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1.0 INTRODUCTION

1.1 BACKGROUND

Large numbers of conventionally reinforced concrete deck girder (RCDG) bridges were built
during the Eisenhower interstate era of the late 1940s to the mid 1960s. These bridges were
designed following AASHO national standards of the time (AASHO 1953). The shear design
requirements of this period were less stringent than those in modern AASHTO specifications
(AASHTO 2004). Higher demands have been placed on the bridge members during their service
lives with increasing load magnitudes, millions of load cycles, and environmental exposure such
as temperature gradients, freeze-thaw, and/or wet-dry cycles. These conditions may result in
diagonal-tension cracks in the main girders and supporting bent caps. As an example, in Oregon,
a large number of RCDG bridges in the inventory are from the 1950’s, and state inspectors have
identified diagonal cracks in the girders and supporting bent caps on over 500 of these bridges,
including 200 such bridges on the state’s dominant truck routes (Zaintz and Long 2007).

Wholesale replacement of the large inventory of aging RCDG bridges may not be practicable
due to economic constraints. However, a management approach that could apply effective repair
methods in conjunction with replacement for bridges with insufficient live load ratings would be
able to maintain freight mobility and operational safety. Several possible repair alternatives are
available for diagonally cracked RCDG members including epoxy injection, internal
supplemental stirrups, external supplemental stirrups-threaded steel rod, carbon fiber reinforced
plastic (CFRP) sheets, near surface mounted (NSM) fiber reinforced plastic strips, and post-
tensioning. Comparisons between the alternatives, however, that can quantify available capacity
increases, installation sensitivity, and service-level performance for large lightly reinforced
concrete members, are not available. Thus research is needed to provide this information.

1.2 RESEARCH OBJECTIVES

Currently, the structural performance of large lightly reinforced RCDG girders and bent caps
with diagonal cracks, and repaired with different materials and techniques, is uncertain. No
general comparisons are available among the various alternatives, and there is no guidance for
assessing the costs and benefits of the various methods. Furthermore, design and analysis
methods have not been validated, and inspection protocols of post-repaired specimens have not
been established.

The objectives of this research were to quantify the structural performance of repair techniques
for reinforced concrete bridge girders and bent caps lightly reinforced for shear: 1) at service
level (before and after repair); and 2) at ultimate load. Several available and emerging repair
methods were investigated in the laboratory, including epoxy injection, internal and external
supplemental steel stirrups, surface-bonded carbon fiber composites (CFRP), near surface



mounted composite tape (NSM), and external post-tensioning. The laboratory results were
compared with current national and international code and/or applicable archival literature
design approaches. Where appropriate, modifications were made for design. Based on the
laboratory tests, recommendations were made for detailing and inspection of repaired girders.



2.0 LITERATURE REVIEW

2.1 CODE PROVISIONS

The current code provisions from the United States, Canada, and Europe are included for
comparison. The North American codes include the American Building Code Requirements for
Structural Concrete, referred to as ACI 318-05 (ACI 2005), the American Association of State
Highway and Transportation Officials LRFD Bridge Design Specifications, referred to as
AASHTO LRFD (AASHTO 2004), and the Canadian Highway Bridge Design Code (CSA 2000).
The European codes include Eurocode 2: Design of Concrete Structures (CEN 2004), the Euro-
International Committee for Concrete & International Federation for Prestressing Model Code
(CEB 1993), and the International Federation for Prestressing Recommendations on Practical
Design of Structural Concrete (FIP-Commision 1999). Each code was reviewed with respect to
the shear strength of unrepaired specimens as well as any additional strength gain provided by
supplemental strengthening schemes for slender and deep beam specimens.

2.1.1 American Concrete Institute 318-05 American Building Code
Requirements for Structural Concrete

ACI 318-05 provides the minimum requirements for design and construction of both
traditionally reinforced and prestressed concrete structures (ACI 2005). Member failure is
minimized utilizing strength reduction factors such that the reduced nominal strength of a section
is greater than the required strength, as denoted in Equation 2-1 below.

