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ABSTRACT

The concept of dapped-end beams is extensvely used in buildings and parking
sructures as it provides better laterd stability and reduces the floor height. The design of
dapped-end connections is an important congderation in a precast concrete structure even
though its andyss is complex. The unusud shape of the dapped-end beam develops a
severe dtress concentration at the re-entrant corner.  Furthermore, in addition to the
caculated forces from externd loads, dapped-ends are dso sendtive to horizonta tenson
forces arisng from redraint of shrinkage or creep shortening of members.  Therefore, if
suitable reinforcement is not provided close to the re-entrant corner, the diagona tension
crack may grow rapidly and fallure may occur with little or no warning. On the basis of
the above observations, reinforcing schemes and associated methods of design, which
combine smplicity of application with economy of fabrication and which provide the
margin of safety required by present building codes, have to be investigated.

This thesis reports on the strengthening and performance of dapped ends that were
initidly congructed without the required sted reinforcement. The research program
focused on precast prestressed concrete double tee members with thin gems.  One
dapped-end of each member was reinforced with mild sted according to the Prestressed
Concrete Inditute desgn method and the other end, intentiondly deficient, was
drengthened with carbon FRP sheets. Two different configurations were tested and
compared to attain a better understanding of the dapped-end behavior and the nove
upgrading method of concrete reinforcement with externdly bonded FRP composites. A
0°/90° wrapping technique was used. The falure mode resulted from peding of the
CFRP shedt. In order to atan fiber rupture rather than peding, an end-anchor was
added. The system involves cutting a groove into concrete, applying the sheet to the
concrete, and anchoring the sheet in the groove. It was demondrated that the number of
plies (diffness) of FRP reinforcement and the gpplication of anchor increase ultimate
capacity and tha the failure by fiber rupture is achieved. Algorithms are provided to
estimate the capacity of the dapped-end.
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1. INTRODUCTION

1.1. DAPPED-END CONNECTIONS

In recent decades, precast prestressed concrete (PC) structures have become more
and more prevdent in the condruction industries.  The use of PC in particular has been
shown to be technicdly advantageous, economicdly compditive and estheticaly
superior because of the reduction of cross-sectiond dimenson and consequent weight
savings, enlargement of span length, cracking and deflection control, and larger shear
force resstance.

The use of precast concrete can improve the qudity of the find products,
decrease condruction time and assst the progress of condruction in adverse westher
conditions. Unlike a cast-in-place reinforced concrete (RC) structure that is by nature
monoalithic and continuous, a precast concrete dructure is composed of individud
prefabricated members that are connected by different types of connections. The type of
connections used determines the behavior of a precast structure under load.

The concept of dapped-end beams is extensvely used in precast PC double-tee
members for bridges or buildings due to its feashility to provide better laterd tability
and reduce the floor-to-floor height. Examples of dapped-end application are:

a) Asacantilever and suspended span type of structure (Figure 1.1)
b) Asadrop-in beam between corbels (Figure 1.2)

¢) Asahide-away type of beam-to-beam and beam-to- column connection (Figure 1.3)
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Suspended span Post-tensioned box girder

s d

E .

\\

Dapped-end connectior

Figure 1.1: Asa Cantilever Suspended Span Bridge

Nib

Drop-in beam
Corbel Corbel

Figure 1.2: Asa Drop-in Beam Supported by Corbels

\/\
-— Bearing pad
Re-entrant corner
Column
Beam to Beam VA

Beam to Column

Figure 1.3: Asa Hide-Away Type Connection
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The design of dapped-end connections is one of the most important consderations
in a precast PC dructure. However, te anadyss of connections in dapped-end structures
is complex. The unusud shape of the dapped-end beam develops a severe stress
concentration at the re-entrant corner. In this case, flexurd theory is only patidly
applicable.  Furthermore, in addition to the caculated forces from externd loads, dapped-
ends ae a0 sendtive to horizontd tenson forces arigng from restraint of shrinkage or
creep shortening of a member. Therefore, if suitable reinforcement is not provided close
to the re-entrant corner, the diagond tenson crack may propagate rapidly and failure may
occur with little or no warning. Figure 1.4 shows the dress concentration at reentrant
corner of different a/d ratios, where a is the dear span and d is the effective nib depth. As
compared to a conventionad sraight end, the solid contour lines represent tenson, while

the broken dotted line represented crack direction.

ad<1 SN oV A ECES

Figure 1.4 Stress Concentration at Re-entrant Corner of Dapped-end
Beams
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1.2. FRP COMPOSITES

One of the drawbacks of RC and PC dructures is the susceptibility of the
reinforcement to corroson, which is becoming the most common cause of concern in
bridges and parking garages. To resolve corroson problems and to increase the
efficiency of repar work of the deteriorating concrete infrastructure, professonas have
turned to dternative materias such asfiber reinforced polymer (FRP) composites.

The use of FRP for reinforcement for concrete members has emerged as one of
the most excting and promisng technologies in materids and dructurd engineering
(Nanni, 1995). FRP composites condst of high strength fibers embedded in a polymeric
resn. The fibers are the main load-carrying eement and have a wide range of srengths
and diffnesses with a liner dress-stran rdationship up to falure  The generd
advantages of FRP reinforcement compared to stedl are:

Durahility in aggressve environments

High strength-to-density ratio

Magnetic and eectric neutraity

Low specific weight

Low axid coefficient of thermd expansion

The three most common types of FRP used in congruction are made of carbon,
aamid, or glass fibers. These FRP maerid sysems ae commercidly avalable in
different shapes and forms. FRP reinforcement comes in the shape of rods of circular
cross-sections, drips of rectangular cross-sections, drands, and laminates, which enable

different types of applications.
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A comparison based on fiber area only among laminates made of carbon (CFRP),
aamid (AFRP), and glass (GFRP) laminates, and reinforcing sted in terms of dress

drain rdaionship isilludrated in Figure 1.5.

600
CFRP
500 /
D
%’400 / AFRP
& 300 Ve
= / / GFRP
2 200 A
o
Sted
100
/L
0
0 0.01 0.02 0.03 0.04

Tensile Strain (in./ in.)

Figure 1.5: Comparison among CFRP, AFRP, GFRP, and Sted

Strengthening with externdly bonded FRP reinforcement has been shown to be
goplicable to many types of concrete sructures.  Currently, this method has been
implemented to dtrengthen such dructurd dements as columns, beams, dabs wadls,
chimneys, tunnds, and slos. However, there are dso drawbacks in the use of FRP
composites, which include:

High cost for CFRP and AFRP

Low modulus of dadticity for AFRP and GFRP

Low falure strain for CFRP

Poor transverse direction mechanica properties
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Difficulties in developing an anchorage sysem tha will ensure full development
of FRP reinforcement strength when used for prestressing
Susceptibility to damage due to ultra-violet radiation

Low fireresstance

1.3. OBJECTIVES

The fabrication of new or the improvement of existing PC double-tee beams could be
accomplished more efficiently if there were a dandardized method for srengthening the
dapped-end using externaly bonded FRP sheets, near surface mounted FRP rods, or a
combination of these two. Currently, the date-of-the-art practice only alows for internd
sed reinforcement.

The man objective of this dudy is to devdop a method for drengthening the
dapped-end usng FRP materids therdby smplifying the manufacturing process or the
repar of double tees  The variable under invedtigation was the desgn of the
reinforcement for the dapped-end. Secondary objectives were:

To invedtigate the contribution of FRP laminates to the drength cepacity of the
dapped-end

To invedigate the posshility of replacing pat of the mild sed reinforcement
with FRP laminates

To develop new expressions to evauate the strength of the dapped-end when FRP

composites are used
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2. LITERATURE REVIEW

2.1. PREVIOUSWORKS ON DAPPED-END DESIGN

Little research had been conducted on dapped-end beams until 1969 when Reynold
presented his paper “The Strength of Half Joints in Reinforced Concrete Beam”. In 1970,
a comprehensive research was carried out by Mattock at the University of Washington in
Seeitle. Research on dapped-end design then produced practical criteria. A chronological
lig of publications on dapped-end members with ther objectives and conclusons is
shown Table 2.1.

Table2.1: Summary of Previous Works on Dapped-end Design

Test Objectives Conclusons
1969 Developed suitable 1. Diagona stirrups provide suitable reinforcement.
Reynol gt reinforcement details 2. Joints can be designed by a straightforward
evolving a design procedure consideration of equilibrium.
for dapped-end members 3. Horizontal stirrups should be included to against the

misplacement of diagonal stirrups and axial tension.
4. Tensilereinforcement should be extended to the end
of the beam to offer anchorage for stirrups.

1970 Used finite element analysis | Several arrangements of prestressed cable profiles were
Sargi ous to determine the behavior proposed.
and and strength of dapped— No experimental validation.

end beams
Tadrus®
1973 - Determination of first 1. Cracking shear at reentrant corner agreement with
Werner and cracking shear at FEM using concrete tensile strength 6/ f &;
Dil ger" reentrant corner using

FEM 4./ f Sfor practical design.

Determination of
concrete contribution to
cracking shear

2. Cracking load can be taken as contribution of
Concrete.

3. Shear strength isthe summation of concrete, shear
reinforcement, and prestressing tendons.

4. Vertical and inclined shear reinforcement seem to
be equally efficient in resisting shear.

1975 Developed the mechanicsof | 1.  Shear strength of prestressed dapped-ends can be

Hamoud, diagonal shear cracks predicted based on elastic analysis.

Phang, and 2. Shear cracking load for beams with post-tensioned
. bars equal to failure loads.

Bieweller! 3. Beamswith low values of reinforcement and high

prestressfailed in flexure, low prestressed beam
failed by concrete rupture.
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Table 2.1: Summary of Previous Wor ks on Dapped-end Design (continued)

4, Combining high strength steel, shear cracking did
not occur during working loads.

