K-02 | SO3-3 Rectangular | 12 3 3.50% | Carbon 90 1 U-S 0.00% no 29.9 17.3 73%
K-02 | SO3-4 Rectangular | 12 3 3.50% | Carbon 90 1 uU-C 0.00% no 325 17.3 88%
K-02 | SO3-5 Rectangular | 12 3 3.50% | Carbon | 90/0 2 u-C 0.00% no 38.1 17.3 120%
K-02 | SO4-2 Rectangular | 12 4 3.50% | Carbon 90 1 U-S 0.00% no 28.7 14.6 96%
K-02 | SO4-3 Rectangular | 12 4 3.50% | Carbon 90 1 uU-C 0.00% no 34.8 14.6 139%
D-03 | T4S2-C45 T-Beam 15.7 | 2.6 | 1.10% | Carbon 45 1 U-S 0.60% | vyes 49.2 | 45.2 9%
D-03 | T4S4-G90 T-Beam 15.7 | 2.6 | 1.10% | Glass 90 1 U-C 0.30% | yes 46.2 35.3 31%
D-03 | TANS-G90 T-Beam 157 | 2.6 | 1.10% | Glass 90 1 U-C 0.00% | vyes 35.7 26.0 37%
D-03 | T4S2-G90 T-Beam 157 | 2.6 | 1.10% | Glass 90 1 U-C 0.60% | vyes 50.7 | 45.2 12%
D-03 | T4S2-Tri T-Beam 157 | 2.6 | 1.10% | Glass | 0/+-60 1 U-C 0.60% no 545 | 45.2 21%
Z-04 | Z11-SO Rectangular 9 1.7 | 2.20% | Carbon 0 1 Side-S | 0.00% no 11.1 10.7 4%
Z-04 | 711-S90 Rectangular 9 1.7 | 2.20% | Carbon 90 1 Side-S | 0.00% no 19.1 10.7 78%
Z-04 | Z11-S45 Rectangular 9 1.7 | 2.20% | Carbon 45 1 Side-S | 0.00% no 21.8 10.7 104%
Z-04 | Z22-S0 Rectangular 9 1.1 | 2.20% | Carbon 0 1 Side-S | 0.00% no 23.4 16.4 42%
Z-04 | Z22-S90 Rectangular | 9 1.1 | 2.20% | Carbon 90 1 Side-S | 0.00% no 23.5 16.4 43%
Z-04 | Z22-S45 Rectangular 9 1.1 | 2.20% | Carbon 45 1 Side-S | 0.00% no 27.3 16.4 66%
Z-04 | Z31-F90 Rectangular 9 1.7 | 2.20% | Carbon 90 1 Side-C | 0.00% no 17.4 9.7 79%
Z-04 | Z31-FD Rectangular | 9 1.7 | 2.20% | Carbon | 0/90 1 Side-C | 0.00% no 19.8 9.7 104%
Z-04 | Z31-FU Rectangular 9 1.7 | 2.20% | Carbon 0 1 u-C 0.00% no 21.6 9.7 123%
Z-04 | Z42-F90 Rectangular 9 1.1 | 2.20% | Carbon 90 1 Side-C | 0.00% no 29.0 19.7 47%
Z-04 | Z42-FD Rectangular | 9 1.1 | 2.20% | Carbon | 0/90 1 Side-C | 0.00% no 30.0 19.7 52%
Z-04 | Z42-FU Rectangular 9 1.1 | 2.20% | Carbon 90 1 U-C 0.00% no 28.7 19.7 46%

K-02= Khalifa and Nanni (2002), D-03= Deniaud and Cheng (2003), Z-04= Zhang et al. (2004), U= wrapped on 3 sides, Full= wrapped on 4
sides, Side= bonded on 2 sides, S= strips, C= continuous
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Beam h Fiber Fiber | Ratio for Vit V control