4R, >U @1

where s a resistance factor, typically less than 1.0, intended to reduce the nominal strength of
a section, R, based on the applied forces; and U is the required strength, as outlined in Article
9.2, based on several possible load combinations and associated factors.

The requirements for shear and torsion of a concrete section are addressed in Chapter 11. For
shear, Equation 2-2 is modified as:

N >V, ACI 318-05 (11-1)

(2-2)
where V,, (kips) is the factored shear demand and the nominal shear strength, V,, (kips), is
computed as a superposition of the contributions from both concrete and steel as:

V, =V, +V, ACI 318-05 (11-2) 2-3)



where V. (kips) is the nominal shear strength carried by the concrete, and V; (kips) is the
nominal shear strength provided by the transverse reinforcement.

2.1.1.1 ACI 318-05 traditional beam capacity

Prior to calculation of the shear capacity of a section, ACI 318 requires a check to ensure
minimum transverse steel area and spacing. Also, Article 11.1.2 limits the value of

\/fT to 100 psi, unless the section of interest contains at least minimum web
reinforcement. Minimum shear reinforcement is required, as outlined in Article 11.5.6.1
where the factored shear force V, exceeds ¥ the factored nominal concrete shear
strength. Once met, the minimum area of steel is denoted in Article 11.5.6.3 and
determined as:

A = 075\Fbs (SOb S ACI318-05 11-13
Ty (2-4)

where Ay min (in.%) is the minimum area of shear reinforcement within spacing s (in.); f.'
(psi) is the specified compressive strength of concrete; by, (in.) is the web width, s (in.) is
the center-to-center spacing of the shear reinforcement; and fy; (psi) is the specified yield
strength of the transverse reinforcement.

In addition to minimum area requirements, Article 11.5.5 limits spacing of the transverse
reinforcement to the lesser of half the effective depth, d/2, or 24 in. for nonprestressed

4, f.b,d. . T
members, except where V, exceeds ¢™W™" In this case, the above spacing limits must
be reduced by one half. The variable d (in.) is defined as the distance from the extreme
compression fiber to the centroid of the tension reinforcement.

Once minimum area and spacing requirements are satisfied, the nominal shear resistance
resulting from the contributions of steel and concrete can be determined. The concrete
contribution to shear strength is outlined in Article 11.3 and utilizes two design
equations. The first, denoted in Equation 2-5 below, is intended for members subjected
to shear and flexure only; it is recommended unless a more detailed calculation is
required:

V,=2fbd  ACI318-05(11-3)

(2-5)
The more detailed equation is given as:
, V.d ,
= 1.9/f, +2500p, o= |bd <35 fb,d  ACI318-05(11-5)
‘ (2-6)
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where b,d is the flexural reinforcement ratio; Vy (kips) and M, (kip-ft) are the
factored shear and moment at the section of interest — with the stipulation that the value
V,

u

M

Pu

u not exceed 1.0.

The shear strength provided by the transverse steel (stirrups) is documented in Article
11.5.7 and calculated as:

AT

S

ACI 318-05 (11-15)

w

(2-7)

2.1.1.2 ACI 318-05 deep beam capacity

Deep beam specimens are described in ACI 318 Section 11.7. The design of deep beams
uses strut and tie modeling (STM). The ACI and AASHTO LRFD STM provisions are
similar, and for the present work, AASHTO-LRFD is used for STM in Section 2.1.3.2
with comparisons to other remaining codes as described later.

2.1.2 American Concrete Institute Committee 440

The 2005 American Concrete Institute Manual for Concrete Practice includes the
recommendations of Committee 440 regarding the design and construction of externally bonded
fiber reinforced plastic systems for strengthening concrete structures (ACI 2006). As the
guideline is enveloped by ACI, the governing principles regarding load and resistance factors are
the same as outlined under ACI 318-05. The scope of the document encompasses the latest
technical information based on a twenty-year period of experimental research, field studies, and
analytical work. Within this context, the committee recommendations form a lower bound so as
to provide a conservative repair methodology. The application of the repair scheme on the
surface of the beams requires significant surface preparation and quality control of materials,
plus attention to environmental factors such as temperature, humidity, and moisture concerns.
The installation procedures, including curing time, temperature, and humidity, are included in
Chapter 3.