5. Ultimate shear strength increased with an increase
in prestress and a/d ratio.

1979 Applied corbel design | 1. The reduced depth of dapped-end may be designed
M attock concepts to dapped-end asacorbel if “a” is measured to the center gravity
and Determined concrete of the hanger reinforcement.
ar15 capacity 2. Closed stirrups Ay, should be provided close to the
Ch Determined if the shear end face of full-depth beam to resist the vertical
span “a” Should be component of the inclined compression in the nib.
measured from load 3. Thefull-depth part of the beam should be designed
center to the reentrant to satisfy moment and force equilibrium.
corner or to the center 4.  Themain nib reinforcement should be provided
of stirrups with a positive anchorage as close to the end.

5. Thehorizontal stirrups Ay should be positively
anchored near the end face of the beam.

6. Concrete contribution should be ignored.

1981 Verified Mattock and 1. Results obtained showed the validity of Mattock
K har? Chan’s design and Chan recommendation for beams with a/d£ 1.
proposals for beams 2. 10f a/d£ 1.5, dapped-end can be designed as deep
having &/d ratio £ 1.0, beam, using a combination of horizontal and
utilizing horizontal vertical stirrups.
stirrups only inthe nib 3. Thebehavior of dapped-ends was in agreement with
Verified beams having the assumption of a“truss-like” behavior.
a/d3 1, Wilizinga
combination of
horizontal and vertical
stirrupsin the nib
1983 Studied the maximumshear | 1.  Ultimate strength of a dapped-end with 45°inclined
Liem’ strength of a dapped-end or reinforcement should have twice the strength of a
corbel withinclined dapped-end with horizontal or vertical
reinforcement and compare reinforcement.
to Mattock’ s study 2. Alimityield of steel to be 40 ksi in order to prevent
asecondary collapse.
1985 Used two a/d ratio, one 1. Mattock and Chan’s design |eads to satisfactory
Chunga greater than 1.0 and one less behavior from strength and serviceability
than 1.0 to compare to Chan viewpointsin the case of h/H = 0.5, the hanger
and Khan'’ s study reinforcement carries the total shear.

2. Positive anchorage must be provided for both nib
and beam flexural reinforcement at the faces of the
beam.

3. Horizontal stirrups are only satisfactory in dapped-
end beam nibs with a/d £ 1.0.

4. Forald? 1.0, the proposals for the design of deep
shear spans by ACI-AISC Committee 426 for
dapped-end beams result in satisfactory behavior

of dapped-end beam nibs.
1986 Investigated the 1. 1.2 % steel fibers can be considered as
Ajinag cracking and shear reinforcement proficient enough to substitute for
capacity of the vertical stirrupsA,.
connections with 2. Only h/H?3 0.5 should be allowed | precast dapped-
different patterns of end beams when steel fibers are not use.
shear reinforcement 3. Close stirrups should be used in all occasions.
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Table2.1: Summary of Previous Wor ks on Dapped-end Design (continued)

Investigated the
contribution of steel
fibersin shallower end
depths

1986 Investigated the behavior of The behavior of adapped-end can be modeled
Theryolo adapped-end at ultimate can using an analogous truss
be modeled using an A contribution can be included if 50 % of the total
analogous truss by prestressing strands pass through the nib.
providing 45°, 60° , and 90° The vertical and inclined hanger reinforcement
lop anchor hanger seem to be equally efficient in resisting shear.
reinforcement at their upper However, theinclined hanger reinforcement is
end much more effective in controlling cracking at
service.
It issuggested to provide aminimum 1.0in. bottom
concrete Cover to hanger reinforcement instead of
0.75in.
1988 Detailed dapped-end beams The ultimate shear capacity of strut-and-tie model
Barton! by using strut-and-tie design details exceeded the design ultimate substantially
and was in the same range as the PCI and
Menon/Furlong details.
Asload increased beyond the design load of
100kips, the distribution of internal forces changed.
This resulted from partly the result of the method of
testing and partly the present of force transfer
mechanisms not considered by the strut-and-tie
mode.
Anchorage requirements based upon the strut-And-
tie model ere found to be conservative. Proper
anchorage of the horizontal reinforcement within
the dap flexure reinforcement was found to be
particularly important.
1989 Studied different The strut-and-tie models were capable of estimating
Sol? reinforcement details for the failure load.
thin stemmed precast The use of two layers of symmetrically placed
concrete members using welded fabric notably improved the ductility.
strut-and-tie model Theinclined dapped-end is more efficient
comparing to the rectangular dapped-end.
1990 Studied and compared two All design methods resulted in beam ends that
Mader!3 design methods to PCI carried loads 15~20 % higher than predicted except

method, Menon / Furlong
design method, and the
strut-and-tie model to
determine how prestressing
forces effect the load path in
abeam

for the PCI method.

The M / F specimen carried 6~10 % more load per
cubic inch of stedl reinforcement within the beam
end than the strut-and-tie models.

Strut-and-tie model specimens were 11~29 %more
efficient than the PCl and M / F models.

Standard hook in the main horizontal reinforcement
within the dap provided adequate anchorage so that
welding could be avoid.
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2.2 SHEAR STRENGTHENING OF RC BEAMSUSING FRP COMPOSITES

The focus of this section is to review research studies on the shear strengthening
of RC members with externdly bonded FRP reinforcement.

In 1992, Berset’* first performed tests on RC beams shear strengthening using
externdly bonded glass FRP (GFRP) laminates. He proposed a smple andyticad model
based on a maximum dlowable dran to cary out the contribution of the externd
reinforcement to the shear capacity smilarly to stirrups contribution.

In 1992, Uji'® tested eght smply supported RC beams strengthened for sheer
using CFRP sheets in two different wrapping schemes (i.e. totd wrap or two sdes of the
beam). The test results proved that the gpplication of CFRP subgtantidly increases shear
drength. However, the drains in the sirrups and the CFRP were different even a the
same location. This is because a dirrup dretches evenly over its length, while only a
limited area of CFRP dretches at the aack. Therefore, the strain in CFRP is greater than
in dirrups a the crack location. The sudy suggested that the maximum shear force
carried by CFRP was to be the product of the bond area assumed as the triangle above the
middle point of the diagond crack and the bond stress of 1.27 MPa (185 ps), which was
determined based on his test results.

In 1995, Chgjes et a.'® used woven composites fabrics made of aramid, Eglass,
and carbon fibers to study the effectiveness of externdly bonded compostes for shear
capacity. T-beams with externd reinforcement achieved on average increase in ultimate
drength of 83 to 125 percent. In this study, the FRP contribution to shear capacity was
modeled smilar to girrup contribution.  Assumption was aso made that an average FRP

grain of 0.005 mm/mm (0.000197 in./in.), determined from the tests, dominated the

10



Pei-Chang Huang, Antonio Nanni, “Dapped-End Strengthening of Precast Prestressed
Concrete Double Tee Beams with FRP Composites’.

desgn. However, generd conclusons were limited due to the dimensons of the
specimens and only one wrapping scheme was used (i.e. U-wrap).

In 1997, Umezu & d.!” extended the experimental program in order to determine
the effects of aramid and carbon FRP sheets on the shear capacity of smply supported
RC beams. They used a total wrap as the srengthening scheme for dl of ther test beams
and applied FRP sheets to enhance shear capacity and deformation characteristics.  From
the test reaults, they found that the contribution of AFRP to shear capacity could be
determined by the truss theory, based on an average stress of AFRP equa to the tensile
grength of the sheet multiplied by a reduction coefficient equd to 0.4.

In 1997, Araki et a.’® teted RC beams strengthened with various types and
amount of totaly wrapped FRP sheets under anti-symmetricd load condition. The
concluson drawn was that the shear capacity of RC members increased in proportion to
the amount of FRP sheets. The evaluated contribution of FRP to the shear capacity was
amilar to cdculation of dirrup contribution. A reduction factor of 0.6 and 0.45 to the
tendle drength of the sheets was proposed and adopted for CFRP and AFRP shests,
respectively.

In 1998, Maek and Ssadatmanesh’® proposed a method for determining the
inclination angle of the shear cracks and the ultimate shear capacity of RC beams
grengthened for shear with bonded FRP plates. The compresson fied theory was
aoplied in ther andyss The modd included smplified assumptions such as no dress
concentration effect and complete composite action between the FRP plate and the beam.

It was, however, shown that shear failure of the Strengthened beams was governed by

11
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ether FRP fracture a a dress level below its ultimate due to stress concentration or by
debonding of FRP from the concrete surface.

In 1998, Traintafillo?® presented a design modd for computing the shear
capacity of RC beams drengthened with FRP composites.  In his modd, the externd
FRP shear reinforcement was treated smilaly to the internd reinforcement. It was
assumed that a the ultimate shear limit date the FRP develops an effective Strain, €y,
which is less than its ultimate tensle gdrain, e, of FRP. The expresson for computing
the FRP contribution to the shear capacity of an RC beam, V;, was written as follows:

V, :¥?f E, e, b, d{l+cotR)snR (2-1)

%
where ¢ is the partid safety factor for FRP in uniaxid tenson (taken 1.15 for CFRP), r¢
is the FRP area fraction (equd to (2ti/bw)(Wi/s)), ¢ is the FRP reinforcement thickness
and w is the width of FRP grip, s is the spacing of gtrips, by is the beam width, E isthe
elagtic modulus of FRP, d is the effective depth of the beam, and b is angle between
principa fiber orientation and longitudina axis of the beam.

The application of Equation (2-1) requires the quantification of the effective
drain, ere. Triantefillou observed the effective drain to be a function of the axid rigidity
of the FRP sheet expressed by r¢ E. The effective strain was, therefore, determined by
finding Vi experimentaly for severd rigidities of FRP sheet. Based on the experimenta
results, the effective drain was back cdculated and plotted versus the axid rigidity. A
relationship between effective dran and axiad rigidity was derived experimentaly
through curve fitting of about 38 test results found in the literature and he proposed the

following equation:
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ere = 0.0119 — 0.0205 (r 1 E) + 0.0104 (r 1 E¢)?

for OEr;E £ 1GPa (2-2a)
ere = 0.00245 — 0.00065 (r ¢ E)

forri & >1GPa (2-2b)

Note: 1 ks = 0.00689 Gpa

The modeling approach of Triantafillou had some shortcomings (see Reference 21), but it
was the first systematic attempt to characterize the contribution of externaly bonded FRP
to the shear capacity. In addition, most of the shortcomings may be due to the relative
lack of suitable experimenta results available a that time.