Ref. | Specimen Geometry (in) al/d re Type Angle tirp Wrap Iw FRP | (kips) | (kips) | Increase
B-06 | DB-S0-0.5L | T-Beam 16 1.3 | 2.00% | Carbon | 0/90 1 u-C 0.00% no 60.3 40 51%
B-06 | DB-S0-1L T-Beam 16 1.3 | 2.00% | Carbon | 0/90 2 u-C 0.00% no 64.2 40 60%
B-06 | DB-S0-2L T-Beam 16 1.3 | 2.00% | Carbon | 0/90 4 u-C 0.00% no 65.0 40 62%
B-06 | DB-S1-0.5L | T-Beam 16 1.3 | 2.00% | Carbon | 0/90 1 u-C 0.56% no 69.8 72.7 -4%
B-06 | DB-S1-1L T-Beam 16 1.3 | 2.00% | Carbon | 0/90 2 u-Cc 0.56% no 79.9 72.7 10%
B-06 | DB-S1-2L T-Beam 16 1.3 | 2.00% | Carbon | 0/90 4 u-C 0.56% no 80.4 72.7 11%
B-06 | DB-S2-1L T-Beam 16 1.3 | 2.00% | Carbon | 0/90 2 u-C 1.12% no 87.6 74.6 17%
B-06 | DB-S2-2L T-Beam 16 1.3 | 2.00% | Carbon | 0/90 4 u-Cc 1.12% no 91.0 74.6 22%
B-06 | SB-S0-0.5L | T-Beam 16 2.6 | 2.00% | Carbon | 0/90 1 u-C 0.00% no 23.0 18.3 26%
B-06 | SB-S0-1L T-Beam 16 2.6 | 2.00% | Carbon | 0/90 2 u-C 0.00% no 27.0 18.3 47%
B-06 | SB-S0-2L T-Beam 16 2.6 | 2.00% | Carbon | 0/90 4 u-Cc 0.00% no 27.4 18.3 50%
B-06 | SB-S1-0.5L | T-Beam 16 2.6 | 2.00% | Carbon | 0/90 1 u-C 1.13% no 63.4 59.1 7%
B-06 | SB-S1-1L T-Beam 16 2.6 | 2.00% | Carbon | 0/90 2 u-C 1.13% no 57.3 59.1 -3%
B-06 | SB-S1-2L T-Beam 16 2.6 | 2.00% | Carbon | 0/90 4 u-Cc 1.13% no 60.1 59.1 2%
B-06 | SB-S2-1L T-Beam 16 2.6 | 2.00% | Carbon | 0/90 2 u-C 2.26% no 69.6 66.3 5%
B-06 | SB-S2-2L T-Beam 16 2.6 | 2.00% | Carbon | 0/90 4 u-C 2.26% no 66.8 66.3 1%
P-06 | A-Ul1-C-17 Rectangular | 11.8 3 7.50% | Carbon 90 1 uU-C 0.39% no 53.5 41.6 29%
P-06 | A-U1-C-20 Rectangular | 11.8 3 7.50% | Carbon 90 1 U-C 0.34% no 50.6 38 33%
P-06 | A-U1-S-17 Rectangular | 11.8 3 7.50% | Carbon 90 1 u-C 0.39% no 55.6 445 25%
P-06 | A-U1-S-20 Rectangular | 11.8 3 7.50% | Carbon 90 1 uU-C 0.34% no 52.9 45.7 16%
P-06 | A-U2-C-17 Rectangular | 11.8 3 7.50% | Carbon 90 2 U-C 0.39% no 54.6 41.6 31%
P-06 | A-U2-C-20 Rectangular | 11.8 3 7.50% | Carbon 90 2 u-C 0.34% no 51.6 38 36%
P-06 | A-U2-S-17 Rectangular | 11.8 3 7.50% | Carbon 90 2 uU-C 0.39% no 49.2 445 11%
P-06 | A-U2-S-20 Rectangular | 11.8 3 7.50% | Carbon 90 2 U-C 0.34% no 46.6 457 2%

B-06= Bousselham and Chaallal (2006), P-06= Pellegrino and Modena (2006), U= wrapped on 3 sides, C= continuous
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Beam h Fiber Fiber | Ratio for Vit V control