The design requirements for ACI 440 are included in Chapter 8 of ACI 440.2R-02 (ACI 2002).
Two limit states are considered for design. The service limit state limits excessive deflections,
cracking, vibrations, etc., while the strength limit state limits failure of the member, stress
rupture, and fatigue. Consideration of the virgin specimen strength without FRP is a concern, as
indicated by the strengthening limits proposed in Equation 2-8 below:

(PR )ousing = (12585, +0.85S,,) ACI 440.2R (8-1)

new (2_8)



Equation 2-8 indicates that the existing structure must be capable of sustaining its own dead load
plus a portion of the live load. The requirement is intended to safeguard the structure in the
event the repaired FRP is removed or rendered ineffective by a fire event.

Environmental factors may affect the long-term strength of FRP systems. As such, the
committee recommends the use of an environmental reduction factor Cg as shown below in
Equation 2-9.

f =C.f, ACI 440.2R (8-3)

u

(2-9)
The design rupture strain is also reduced as indicated in Equation 2-10 below.

g, =Ceéy, ACI 440.2R (84) (2-10)

Strengthening for shear is covered in Chapter 10 of the guide. The first consideration for
strengthening pertains to the wrapping scheme used; either a full wrap, a 3-sided U-wrap, or a 2-
sided wrap are covered. For beam strengthening, the use of a full wrap is prohibited due to
geometric constraints of the deck superstructure between adjacent beams. Of the two remaining
repair schemes, the 3-sided U-wrap is preferred.

The additional strength gain from the FRP repair is analogous to the shear strength contribution
from steel and concrete respectively. In this respect, the FRP repair is simply added to the
previous two shear contributions, resulting in a nominal resistance as shown below in Equation
2-11.

N, =gV, +V, + ¥ ,V,) ACI 440.2R (10-2) @-11)

where ¢ is 0.90 for shear design; and V. (kips) and V; (kips) are as determined in ACI 318-05 in
Equations 2-5 or 2-6 and 2-7 respectively. The yyterm is an additional reduction factor for the
shear contribution from FRP which varies from 0.85 for the three-sided U-wrap or bonded face
plies to 0.95 for completely wrapped members. The V¢ (kips) term is the strength gain from the
FRP.

The FRP contribution to shear strength is described in Section 10.4. Once a repair scheme has
been selected, the fiber orientation to the estimated failure crack is determined. The shear
strength provided by the FRP is then calculated from the force resulting from the stress in the
FRP across the failure crack, as shown below in Equation 2-12.

v - A, e (sina+cosa)d, ACT440.2R (1023
= - 2R (10-3)
f

(2-12)

where Ag, (in.%) is defined below in Equation 2-13; fi. (psi) is the effective stress in the FRP at
failure; a is the inclination of the reinforcement to the longitudinal axis of the member; d¢ (in.) is
the depth of the FRP; and s¢ (in.) is the spacing of the FRP strips.



A, =2nt,w, ACI 440.2R (10-4) (2-13)

where n is the number of plies of reinforcement; t¢ (in.) is the nominal thickness of one ply of
reinforcement; and wr (in.) is the width of the FRP plies. FRP remains linear until fracture; thus
the effective stress fg in Equation 2-12 is proportional to the modulus and the failure strain, as
denoted in Equation 2-14 below.

fo=¢,E;  ACI440.2R (10-5) (2-14)

where &f. (in./in.) is the effective strain in the FRP at failure; and E¢ (psi) is the modulus of
elasticity of the FRP.

The guide provides further information for calculating the effective strain at failure depending on
the repair scheme. For the current investigation, utilizing a 3-sided wrap, the code directs the
user to Section 10.4.1.2. The failure mode of this repair scheme is governed by the bond
strength between the FRP and the concrete. Thus, the effective strain is calculated using a
reduction coefficient as denoted in Equation 2-15 as:

£p =K,E, <0004 ACI440.2R (10-6(b)) @-15)

The reduction factor is calculated based on the concrete strength, the wrapping scheme, and the
stiffness of the laminate, as denoted in English units in Equation 2-16 below.