In 1999, Khdifa? tested twenty-seven, full-scde, RC beams a University of
Missouri-Rolla (UMR). The man objectives of this ressarch study were (1) to
investigate the shear performance and modes of fallure of RC beams drengthened with
externdly bonded CFRP sheets, (2) to address the factors that influence the shear
grength, and (3) to propose a design modd for computing the shear capecity of the
strengthened beams.

The beam specimens were grouped into three main series. The first series focused
on shear drengthening of rectangular smply supported beams. The second series
examined the capability of CFRP to enhance the shear capacity of continuous beams.
The third series invettigated the dtrengthening of smply supported beams with T-shaped
cross-section. The vaiables invedtigated in this experimenta sudy included sed
dtirrups, shear span-to-depth ratio, beam cross-section, CFRP amount and didribution,

bonded surface configuration, fiber orientation, and end anchor. In addition, a novel end

13
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anchor sysem to dlow a better exploitation of the drengthening system was described
and tested.

The design approach for computing the shear capacity d RC beams strengthened
with externdly bonded CFRP composites was proposed. The design mode consders
CFRP contribution in andogy to conventiond shear reinforcement and is presented
according to the design format of ACI. The modd addresses the two possble falure
mechanisms of CFRP reinforcement, namely: CFRP fracture and CFRP debonding.
Furthermore, two limits on the contribution of CFRP shear reinforcement were proposed.
The firg limit was set to control the shear crack width and loss of aggregate interlock by
imposing a threshold srain. The second limit was to preclude web crushing and was
imposed by setting a limit on the totd shear drength that may be provided by the externd
(and internd) shear reinforcemen.

The experimenta results indicated that the contribution of externaly bonded
CFRP to the shear cgpacity is dgnificant. For the beams included in the experimentd
program, incresses in shear drength ranged from 22 to 145%. Invedtigation has aso
demondtrated that the U-anchor system provides an effective solution for cases in which
the bonded length of FRP composites is not sufficient to develop its full capacity or
where anchorage to adjacent members is required. For a beam srengthened CFRP
without U-anchor, shear capacity increased but failure was governed by debonding of the
CFRP. When the U-anchor was used, shear capacity of the member was further
increased and no FRP debonding was observed. Compared with the test results and dl
available published in literature up to date, the design approach gives satisfactory and

conservative results.

14
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2.3. 1999 PC| DESIGN PROVISIONS

The design of a dapped-end termination is based on the shear-friction theory. The
1999 PCI*? Provisons require that severd potentid failure modes be investigated
separately.

Design of connections which are recessed or dapped into the end of the member
greter than 0.2 times the height of the member (H in Figure 21), requires the
investigetion of severd potential fallure modes. These are numbered and shown in
Figure 2.1 and listed below aong with the reinforcement required for each. It should be
noted that the design eguaions given in this section are based primarily on previous
works by Mattock, A.H. and Chan, T.C.>"Design and Behavior of Dapped-End Beams”
and Mattock, A.H. and Theryo, T.S%”Strength of Members with Dapped Ends” and are
appropriate for cases where shear span-to-depth ratio (a/d in Figure 2.1) is not more than
1.0.

1) Hexure (cantilever bending) and axia tenson in the extended end.

Provide flexurd reinforcement, A, , plusaxid tenson reinforcement, A, , equa
to A,.

2) Direct shear a the junction of the dgp and the main body of the member.
Provide shear-friction reinforcement composed of A, and A,, plusaxid tenson
reinforcement, A, .

3) Diagona tension emanating from the reentrant corner.

Provide shear reinforcement, A, .

15
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V.a + Nyh=d) | max.

=
=W

Alternative Anchorage
The development of A, at the bottom is
ensured by extension of £, beyond
crack 5.

Figure 2.1: Potential Failure Modes and Required Reinforcement in Dappec-end
Connections

4) Diagond tension in the extended end.

Provide shear reinforcement composed of A, and A, .

5) Diagond tengon in the undapped portion.

Thisisressted by providing afull development length for A, beyond the

potentia crack.
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Each of these potentid falure modes should be invedtigated separately. The
reinforcement requirements are not cumuldive, that is, A, is the greater of that required
by 1or 2. A, isthegreater of that required by 2 or 4.

2.3.1. Flexure and Axial Tenson in the Extended End. The horizontd

reinforcement is determined in a manner Smilar to that for column corbes.

Thus
A=A +A
1eV aehou
= — PCI Eq.4.6.3
ff, § Sag Mo g (PCIEq463)
where
f =0.85

a= shear span, in., measured from load to center of A,

h = depth of the member above the dap, in.

d = distance from top to center of the reinforcement A,, in.
f, = yidd srength of the flexurd reinforcement, ps

2.3.2. Direct Shear. The potentia vertica crack shown in Figure 2.1 isressted by a

combination of

A,and A,. Thisreinforcement can be calculated by PCI Egs. 4.6.4 through 4.6.6

2V,

A = 3ffy?n> A (PCI Eq. 4.6.4)
N

A= (PCI Eq. 4.6.5)

A =05(A - A) (PCI Eq. 4.6.6)

17
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where

f =0.85
f, =yiddsrengthof A,A,, A,,ps

_ 1000100 essin Appendix B Table B

u

The drength of the extended end is limited by the maximum vdues given in

Appendix B Table B1.

2.3.3. Diagonal Tension at Reentrant Corner. The reinforcement required to resst

diagond tension cracking starting from the reentrant corner, shown as 3 in Figure 2.1 can

be caculated from:

Ay = (PCl Eq. 4.6.7)

where

f =0.85

V, = gpplied factored load

A,,= vertical or diagona bars across potentid diagona tension crack, sgin.
f, =yiddgrengthof A,

2.3.4. Diagonal Tenson in the Extended End. Additiond reinforcement for crack

4in Fgure 2.1 isrequired in the extended end, such that:

fv, =f (A f, +Af +2 bd+/ f¢ ) (PCI Eg. 4.6.8)
At leest one hdf of the reinforcement required in this area should be placed

veticdly. Thus

18
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. 1 v, 0
min. A= gt - 2 bd fC¢8 (PCl Eq.4.6.9)

2.3.5. Anchorage of Reinforcement. With referenceto Figure 2.1:

1. Horizontal bars A, should be extended a minimum of ¢, past crack 5, and anchored
at the end of the beam by welding to cross bars, plates or angles.

2. Horizontal bars A, should be extended a minimum of 7, past crack 2 and anchored
at the end of the beam by hooks or other suitable means.

3. To ensure development of hanger reinforcement, A, it may be bent and continued
parale to the beam bottom, or separate horizonta reinforcement, Ag 3 A, must be

provided. The extenson of A, or A reinforcement a beam bottom must be a

least 7, beyond crack 5. The A, reinforcement may be anchored on the dap side
by wedding it to a plate (as shown in Figure2.1), angle or cross bar. The beam
flexure reinforcement may also be used to ensure development of A, renforcement
provided that the flexure reinforcement is adequately anchored on the dap side.

4. Verticd renforcement A, should be properly anchored by hooks as required by
ACI 318-99*.

5. Welded wire faoric in place of bars may be used for reinforcement. It should be
anchored in accordance with ACI 318-99.

2.3.6. Other Considerations.

1. The depth of the extended end should not be less than one-hdf the depth of the
beam, unless the beam is Sgnificantly deeper than necessary for other than structurd

reasons.
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2. The hanger reinforcement, A,,, should be placed as close as practicad to the
reentrant corner.  This reinforcement requirements is not additive to other shear

reinforcement requirements.

3.If the flexurd dress in the full depth section immediately beyond the dap, usng
factored loads and gross section properties, exceeds 6./f¢ longituding

reinforcement should be placed in the beam to develop the required flexurd
drength.

4. The Ref. 20 study, found that , due to formation of the critical diagona tenson crack
(crack 5 in Figure 2.1), it was not possble to develop a full depth beam shear
drength greeter than the diagond tendon cracking shear in the vicinity of the dep. It
is therefore suggested that, for a length of the beam equa to the overdl depth, H, of

the beam, the nominal shear strength of concrete, V., be taken as the lesser of Vj

and V,, cdculated at H/2 from the end of the full depth web.
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3. MATERIALS AND SPECIMENS

3.1. PC BEAMS

In this experimental program, three PC concrete double tee beams having a
nomina concrete strength of 6,000 ps were used. One dapped-end in each beam was
congructed with the proper mild ded reinforcement, the other dapped-end did not
contan any mild ded renforcement. These dgpped-ends were drengthened using
externdly bonded CFRP sheets with and without end anchors. As a production expedient
for ease of handling, each beam was measured 25 ft but it was intended to represent a 60
ft long member subjected to a service load of 50 psf.

The summary of nomind concrete propertiesislisted in Table 3.1.

The properties of prestressing strands are listed in Table 3.2.

The dimensions of the double tee beam areillusirated in Figure 3.1.

3.2. CONVENTIONAL STEEL REINFORCEMENT

The dsed reinforcement in the dapped-ends was incorporated a the time of the
double tee congruction. Details and amount were based on the design method presented
in the Prestressed Concrete Inditute Design Handbook. The primary reinforcement is
placed verticdly near the dap interface and horizontally near the bottom of the dgp. The
vaticd renforcement (Ag) condsts of a group of closdy spaced dirrups.  This
reinforcement is placed as close as posshle to the interface between nib and full depth.
The horizontad reinforcement conssts of a series of bars placed near the bottom of the

extended end.
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Of primary concern in detalling is the proper anchorage of the primary horizonta
reinforcement. It is necessary that this reinforcement be anchored in the extended end in
order to preclude a bond failure due to flexure in the extended end. Suggested means of
anchorage include weding to a bearing plae or to crossbas.  This dternative
renforcement scheme using diagondly placed reinforcement follows an  andogous
design procedure. The use of prestressed reinforcement was not considered directly by
the PCI method.