Ref. | Specimen Geometry (in) | a/d r Type Angle trp Wrap My FRP | (kips) | (kips) | Increase
C-05 | 145 Rectangular 19.7 | 2.5 | 2.68% | Carbon 45 1 Side-C | 0.00% no 55.5 28.3 96%
C-05 | 20 Rectangular 19.7 | 2.5 | 2.68% | Carbon 0 1.6 Side-C | 0.00% no 34.6 28.3 22%
C-05 | 245a Rectangular 19.7 | 2.5 | 2.68% | Carbon 45 1.6 Side-C | 0.00% no 57.8 28.3 104%
C-05 | 245b Rectangular 19.7 | 2.5 | 2.68% | Carbon 45 1.6 Side-C | 0.00% no 68.6 28.3 142%
C-05 | 245W Rectangular 19.7 | 2.5 | 2.68% | Carbon 45 1.6 Full-C | 0.00% no 76.0 28.3 168%
C-05 | 245Ra’ Rectangular 19.7 | 2.5 | 2.68% | Carbon 45 1.6 Side-C | 0.00% no 68.8 28.3 143%
C-05 | 245Rb’ Rectangular 19.7 | 2.5 | 2.68% | Carbon 45 1.6 | Side-C | 0.00% no 56.4 28.3 99%
C-05 | 290a Rectangular 19.7 | 2.5 | 2.68% | Carbon 90 1.6 Side-C | 0.00% no 57.6 28.3 103%
C-05 | 290b Rectangular 19.7 | 2.5 | 2.68% | Carbon 20 1.6 Side-C | 0.00% no 67.0 28.3 137%
C-05 | 290W Rectangular 19.7 | 2.5 | 2.68% | Carbon 90 1.6 Full-C | 0.00% no 82.5 28.3 192%
C-05 | 290WR’ Rectangular 19.7 | 2.5 | 2.68% | Carbon 20 1.6 Full-C | 0.00% no 87.2 28.3 208%
C-05 | 345 Rectangular 19.7 | 2.5 | 2.68% | Carbon 45 2.4 Side-C | 0.00% no 75.1 28.3 165%
C-05 | 290 Rectangular 19.7 | 2.5 | 3.35% | Carbon 90 1.6 | Side-C | 0.39% no 67.0 53.3 26%
C-05 | 390 Rectangular 19.7 | 2.5 | 3.35% | Carbon 20 2.4 Side-C | 0.39% no 67.0 53.3 26%
L-07 | SB-U1 Rectangular 6 2.9 | 4.00% | Carbon 90 1 U-s 0.28% no 14.6 9.2 59%
L-07 | SB-U2 Rectangular 6 2.9 | 4.00% | Carbon 90 1 U-S 0.28% no 10.3 9.2 12%
L-07 | SB-F1 Rectangular 6 2.9 | 4.00% | Carbon 90 1 Full-S | 0.28% no 14.9 9.2 62%
L-07 | SB-F2 Rectangular 6 2.9 | 4.00% | Carbon 90 1 Full-S | 0.28% no 15.0 9.2 63%
L-07 | MB-U1 Rectangular 12 3.0 | 4.00% | Carbon 90 2 U-S 0.28% no 34.8 33.7 3%
L-07 | MB-U2 Rectangular 12 3.0 | 4.00% | Carbon 90 2 U-S 0.28% no 35.9 33.7 7%
L-07 | MB-F1 Rectangular 12 3.0 | 4.00% | Carbon 90 2 Full-S | 0.28% no 53.1 33.7 58%
L-07 | MB-F2 Rectangular 12 3.0 | 4.00% | Carbon 90 2 Full-S | 0.28% no 56.3 33.7 67%
L-07 | LB-U1 Rectangular 26 2.7 | 4.00% | Carbon 90 4 U-S 0.28% no 126.7 | 121.0 5%
L-07 | LB-U2 Rectangular 26 2.7 | 4.00% | Carbon 90 4 U-s 0.28% no 125.8 | 121.0 4%
L-07 | LB-F1 Rectangular 26 2.7 | 4.00% | Carbon 90 4 Full-S | 0.28% no 195.9 | 121.0 62%
L-07 | LB-F2 Rectangular 26 2.7 | 4.00% | Carbon 90 4 Full-S | 0.28% no 198.1 | 121.0 64%

C-05= Carolin and Taljsten (2005), L-07= Leung et al. (2007), U= wrapped on 3 sides, Full= wrapped on 4 sides, Side= bonded on 2 sides, S=

strips, C= continuous, *= repaired specimen
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ASTM

Beam h Fiber Fiber | Ratio for Vit V control

Ref. | Specimen Geometry | (in) a/d r Type Angle trp Wrap Iy FRP | (kips) | (kips) | Increase
B-08 | ED1-S0-0.5L | T-Beam 16 3.0 | 2.00% | Carbon | 0/90 1 U-C 0.00% no 22.9 18.2 26%
B-08 | ED1-S0O-1L T-Beam 16 3.0 | 2.00% | Carbon | 0/90 2 uU-C 0.00% no 27.0 18.2 48%
B-08 | ED1-S0-2L T-Beam 16 3.0 | 2.00% | Carbon | 0/90 4 uU-C 0.00% no 27.4 18.2 51%
B-08 | ED1-S1-0.5L | T-Beam 16 3.0 | 2.00% | Carbon | 0/90 1 U-C 1.13% no 63.4 59.1 7%
B-08 | ED1-S1-1L T-Beam 16 3.0 | 2.00% | Carbon | 0/90 2 u-C 1.13% no 57.3 59.1 -3%
B-08 | ED1-S1-2L T-Beam 16 3.0 | 2.00% | Carbon | 0/90 4 uU-C 1.13% no 60.0 59.1 2%
B-08 | ED1-S2-1L T-Beam 16 3.0 | 2.00% | Carbon | 0/90 2 U-C 2.26% no 69.5 66.3 5%
B-08 | ED1-S2-2L T-Beam 16 3.0 | 2.00% | Carbon | 0/90 4 uU-C 2.26% no 66.8 66.3 1%
B-08 | ED2-S0-1L T-Beam 8.7 | 3.0 | 1.70% | Carbon | 0/90 2 uU-C 0.00% no 13.3 8.1 64%
B-08 | ED2-S0-2L T-Beam 8.7 | 3.0 | 1.70% | Carbon | 0/90 4 U-C 0.00% no 15.3 8.1 89%
B-08 | ED2-S1-1L T-Beam 8.7 3.0 | 1.70% | Carbon | 0/90 2 u-C 1.30% no 21.6 20.9 3%
B-08 | ED2-S1-2L T-Beam 8.7 | 3.0 | 1.70% | Carbon | 0/90 4 U-C 1.30% no 23.6 20.9 13%

B-08= Bousselham and Chaallal (2008), U= wrapped on 3 sides, C= continuous
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