Two sizes of mild steel rebars were used: No. 6 bent bars were used for horizontal
and veticd dgirrups (Avh, As, Av); NO. 7 bars were used for main dapped-end
reinforcement (Ay), fillet welded to a sted bearing plate, 5/g in. © %/gin. © 6 in. All rebars
used were deformed and conformed to ASTM specification A706. The poperties of mild
ded as provided by the manufacture are liged in Table 33. The dimensons and

reinforcement details of the test pecimens may be seen in Figure 3.2,

Table 3.1: The Summary of Concrete Properties

Transfer Strength, f £ (ps) 3095

Compressive Strength, f ¢ (pg) 6000
Compressive Strength a Time of Initid Prestress, E; (kg) 2264
Modulus of Eladticity, E, (kd) 3152

Note: 1 ksi = 6.89 MPa
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Table 3.2: The Propertiesof Prestressing Strand Used

Strand Type Low Relaxation
Strand Tensle Strength (ks) 270
Nomind Diameter (in) 0.5
Strand Area (in?) 0.153
Strand Weight plf 0.52
0.7 f A, (kip) 28.9
Modulus of Eladticity, E  (ks) 28322 44

Note: 1 ks = 6.89 MPa; 1 kip = 4.45kN; 1in=254mm

Table 3.3: The Propertiesof Mild Steel Used

Modulus of Eladlicity, E,, 4 (kd) 29000
Yield Strength, f, (ks) 60
Permissible Tensle Stress, f, (kg) 30
Yidd Strength of Circular Tie, Hoop, or Spird
Reinforcement, f, (ksi) 60
Yield Strength of Closed Transverse Torsond 50

Reinforcement, f, (ks)

Note: 1 ks = 6.89 MPa
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Figure 3.1: Dimensions of Tested Double Tee Beam
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3.3. FRP COMPOSITES

3.3.1. Carbon Fiber Sheets. The composte laminate used in this program

considered dry, unidirectional carbon fiber plies  The ply had a paper backing and was
supplied in a roll of 20 in width. The carbon fibers were pyrolizing polyacrylonitrile
(PAN) type. The result of the pyrolization process at 2700 °F (1500 °C) is highly digned
carbon fiber chan. The carbon fibers are assembled into untwisted tows that are then
used to create a continuous unidirectional sheet.

The properties of the sheet are presented in Table 3.4 were determined by tensile
testing of CFRP specimens. Note that, the tendle strength and the eagtic modulus of the
resn is neglected in computing the drength of the sysem  Therefore, stresses are
cdculated usng the net area of the fiber only.

3.3.2. Epoxy Resins. The fiber sheets were bonded to the concrete surface using

three epoxy-based resins. The resins used were primer, putty and saturant. The physical
properties of these resins can be seen in Table 3.5 (MBrace?®, 1998). For this project, the
method of mixing the resns was by mass. The properties of the resns in tenson ae
shown in Table 3.6. The vaues shown ae the theoreticd values obtained from the
manufacturer.

3.3.3. FRP Laminates with End Anchor. In order to attain fiber rupture rather

than debonding of FRP from the concrete surface, an end anchorage may be used. To
improve this, an innovative anchoring system has been proposed and developed & UIMR.
The anchor involves bending the end of FRP sheet into a preformed groove in the

concrete flange a the corner, patidly filling the cavity with epoxy pade, placing an FRP
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rod, and complete the filling of the cavity. In Figure 3.3, a cross section $owing detals
of the U-anchor isilludtrated.

The groove dimensons was approximately 06 in ~ 0.6 in and extended
throughout the srengthened length of the specimen. The srengthening work began with
surface preparation of concrete and priming that included the wals of the groove. The
CFRP sheets were bonded to the concrete surface and to the walls of the groove. After
the resn impregnating the sheet (saturant) had s, the groove was filled hdf way with
the epoxy pase. The high viscodty paste emsured easy execution. A No. 3 (04 in
diameter) glass FRP rod was then placed into the groove and was lightly pressed in place.
This action forced the paste to flow around the sheet and to cover smultaneoudy part of
the rod and the sides of the sheet. The rod was hdld in place usng wedges. The groove

was then filled with the same paste and the surface was leveled.

Table 3.4: Propertiesof CF 130 High Tensile Carbon

Fiber Tow Sheet High Tensile Carbon
Ultimate Strength (k) 620
Desgn Strength (ks) 550
Tensle Modulus (ks) 33,000
Thickness (in) 0.0065

Note: 1 ks =6.89 MPa 1in=25.4 mm
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Table 3.5: Physical Properties of Epoxy Resins

Properties Primer Putty Saturant
Color-Part A Amber Tan Blue
Color-Part B Clear Charcoal Clear
Color-Mixed Amber Tan Blue

g Akt 31 31 31
Mix Reto by 1 ess 100/30 100/30 100/34
Worki ng(lz-gorg A7TrF 20 minutes 40 minutes 45 minutes

Table 3.6: Tensile Neat Resin PropertiesASTM D-638

Primer Putty Saturant
Maximum Stress
_ 2500 2200 8000
ps
Stressat Yidd
_ 2100 1900 7800
ps
Stress at Rupture
_ 2500 2100 7900
ps
Strain at Max. Stress 0.400 0.060 0.030
Strain a Yidd 0.040 0.020 0.025
Strain a Rupture 0.400 0.070 0.035
Elagic Modulus
_ 104,000 260,000 440,000
ps
Poisson’ s Ratio 0.48 0.48 0.40

Note: 1 ps = 0.00689 MPa
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3.3.4. Installation Procedures of FRP Laminates. CFRP laminates were

inddled onto the concrete surface by manud lay-up in three steps.  First, the primer was

applied to the concrete surface.  Next, the putty was used to level the surface. Then, the

saturant, followed by the carbon fiber sheet and a second layer of saturant were gpplied.

The components of the drengthening sysem are illusrated in Figure 34 and the

installation details of CFRP sheets are asfollows:

1. Surface Preparation. Round the edges of specimens at the postions of wrapping.
Next, sandblast the concrete surface gpproximately 0.06 in until the aggregates begin
to be exposed. All exisent cracks greater than 0.01 in width should be epoxy
injected. Corroding reinforcing steel should be cleaned (or replaced). The surface of
the concrete should be free of loose and unsound materids.

2. Application of the Primer. Apply a layer of epoxy-based primer to the prepared
concrete surface using a short ngp roller to penetrate the concrete pores and to provide
an improved subdrate for the saturating resin.

3. Application of the Putty. After the primer has become tack-free, goply a thin layer of
putty using atrowe to level the concrete surface and to patch the smal holes.

4. Application of the Saturant Resin.  After the putty has used, the first layer of saturant
is rolled on e putty usng a medium ngp roller. The functions of the saturant are: to
impregnate the dry fibers to maintain the fibers in ther intended orientation, to
digribute sress to the fibers, and to protect the fibers from abrason and

environmentd effects.
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5. Application of Fiber Sheets. Each fiber sheet is measured and pre-cut prior to
ingdlation . Each sheet is then placed on the concrete surface and gently pressed into
the saturant. Prior to removing the backing paper, a trowd is used to remove any ar
void. After the backing paper is removed, a ribbed roller is rolled in the fiber
direction to facilitate impregnation by separating the fibers.

6. Application of the Second Layer of Saturant. The sheet is then coated with a second
layer of saturant and the excessve resin is removed. If multiple plies were to be
aoplied, the procedure is repested. A peiod of 30 minutes is usudly sufficient

between the completion of one layer and the beginning of the next layer.
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CFRP Sheet

Figure 3.3: Details of the U-anchor Obtained by Slicing a Beam

Protective Coating

2nd Layer of Resin

Carbon Fiber
1st Layer of Resn
Epoxy Putty Filter
Primer

Concrete Substrate

Figure 3.4: Installation of CFRP Sheet
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4. EXPERIMENTAL PROGRAM

4.1. DESIGN OF TEST SPECIMENS

4.1.1. FRP Strengthening Strategies. Researches on the dapped-end design had

verified the five potentia failure modes (see Figure 4.1) proposed by PCI.  Strengthening
of dapped-end usng FRP laminaes was based on the principles outlined in PCI
provisons with modifications as necessary. Several parameters were modified due to the
desgnneed. Figure 4.2 illugtrates shows the FRP strengthening concepts in comparison

with the traditiona approaches.

2. Direct Shear
/ Crack

1. Nib 4. Nib
/r Flexure

Crack -

Via+ Ny(h-d) féz'(?gond
\ 9 crack
< 3. Reentrant e
N Corner Crack
u
V,

Figure4.1: Five Potential Failure Modesin the Dapped-end Design
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Concrete Double Tee Beams with FRP Composites’.
FRP
Py

Provide 0° U-wrap of FRP laminate as reinforcement As for Flexure and Axial

Tension in the Extended End.
FRP
2

Provide 0° U-wrap of FRP laminate to resist the Direct Shear dong the interface
of dagp and the main body of the member.

|

Stedl

D

I

Steel FRP

Dy

_/

Provide 90° U-wrap of FRP laminate as shear reinforcement A¢, for Diagonal

Tension at Reentrant Corner.
FRP
>

Provide 90° U-wrap of FRP laminate and combine the previous 0° U-wrap of
laminate as shear reinforcement composed of A, and A, for Diagonal Tension in
the Extended End.

Sted FRP
D D
Id Id
lﬁﬂ
d

Provide afull development length Iy beyond the potentia crack originatea rrom
the undapped portion as Anchor age of Reinforcement.

Stedl

>

N

Figure4.2: FRP Strengthening Strategies
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4.1.2. Design Assumption - Shear Span “a”’. For the potentid crack inthe

extended end due to flexure and axial tenson, adequate design depends on the correct
assumption for shear span “d’.

As a modification to the PCI provisons, the shear span “@ on FRP reinforced
gpecimens (see Figure 4.3) is suggested to be taken as the distance from the center of the
verticd shear load to 2/3 the width of laminate (ws,) used as the reinforcement Ag, at the
reentrant corner, or to 2/3 the verticd projection of crack length (wc) whichever is
gndler. Furthermore, the effective depth of nib “d” is taken as the distance from top of
beam to 2/3 the width of laminate used as reinforcement A for flexure and axia tenson
in the extended end (wr). The factor “2/3" was chosen based on the calculation reported

in Appendix D that shows a conservative approach.

—Ed:h—Z3Wf

W At —

N
<

A

a=da +2/3w

Figure 4.3: Shear Span and Effective Depth of Nib in FRP Reinforced Specimens
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4.1.3. Concrete Contribution. The shear drength of the specimen should

include the contributions of the concrete V. and the verticd components of the
prestressing force \j,. The concrete shear strength of the nib \c was computed by ACI**

Equation (11-4) in section 11.3,

m/_ct)w

2000A3 g

e
:26]_
e

This equation takes into account the member subject to axia compression applied to the
nib. The cdculaions of concrete contribution and to the shear strength of dapped-end in

sted reinforced specimens and FRP reinforced specimens respectively are asfollows:

N, =2.2 kips
7+55
b, =— 8 ~6.1875in

A, =6.1875" 15.875 = 98.23 ir?
f(=6000 ps

For Sted Reinforcement,

d =15.06 in (see Appendix B)

2200 1 |
=280+ O /6000 6.1875" 15.06° =14.60 kips
& 2000° 9823 1000

For FRP Reinforcement

b, =h- %wf =15.875- 2(10) =9.21in

c

2200 1
e 27 O /6000 6.1875 9.21° — =8.93 kips
& 2000° 98.23y 1000
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4.2. TEST SPECIMENS

4.2.1. One-Ply Externally Bonded FRP Reinforcement. Figure 4.4 shows the

ingdlatiion procedure for the dapped-end drengthened with one-ply externadly bonded
FRP sheets. The layout of reinforcement is shown in Figure 45. This procedure was
gpplied to the end of two specimens.

422. Two-Ply Externally Bonded FRP Renforcement with End Anchor

System. Figure 4.6 shows the inddlation procedure for the depped-end strengthened
with two-ply externaly bonded FRP sheets combined with end anchors. The layout of
reinforcement is shown in Figure 4.7. This desgn was based on the experience gained
from the tests performed on one-ply FRP reinforced dapped-ends.

4.2.3. Shear Capacity of Strengthened Dapped-ends. Table 4.1 shows the

capacity of each mode of falure according to the contribution provided by sed, FRP,
and concrete. It appears that the falure at dapped-end is due to the diagond tension at
reentrant corner. Figure 4.8 is the graphica representation of Table 4.1. Comparison of
shear drength due to the reinforcement of one-ply FRP laminae and two-ply FRP
laminae is shown in Figure 4.9. Computations of the shear capacity of sted reinforced

specimens and FRP reinforced specimens were listed in Appendix B and C respectively.
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&

&
Step 1: Install one 6in wide ply CF 130 for diagonal tension on both sides of the
extended

&

5
Step 2: 90° U-wrap 1-6” wide ply of CF130 for diagonal tension at reentrant
cor ner

) 10

> S

Step 3: 0° U-wrap 1-10” wide ply CF 130 for flexure and axial tension in the
extended end.

«

-
™%

1-6
Step 4: 0° U-wrap 1-6” wide ply of CF 130 for anchor age of reinfor cement.

Figure4.4: Ingallation Procedures of One-Ply CFRP Reinfor cement
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Figure4.5: Layout of One-Ply CFRP Reinfor cement
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< 3

Step 1: 0° U-wrap 1-10” wide ply CF130 for flexure and axial tension in the

extended end
| I N

< =
2-6'

Step 2: 0° U-wrap 1-10" wide ply CF130 for anchorage of reinforcement.

<

/\/

&
Step 3: 90° U-wrap 1-6” wide ply CF 130 at the nib with sheetsinto cutted grooves.

1

Step 4: 90° U-wrap 1-30" wide ply CF 130from nib edge with sheetsinto cutted
grooves.

Figure 4.6: Ingallation Procedure of Two-Ply CFRP Reinforcement with End Anchor
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Step 5: Anchor the sheetsin the grooveswith 3' long E-glass barsin two sides
of each stem.

Step 6: Install second ply of 0° U-wrap CF 130 for flexure and axial tension in
the extended end.

- [ S —

31

I .I
&
Step 7: Ingtall second ply of 90° U-wrap CF 130 for diagonal tension in the

extended end.

Figure 4.6 Ingallation Procedures of Two-Ply CFRP Reinforcement with End
Anchor (continued)
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>
#3 3 E-Glass FRP ‘ ?
| | ¢
7‘2’
K
2 § il
1, »
10 1278
. 6 —
4 7 41y"
%
/\/ 53/411
é } | T

/\/
B
Figure4.7: Layout of Two-Ply CFRP Dapped-end Reinfor cement with End Anchor
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Table4.1: Computed Capacity of Dapped-end with Contributions from Sted, FRP,

and Concrete
Shear Capacity STEEL One-Py Two-Py

Failure Mode Renforcement CFRP CFRP
1. Hexure and Axid Stedl,V4 8351 | - | e
Lenaonrine FRPVY[  —oee 23.46 30.13
Concrete,V, 14.60 8.93 8.93
Totd,Vn 98.11 32.39 39.06
2. Direct Shear Sted,V4 7194 | e | emeees
FRPV:  ------ 48.36 7151
Concrete,V, 14.60 8.93 8.93
Tota,Vy, 86.54 57.29 80.44
3. Diagond Tenson at Stedl,V4 5280 | ---- | mmeee-
Reentrant Corner FRPVy  ------ 12.61 20.71
Concrete,V, 14.60 8.93 8.93

Tota,Vy, 67.40 U 21.54 U 38.64U
4. Diagond Tendonin Sted,V4 7954 | - | e
the Extended End FRPV{ — ------ 30.66 54.70
Concrete,V, 14.60 8.93 8.93
Tota,Vy, 94.14 39.59 63.63

Note: * = for the 5™ failure mode proposed by PCI, the diagona tension crack in the
undapped portion, the needed reinforcement was to provide a full development
length As beyond the potentid crack.

** =V, was computed usng ACI Eq. (11-4) in section 11.3
for member subject to axia compression

— 25+ G/,

5 zoooAg i

*** = ghear strength V, contributed by the prestressing strandsis zero since no
vertical component of prestress along each stem of tested specimens (see
Figure 3.1)

V)
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Flexure and Axial Direct shear Diagonal Tension at Diagonal Tensioninthe
Tension in the Extended Reentrant Corner Extended End
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Figure 4.8: Shear Capacity of Dapped-end on Four Individual Reinforcements

Proposed by PCI
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Figure 4.9: Comparison of Shear Capacity of Three Different Strengthening
Schemes
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4.3. TESTING PROCEDURE

The test began with ingdling the insrumentation and loading equipment.  Once
the instruments were connected to the data acquisition system and the hydraulic cylinders
were connected to the pump, a preiminary load cycle was ran. The preiminary load
cycle applied a relatively smadl load (less than 5 kips) to insure that the equipment was
functioning properly.

After this preparatory work was completed, the load test commenced. The load
test involved applying several load cycles. Each load cycle condsted of loading the
dructure in geps. - A minimum of 4 gpproximately equal load steps were used to load the
gructure followed by at least 2 steps to unload the structure. Each load step was
mantaned for a leex 1 minute. During this time the deflection of the beams was
monitored for dability. Once the deflection began to increase with a congant load, the
system has past the dadtic threshold and the test was hdted. The peak load for each
successve cycle was gradudly increesed to gpproach the maximum test load. Two
cydes usng the maximum tedt load were applied to verify repeatability of the
measurements.  The actud load cycles may vary dightly depending on the performance

of the system as monitored during the test.

44. TESTING APPARATUS

The testing equipments to be used consst of two 100-ton hydraulic cylinders and
a hydrallic pump for gpplying the load, linearly varidble differentid transformers
(LVDT's) for measuring deflections, inclinometers for measuring the rotations or dopes,
extensometers for measuring the change in width of an intersecting cracks, pressure

transducers combining load cels for messuring the gpplied load, drain gages for
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measuring strains close to dapped-ends, and a data acquisition for collecting the data A

ligt of the summary of the insrumentation used in rgpid load testing isgivenin Table 4.2.

4.5. TEST CONFIGURATION

All tests used two hydraulic jacks put under the nibs to push up the specimen
restrained by a stedl beam dtting on the top penetrated by two sted bars anchored to the
floor (see Figure 4.10). Bearing pads were on the top of jacks and ply wood were put
between the sted beam and the loading points of specimens in order to protect the
concrete from any locdized damage. Table 4.3 shows reinforcement and loading span of
eech specimen. Fgure 4.11 shows the loading configuration and instrumentation of Test

3F-5. All other configurations are given in gppendix G.
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Table4.2: Instruments Used in Rapid Load Tests

Recommended
Par ameter Devices Minimum Measuring Range
Measurable Value
L oad Load Cdll 10Ibs. 0~200,000 Ibs.
Pressure Transducer 100 Ibs. 0~200,000 Ibs.
Deflection LVDT 0.0001 in. +2in.
Rotation Inclinometer 0.001 deg. + 3 deg.
Strain Gage 1nme + 3000 e
Strain Extensometer 50 e + 10,000 e
LVDT 50 me + 10,000 ne
Crack Width | Extensometer 0.0001in. +02in.

(2in.=254 mm; 11b. = 4.45N)

Table 4.3: Reinforcement and L oading Span of Tested Specimens.

Specimen Code Reinforcement Loading Span (ft)
1F-8 FRP/ One ply 8
1S-8 Stedl 8
2F-8 FRP/ One Py 8
FRP/ Two Hieswith End
3F-5 5
Anchor
3S5 Sted! 5
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ﬁ m- (/ Stedl Section

:D: < Plywood

High Strength Sted Bar
< (_/ Anchored to Floor

Load Céll

r Sted Section

|
(Hydraulic Jack \ﬁ/

Figure 4.10: L oading Configuration of Specimens 3F-5 and 355
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Figure4.11: Instrumentation of Specimen 3F-5
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5. EXPERIMENTAL RESULTS

On the bads of the data obtained from the tests, the relationship between the
relevant parameters in the study could be expressed by graphs and tables. Subsequently,
these graphs and table, dong with photographs provide the evidence for determining the
behavior of the specimens. Some important test results are summarized in Table 5.1. This
table presents predicted load, first cracking load, failure load, and fallure mode of the
specimens.

5.1. BEHAVIOR OF STEEL REINFORCD SPECIMENS 1S-8

Prior to loading, a hairline crack was observed on the center face of west web to
run downward from top face about 3 in.

After the first cycle of load to 3 kips per stem was applied, no cracks were visble
on the specimen surface.

As load increased to 28.22 kips per stem, the first crack began to form and extend
at 45° angle a the reentrant corner. One crack formed near the support bearing plate,
about 3.5 in from the extended end, and began to extend upward. Flexural cracks, about 4
ft from the undapped portion, propagated and traveled upward from the bottom of both
stems.

As the load was further increased, cracks in the nib began to turn an angle and
propagated at 45° towards the web-flange junction. Flexurd cracks extended further
towards the top support gradudly.

At about 40 kips of applied load, cracking became extensve, especidly those

flexura cracks toward the top support. As fallure neared, the top face of the beam, about
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8 ft from the extended end, began to bulge and spdl. Cracks on one sde of the stem
began to link up with cracks on the other side.

At the maximum load of 45.68 kips per stem, the specimen faled due to shear-
flexure failure rather than cracking at the reentrant corner. The cracks in the nib and at
reentrant corner did not extend further a maximum load and the reinforcement, As, for
the flexure and axid tenson did not yield either.

The gppearance of specimen 1S-8 after falureis shown in Figure 5.1.

5.2. BEHAVIOR OF FRP REINFORCED SPECIMENS 1F-8 AND 2F-8

Since the concrete surface was covered with CFRP sheets, cracking was difficult
to observe.

After the first cycle of load to 3 kips per ssem was applied, data from strain gages
near the reentrant corners indicated that no crack was propagating.

As load was applied to specimen 1F-8 at the load level of 27.50 kips per stem, a
45° drain gage mounted at the reentrant corner indicated that an indlined crack formed
and extended. The first crack at the reentrant corner of specimen 2F-8 began to form and
extend at 28.00 kips per stem of applied load. Both cracks a the reentrant corner were
adso verified by the sounds coming from the 6 in. CFRP grip next to the reentrant corner.
Flexura cracks, about 8 ft from the extended end, under the top support, propagated and
extended toward the web-flange junction. A crack was observed at the same time to run
from the exterior web-flange junction across the face of web to the interior web-flange

junction in both sems.
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As load was further increased, a crack formed in the web-flange junction under
the top support and traveled aong the junction toward the extended end. FHexurd cracks
under the top support extended further and more extensively.

As falure neared, sounds of cracking a the reentrant corner became digtinct.
Cracks at the bottom flange extended further toward the reentrant corner and linked up
with the reentrant corner cracks. The top face of the beam, 6 in. form the extended end,
began to bulge and spdl. Right after the peding of laminates dong the interface of the
nb and full depth of the beam, both specimen 1F8 and specimen 2F-8, faled in shear,
35.12 kips and 44.92 kips respectively, at the reentrant corner as expected.

The appearance of specimen 1F-8 and specimen 2F-8 after falure are shown in
Figures5.2 and 5.3.

5.3. BEHAVIOR OF STEEL REINFORCD SPECIMENS 355

On the test of specimen 3S-5, the loading span was moved from 8 ft. to 5 ft. from
the support to force a shear failure at reentrant corner.

Prior to loading, on the east sem of specimen 3S-5, a very fine crack was found
extending upward at 45° from both sides of the reentrant corner for about 1 in.

After the firgt cycle of load to 3 kips per slem was agpplied, no crack was visble
on specimen surface.

At 29.10 kips of applied load, the first crack at reentrant corner began to form and
extend from the reentrant corner. One crack formed on the nib of the west stem, about 6
in. above the bearing plate, and began to extend upward. Flexurd cracks, about 4 ft from

the undapped portion, propagated on the bottom of both stems and began to trave
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upward to the top support. Some inclined cracks were observed around the undapped
portion.

As load kept increasing, the first crack continued to extend. Inclined cracks in the
nib extended to the bearing plate. Flexura cracks were more extensve and some cracks
were found under the flange at the top support.

At 40 kips of applied load, inclined cracks from the undapped portion reached the
flexurd and axid tenson renforcement As. Reentrant corner cracks extended upward at a
45° and began to link up with cracks on the nib.

As failure neared, about 50 kips per stem, the reentrant corner cracks reached the
web-flange junction. Cracks extending from the undapped portion joined the reentrant
corner cracks and traveled upward to the web-flange junction. As a maximum load of
57.40 kips per stem was reached, specimen 3S-5 faled due to the shear-flexure falure,
even though the loading span was moved from 8 ft. to 5 ft.

The gppearance of specimen 3F-5 dfter failure is shown in Figure 5.4.

5.4. BEHAVIOR OF FRP REINFORCD SPECIMENS 3F-5

On the test of specimen 3S-5, the loading span was moved from 8 ft. to 5 ft. to
compare the test results with specimen 3S-5.

No cracks were found before the concrete surface was covered with CFRP shests.

After the firgt cycle of load to 3 kips per stem was agpplied, data from strain gages
the near reentrant corners indicated no crack was forming.

As load on specimen 3F-8 reached 29.40 kips per stem, a 45° strain gage mounted
a the reentrant corner indicated that an inclined crack formed and extended. Sounds

produced by partiad debonding of the laminates close to the reentrant corner verified the
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crack location. Flexura cracks, about 5 ft from the extended end, under the top support,
propagated and extended toward the web-flange junction. Along the junctions where
anchors were placed, no crack was found.

As the load was further increased, flexural cracks extended and widened rapidly.
One crack formed under the flange at the location of the top support and propagated and
extended downward.

At 40 kips of applied load, sounds of ddamination of the laminaes a the
reentrant corner of both stems became digtinct. Data from extensometers that placed a
reentrant corners indicated the mgjor crack at this area was propagating rapidly.

As failure neared, flexurd cracks under the top support became extensive. The top
face of the beam about 6 in form the extended end began to bulge and spal. Following a
major sound of fiber rupture, the east sem of the specimen failed in shear a the reentrant
corner when the applied shear was 54.1 kips per stem.

The gppearance of specimen 3F-5 after fallureis shown in Figure 5.5.

5.5. COMPARISON OF TESTED SPECIMENS

With the exception of the specimens with sed reinforcement, the three test
specimens strengthened with FRP failed in shear at the reentrant corner.

In al cases, the first crack appeared a the reentrant corner. This was ether
detected by visuad observation of the concrete surface for sted reinforced specimens or
by the reading of 45° drain gages mounted a the reentrant corner of the FRP reinforced
specimens. In addition to that, the first cracking load is confirmed by the Load-Rotation

diagram given in Appendix E for al specimens. At about an applied bad of 30 kips per
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sem with a corresponding rotation of 0.2 degree, the dope of Load-Rotation curve begin
to turn flatter due to the cracking of concrete.

Figure 56 shows the Load-Net Deflection diagram of the one-ply CFRP
reinforced specimens and their control specimen. Three curves show the consigtent
relationship between applied load and deflection. The control specimen, sted reinforced
specimen 1S-8, faled in shear-flexure a an ultimate load of 45.68 kips per stem rather
then shear falure a the reentrant corner. FRP reinforced specimens, 1F-8 and 2F-8,
faled in shear a reentrant corner a ultimate loads of 35.12 kips and 44.92 kips
repectively. Both failures of FRP reinforced specimens were caused by the peding of
laminates at the reentrant corner. The reason for the falure load of specimen 1F-8 10 kips
lower than that of gpecimen 2F8 was probadly in the insufficient saturant used in the
CFRP laminates during impregnation. This result shows that the peding of laminate due
to poor ingtdlation is of great concern.

Figure 5.7 shows the Load-Net Deflection diagram of one two-ply CFRP
reinforced specimen 3F-5 and its control specimen 3S-5. Although the loading span was
shortened to 5 ft, specimen 3S-5 4ill faled in shear-flexure a an ultimate load of 57.4
kips per stem. For the FRP reinforced specimen 3F-5, usng the U-anchor, the shear
falure a reentrant corner was due to fiber rupture rather than peding of the laminate as
in previous tests. With two plies of CFRP reinforcement and anchor, the shear capacity
improved to be 54.1 kips per stem at ultimate.

Figure 5.8 and Figure 5.9 show the Load-Crack Width diagrams of specimen 3F-5
and 3S-5 recorded by placed at the reentrant corner of each stem in both specimens. The

limitations of crack widths in provisons of ACI 31899 for interior and exterior
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exposure, respectively, correspond to limiting crack widths of 0.016 and 0.013 in. Crack
widths in Figure 58 and Figure 59 indicates that the cracking behavior of both
pecimens, even when close to failure, was of comparable magnitude.

Figure 5.10 shows the dtrain data recorded from the strain gages at the reentrant
corners of specimen 3F-5. A maximum drain in the FRP of approximately 7700 me was
observed in gage #23. Most of the recorded strains were found to increase with load up to
a certain point, beyond which they started to show an irregular behavior up to failure,

Rest of the diagrams of al specimens such as load vs drain & the reentrant

corner and load vs. net deflection of dl LVDTs are provided in Appendix J.
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Table5.1: Summary of Test Results

Theoretica Experimentd
Code | Renforcement | Loading \_/S Vf VC V_nl V,Cf Vn Failure Mode
Span(ft) | (kip) (kip) (kip) (kip) (kip) (kip)
1F-8 1Py CFRP 8 --- 12.61 8.93 21.54 27.50 35.12 Peding of Laminate
1S-8 Stedl 8 52.80 --- 14.60 67.40 28.22 45.68 Shear-Hexure
2F-8 1Py CFRP 8 --- 12.61 8.93 21.54 28.00 44.92 Peding of Laminate
3F-5 2 PliesCFRP 5 -—- 29.71 8.93 38.64 29.40 54.10 Fiber Rupture
355 Stedl 5 52.80 --- 14.60 67.40 29.10 57.40 Shear-Hexure

Note: 1) Vs = shear ressted by the vertica component of stedl reinforcement Ag,

Vi = shear ressted by the vertica component of FRP reinforcement Ag,
shear resisted by the concrete

V¢ = shear at firgt crack at the reentrant corner
V= ultimate sheer a failure at reentrant corner

2) No vertica component of prestress dong each stem of tested specimens (see Figure 3.1), therefore Vp = 0.
3) Ve usng ACI Eqg. (11-4) in section 11.3

é
V, =28+
e

N u
2000A,

i/ T b,

¢!

for member subject to axial compresson

4) All sted reinforced specimens did not fall in shear at reentrant corner.
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J
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Figure5.1: Appearance of Specimen 1S-8 after Failure

/

L4

\

Figure5.2: Appear of Specimen 1F-8 after Failure
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| \

Figure 5.3: Appearance of Specimen 2F-8 after Failure

/‘—‘

Figure5.4: Appearance of Specimen 3S-5 after Failure
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Figure 5.5: Appearance of Specimen 3F-5 after Failure
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6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1. S UMMARY

This dudy invedigated the behavior of extendly bonded fiber reinforced
polymer (FRP) laminates for the strengthening of the depped-end of PC members. In
particular, the study was to qudify te effects of FRP laminates on concrete resistance to
cracking and shear capacity.

Different from previous works that dedt with sngle tee beams and ded
reinforcement strategy, this sudy focused on:

1. Rul-size double tee PC members.
2. Shear srengthening after beam fabrication usng externd reinforcement.

Five specimen ends were tested to fail in shear at reentrant corner. This included two
one-ply FRP reinforced specimens and a control specimen at the loading span of 8 ft, and
one two-ply FRP reinforced specimen and its control specimen at the loading span of 5 ft.
Two types of falure on the FRP reinforced specimens were noted: fiber sheet
delamination and fiber falure. The two-ply FRP reinforced specimen with U-anchor
increased the shear capacity and insured the failure of fiber rupture.

The andyticd formulation based on PClI  provisons was modified to
accommodeate the strengthening of dapped-end using externdly bonded FRP composites.

6.2. CONCLUSIONS

On the bass of the dructurd behavior of the specimens during the tet and an

evauation of the test data, the following conclusions are drawn.
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1.

Extendly bonded FRP drengthening systems conditute a viable solution to
retrofit/repair applications. This is due to the enhanced ductility and strength provided
by the reinforcement once the concrete has experienced cracking.

Concrete contribution V¢ to shear strength of a dapped-end should be included when
haf of the total prestressng drands pass through the nib. This contribution can be
computed using ACI Code Eqg. (11-4).

Specimens with ged reinforcement faled in shear-flexure rather than shear a the
reentrant corner. The dapped-end reinforcement designed according to PClI Design
Handbook is very conservative.

The gpplication of U-anchor system b the externdly bonded FRP laminates increased
the ultimate capacity of a dapped-end and insured fiber rupture instead of peding of
the FRP shests.

Strengthening of the dapped-end usng externaly bonded FRP laminates with the
option of U-anchor may dlow flexibility in the fabrication of prestressed double tee
beam when |ledger beam details may change.

Proposed andyticd expressons to evaduate the shear cepacity of FRP strengthened

dapped- ends are shown to be satisfactory and conservative.

6.3. RECOMMENDATIONS FOR FUTURE RESEARCH

The current project focused primarily on the development of a modd for the

grengthening of dapped-end of PC members usng FRP composites. Within this area of

dudy, future research should investigate the effect on the overdl effidency of the

drengthening system, such as member geometry, FRP materid form and PC member

fabrication techniques. Future investigations should aso atempt to improve the accuracy
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of the modd proposed in the current project and vadidate it with numericd parametric
gudies. This can be accomplished by refining the model to account for such factors as
debonding of presressng tendons and interna friction. Additionaly, due to the rdatively
large amount of research conducted usng dsed confinement systems, it would be
condructive to conduct an experimentd comparison of sted and FRP confinement
sysdem. Such an invedigation would provide a reference point, from which FRP
confinement systems could be better understood in terms of enhancement capabilities.
Studies should be conducted that investigate other arees, such as.

1. Durability and corrosion resistance of PC members strengthened with FRP materids.

2. Effect of fabrication techniques on specific FRP materia performance.

3. Hexura and shear tests a the reentrant corner of full-scale PC double tee members

using CFRP tendons.
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A.l. Reynold's Research

In Reynolds’ research, 24 reinforced concrete dapped-end members of 1422 mm (56")
long, 127 mm (5") x 254 mm (10") rectangular cross-section, and an a/d ratio equal to 0.96
were tested at Cement and Concrete Association Laboratory in London, England. These
dapped-end connections were reinforced with vertical, horizontal, and diagonal stirrups
with longitudinal reinforcement at the top and bottom of the beams. Load spanwas 508
mm (20") from the centerline of the dapped-end support and no horizontal load was
included.

The free body diagram equilibrium based on a 45° crack that crosses the re-entrant
corners was used to evauating the joint strength. The concrete contribuion to the shear
strength was ignored.

The conclusions of Reynolds research were that:

1. Diagond gtirrups provide suitable reinforcement for dapped-end equilibrium.
2. Joints can be designed by a straightforward consideration of equilibrium.

3. Horizontd dtirrups should be included as insurance againgt the misplacement of
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diagona sirrups and the occurrence of axid tension.

4. In order to provide anchorage for the tirrups, the tensile reinforcement of the main

beam should be continued straight out to be the end of the beam, and should not be

hooked or bent up.

A.2. Sargious and Tadros Research

A finite element analysis was carried out by Sargious and Tadros to determine the

behavior and strength of dapped-end beams at the University of Cdgary.

Several arrangements of prestressed cable profiles and the results were proposed. No

experimenta test was performed.

A.3. Werner and Dilger's Resear ch

In Werner and Dilger’s research, 5 post-tensioned dapped-end members were tested

with Dywidag bars a the Universty of Cagary.

The objectives of their research were:

1. To determine the shear force at which cracks start to form at the reentrant corner using

finite dement technique.

2. Tofindif the cracking shear can be considered to be the contribution of concrete to the

shear capacity of the dapped-end by experimentd results.
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The conclusons of their sudy were;
1. The shear force a which cracks start to form at re-entrant corner was in close agreement
with finite dement andyd's using atensle strength for the concrete equal to GJf_gli.
2. The cracking load can be regarded as the contribution of concrete to the shear capacity of
dapped-end connections.
3. The shear strength of a dapped-end the summation of shear forces contributed by
concrete, shear reinforcement and vertica components of prestressing tendons.
4. Vertical and inclined shear reinforcement seem to be equally efficient in resisting shear.
Additionaly, they reported that the beam with vertical stirrups reach the highest
failure load and that inclined bars with a 100° hook in the nib were not able to provide
positive anchorage. Assuming concrete tensile strength as W was recommended for
practical design in calculating concrete contribution to the shear strength and vertical
stirrups be placed as close as possible to the beam end.

A.4. Hamoud, Phang, and Bierweilers Reseaarch

The objective of Hamoudi, Phang, and Bnierweiler's study was to develop the

mechanics of diagonal shear cracks that occur in the dapped-end regions. They tested 8

dapped-end tee beams pretensioned with 1/2" seven wire strand with three different

arrangements of shear reinforcement, which were inclined post-tensioned bars, vertical
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stirrups and inclined stirrups. In addition to derive a theoretical solution based on the

theory of elasticity in evaluating the shear strength, they concluded the mode of failure of

dapped-end members was either diagonal tension cracks or flexure cracks. They also

reported that with post-tensioned bars the failure mode was abrupt and occurred suddenly

without any warning of tota collgpse.

The conclusons of ther investigation were:

1. The shear strength of a prestressed dapped-end beam can be predicted, based on elastic

andyss.

2. The shear cracking loads of dapped-end beams reinforced with post-tensioned bars

equd to fallure loads.

3. The beams with low values of reinforcement ratio and high prestress level failed in

flexure, while low prestressed level beams failed by rupture of concrete at dapped-ends.

4. Post-tensioned dapped-ends with inclined high strength steel provide a satisfactory web

reinforcement. Shear cracking did not occur during working loads.

5. The ultimate shear strength of dapped-end beams increased when high effective

prestress of firrups and the depth of nib to the depth of beam ratio included.

A.5. Mattock and Chan's Research

Mattock and Chan performed their tests at the University of Washington in Seattle. A
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total of 8 reinforced concrete beams in 10 feet long, 5 % 24 in. cross section were tested

under the a/d ratio equal to 0.6. Four specimens were subjected to vertical load only, and

the rest of the specimens were subjected to a combination of both vertical and horizontal

loads.

The objectives of the study were:

1. To determine the extent of applicability to the design of dapped-end beams of

conclusions made from the studies of corbds.

2. To determine whether the concrete shear strength, \;, can be safely included when

caculaing the ultimate shear strength of a dapped-end beams.

3. To determine if the shear span "a" should be measured from the line of action of the

support reaction to the re-entrant corner, or to the center of the stirrups closest to the

interface.

They considered that the dapped-end can be modeled as an inverted corbel. However,

in the case of corbel, the inclined concrete compression force in corbel is transferred in to

the column, whereas in the case of dapped-end, the inclined compression force in the nib

must be transferred to the stirrup reinforcement placed close to the full-depth end face of

the beam. For equilibrium of the nib, it appearsthat this stirrup reinforcement must provide

atensgon force equd to the shear force acting on the nib.
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The conclusons of their sudy were drew below:

1. By using Mattock’ s proposal, the reduced depth of the dapped-end may be designed
as a corbel, using the Mattock's proposal, providing the shear span is taken to be equal to
the distance from the center or action of the support reaction of the support reaction to the
center of gravity of the hanger reinforcement A, (&/d ratio must be£ 1.0). This finding
was in agreement with the concept of a trusslike force system developing in the
dapped-end.

2. A group of closed stirrups Ayn having ayield strength Aynfy not less than V/f , should be
provided close to the end face of full-depth beam to resist the vertical component of the
inclined compression forcein the nib. Thisisreinforcement must be positively anchored
at top and bottom by wrapping around longitudinal reinforcing bars.

3. The full-depth part of the beam should be designed so as to satisfy moment and force
equilibrium requirements across inclined in addition to carrying out the usual design of
section norma to the longitudind axis of the beam of flexure, shear, and axid force.

4. The main nib reinforcement should be provided with a positive anchorage as close to the
end face of the beam as possible. These bars should also extend into the beam a distance
(H-d + ) beyond the re-entrant corner, so thet they can develop their yield strength

where intersected by diagonal tension crack originating at the bottom corner of the beam.
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5. The horizontal stirrups A, should be positively anchored near the end face of the beam

by wrapping around vertical bars in each corner (as shown in Figure x.x). They should

project beyond the re-entrant corner a distance 1.7 |4 as recommended in the PCI Design

Handbook.

6. Concrete contribution to the shear strength of dapped-end should be ignored.

A.6. Khans Research

Khan presented his reinforced concrete dapped-end beams research in his thesis "A

Study of the Behavior of Reinforced Concrete Dapped- End Beams." Actually, this thesis

was based on the continuation of previous research on dapped-end beams directed by

Mattock at the Univeraty of Washington, in Seeitle.

Tests were performed on 10 reinforced concrete dapped-ends, with a/d ratios equal to

0.82, 1.0, 1.25, and 1.5 respectively.

The reinforcement of these specimenswas similar to Mattock-Chan's research, except

that additional vertical stirrups were installed in the nibs for specimens with a/d ratio 1.25

and 1.5.

The objectives of this research were:

1. To verify experimentaly the validity of Mattock and Chan's design proposals for

dapped-end beams having ad ratio £ 1.0, and utilizing horizontal stirrups only in the
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nib (Chan's specimens a/d ratio was 0.6).

2. To determine experimentally the validity of the design recommendation made by

Mattock and Chan for dapped-end beams with a/d ratio greater than unity, utilizing a

combination of horizontd and verticd irrupsin the nib.

The conclusions of this sudy were:

1. The results obtained in this study showed the validity of Mattock and Chan

recommendations to provide only horizontal stirrups in nibs for dapped-end beams with

adratio £ 1.0.

2. Inthe case of dapped-end with 1.0< a/d£ 1.5ratio, it isappropriate to base the design of

reinforcement in the dapped-end on the "deep beam” proposal of ACI-ASCE Committee

426, usng a combination of horizontal and verticd girrups.

3. They aso found that the behavior of the specimens was in agreement with the

assumption of a"truss-like" behavior.

A.7. Liem’s Research

In Liem’sstudy, the objectiveisto study the maximum shear strength of adapped-end

or corbel with inclined reinforcement and compare them to the behavior of dapped-end

with horizontal and vertical reinforcement studied by Mattock’s Group. Deep beams

resembling twin corbels when seen up-side down and full scale of dapped-end beams were
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tested in the first and econd series respectively.

The analysis of a free body diagram of a dapped-end shown that the ultimate shear
strength of a dapped-end with 45° inclined reinforcement should have twice the strength of
a dapped-end with horizontal or vertical reinforcement. Liem proposed a limit yield
strength of stedl to be 40 ks in order to prevent a secondary collapse.

A.8. Chung's Research

Chan experimented with dapped-end beams with nib depths, h, equal to one-half the

beamn depths, H, and with @/d< 1.0 in all cases. Khan varied a/d to include some specimens

with ad>1.0 but still had h = (1/2)H for al specimens. In Chung's study, the ratio of nib

depth to full beam depth was varied while using two &/d ratios, one greater than 1.0 and one

less than 1.0 to betied to both Chan and Khan' s studies.

The conclusions of the study were:

1. Mattock and Chan’s dapped-end design leads to satisfactory behavior from both

strength and serviceahility view points.

2. Inthe case of ashallow, the hanger reinforcement carries the total shear, asin the

case of h/H = 0.5, if the beam min flexural reinforcement is terminated at the face

of the dap.

3. The shear span assumed in design should be equal to the distance from the vertical
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reaction to the center of gravity of the hanger reinforcement.

. Positive anchorage must be provided for both nib and beam flexurd

reinforcement at the end faces of the beam. The nib flexura reinforcement must

contnu a distance equal to its development length beyond its intersection with a

line at 45 degree to the centerline of the beam, an passing through the bottom

corner of the beam at the face of the dap.

. Horizonta stirrups only, designed asspecified for corbels in ACI 318-83, are

satisfactory in dapped-end beam nibs with aldf 1.0.

. For ad > 1.0, the proposals for the Design of Deep Shear Spans by ACI-ASCE

Committee 426, as adapted by Mattock and Chan for dapped-end beams result in

satisfactory behavior of dapped-end beam nibs. Further testing of dapped-end

beams with a/d> 1.0 is required to see if Mattock and Chan’s adaptation is to

conservative.

A.9. Ajina’ sResearch

Ajinatested 18 dapped-end beams with different ratios of steel fibers to concrete in

order to investigate the cracking and shear capacity of the connections. Also different

patterns of shear reinforcement were adopted. The depth ratio of the recessed ends to the

total depth of the main beams will aso be varied to investigate the contribution of steel

75



fibersin shalower end depths.

The conclusions of the study were:

1. Using of steel increase the strength of the connection which enables the

congtruction depth of aprecast concrete floor or roof structure to be reduced.

2. 1.2 % steel fibers can be considered as reinforcement proficient enough to

substitute for the vertical stirrups (Ay) in the extended-end and will control the

falure mode to amgor shear fallure occurring a the re-entrant corner.

3. Only aratio of the extended-end depth to the total specimens depth 9h/HO equal to

0.5 or higher should be alowed | precast dapped-end beams when stedl fibers are

not used.

4. Closed dtirrups should be used in dl occasions.

A.10. Theryo's Research

In Theryo's study, 6 prestressed concrete dapped-end beams with different end face
angles, ie., 45, 60, and 90 degrees and 180 degree lop anchor hanger reinforcement at their
upper end were tested to investigate whether the behavior of a dapped-end at ultimate can
be modelled using an andogous truss.

The conclusons of the study were:

1. A 180° looped anchor with an internal diameter equal to six bar diameters is able to
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develop the yield strength of #3 and #4 sixty-grad reinforcing bars.

. The behavior of a dapped-end can be modeled reasonably closely using an analogous
truss.

. A contribution to shear strength from the concrete can be included in the cal culation of
the shear strength of dapped-end, if about 50 % of the total prestressing strands pass
through the nib.

. The behavior of prestressed concrete dapped-end beams with end faces having slopes
of 45° and 60° to the horizontd is essentidly the same.

. The vertical and inclined hanger reinforcement seem to be equally efficient in resisting
shear. However, the inclined hanger reinforcement is much more effective in
controlling cracking a service.

. Carrying about half the prestressing strands through the nib of a dapped-end result in
much better behavior at service load than that found in a similarly reinforced
dapped-end in which none of the prestressing strands pas through the nib.

In order to improve the behavior at ultimate load of the horizontal extension of the
hanger reinforcement, it is suggested to provided a minimum 1.0 in. bottom concrete

cover to this reinforcement instead of 34in.
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A.11. Barton’'s Research

Barton’ s research was part of alarger study supported by the Texas State Department

of Highways ard Public Transportation (Texas SDHPT). Four different dapped-ends with

three design procedures, strut-and-tie design procedure, PCl design procedure, and

Menon/Furlong design procedure, were tested to investigate the use of strut-and tie or truss

moddsin detailing dapped-end beams.

Conclusions of this sudy were:

1. Strut-and tie models have the potential to be more easily adapted to unusual

circumstances such as the use of prestressed reinforcement or different dap

proportions. The ultimate shear capacity of strut-and-tie model details exceeded the

design ultimate substantially and wasin the same range as the PCI and Menon/Furlong

details. A ductile failure mode was exhibited by each of the specimens.

2. Asload was increased beyond the design load of 100 k, the distribution of internal

forces changed. This resulted from partly the result of the method of testing and partly

the present of force transfer mechanisms not considered by the strut-and-tie modd.

3. Grouping the reinforcement with as small a spacing as possible appeared to offer the

best performance. Anchorage requirements based upon the strut-and-tie model were

found to be conservative. Following the anchorage requirements of the strut-and-tie
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model assisted in the development of loads well beyond the design ultimate. Proper

anchorage of the horizontal reinforcement within the dap of the beam flexura

reinforcement was found to be particularly important.

A.12. So’'s Research

In SO's study, standard prestressed concrete double tee sections were first designed

and analyzed using the “strut-and-tie” model. Two full-scale specimens were then tested

with four different dapped-ends to study different reinforcement details for thin stemmed

precast concrete members. Responses of each specimens were predicted using the finite

element computer program FIELDS, developed by Cook and Mitchell. Experimental

results were compared with predicted responses afterward. Conclusions were drawn as

falowing:

1. The removable reinforcing cage is a smple and effective tool for controlling the

cracking in the dapped-end. The various mechanica anchorages used in the reinforcing

cages provided adequate confinement of the concrete with in the nodal zone and served

to anchor the reinforcing bars.

2. The“ grut-and tie” models were capable of providing a quick and reasonably accurate

estimate of the failure load of a dapped-end and the reinforcing bars should be carried

a aleast adistance of 1.7l4 beyond the node.
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3. Theuseof two layers of symmetrically placed welded wire fabric notably improved the

ductility of the dapped end.

4. Theinclined dapped-end is more efficient comparing to the rectangular dapped-end. A

relatively smaller amount of reinforcement is required duo to the lower stress level

resulting from the high inclination of the strut in the nib created by the inclined tension

hanger.

A.13. Mader’'s Resear ch

In Mader's study, two design methods which had primarily been developed for

non-pretensioned beams and one method developed specifically for pretensioned beams

were studied and compared: 1) Prestressed Concrete Institute (PCl) design method, 2)

Menon/Furlong design method, and 3) the strut-and-tie model. These three methods were

evaluated through tests to determine how prestressing forces effect the load path in abeam.

The concluson of this sudy were:

1. All design methods resulted in beam ends that carried loads 15~20 % higher than

predicted except for the PCl design method.

2. The M/F specimen carried 6 to 10 % most load per cubic inch of steel reinforcement

within the beam end than the strut-and-tie modds.

3. Strut-and-tie model specimens were 11 to 29 % more efficient than the PCl and M/F
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models based on load carried per construction operation unit.

4. Standard hook in the main horizontal reinforcement within the dap provided adequate

anchorage o that welding could be avoid.
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