K, = :16k8—2Le <0.75 ACI 440.2R (10-7) U.S.
Eny (2-16)
The corresponding SI factor is shown in Equation 2-17.
K, = Uk‘ﬁ <0.75 ACI 440.2R (10-7) SI
900¢,, 2-17)

where k; is a factor relating to the concrete strength denoted in Equations 2-18 (U.S. Units) and
2-19 (SI Units) as:

"3
klz[ f j ACI 440 2R (10-9) U.S.
4000 2-18)
f )3
=\ 55 ACI 440.2R (10-9) SI
/ (2-19)

where {;' is the concrete strength in psi (Equation 2-18) and MPa (Equation 2-19). The term k»
relates to the wrapping type as shown in Equation 2-20:



d, L

® for U-wraps
k=1, sz ACI 440.2R (10-10)
% for two sides bonded
f (2-20)
where dr has previously been defined; and L. is the active bond length as shown below in
Equations 2-21 (U.S. Units) and 2-22 (SI Units).
L = LOOSS ACI 440.2R (10-8) U.S.
(nt,E,) 221)
L = L()(lsg ACI 440.2R (10-8) SI
(nt,E,) 222)

The variables used in the above equations have been previously defined.

2.1.3 American Association of State Highway and Transportation Officials
LRFD Bridge Design Specifications (2004)

The 2005 AASHTO LRFD provisions “apply to design, evaluation, and rehabilitation of both
fixed and moveable highway bridges” (AASHTO 2004). The specifications provide load and
resistance factors based on reliability theory with appropriate load and resistance modifiers
based on the current state of knowledge concerning their individual distributions. A general
approach is described as:

> n7Q <¢R, AASHTO LRFD (1.3.2.1-1) (2-23)

where 7 is a load modifier which accounts for ductility, redundancy, and operational
importance; v; is a load factor; Q; is the nominal force effect; ¢ is a resistance factor; and R, is
the nominal resistance.

Both load and resistance are assumed to follow a normal distribution with a higher degree of
uncertainty associated with the applied loads. The provisions define four limit states which
encompass design loads, ultimate loading, fatigue, and extreme force effects. The first, denoted
as the service limit state, places restrictions on stress, deformation, and crack width under traffic
loads. The second, identified as the strength limit state, is used to ensure global structural
stability with the designed load combinations, modified by accompanying load factor(s). The
third, denoted as the fatigue and fracture limit state, relates to stress range limitations and
material toughness requirements for fatigue and fracture, respectively. The last, denoted as the
extreme event limit state, provides structural survival based on a major earthquake, flood, vessel
collision, scour, or ice flow. The scope of the current research project will include service and



strength limit states. For the service limit state, the load modifiers, load factors, and resistance
factors are set to 1.0.

2.1.3.1 AASHTO LRFD 2005 traditional beam capacity

Beams having a span-to-depth ratio greater than 2.0 conform to traditional Bernoulli
beam theory in which plane sections remain plane. The design of traditionally reinforced
as well as prestressed concrete members is covered under Chapter 5 within AASHTO.

As with the ACI code, the minimum transverse steel reinforcing and spacing is checked
prior to capacity calculations. The first condition that is checked for the shear design of a
member relates to the use of minimum transverse steel reinforcement defined as:

V, > 0.54(V, +V, ) AASHTO LRFD 5.8.2.4-1 224)

where V, (kips) is the factored shear force; V. (kips) is the nominal shear resistance of
the concrete; V,, (kips) is the component of the prestressing force in the direction of the
shear force (equal to zero in the current investigation); and ¢ is the resistance factor
specified in Section 5.5.4.2. For shear the value is 0.90. The corresponding nominal
shear resistance of the concrete is determined as:

V,=003168f,bd,  AASHTOLRFD 583.3-3 (2-25)

where V. (kips) is the nominal shear resistance from the concrete; B is a factor indicating
the ability of the diagonally cracked concrete to transmit tension as specified in Article
5.8.3.4; f.' (ksi) is the compressive strength of the concrete; by (in.) is the effective web
width, taken as the minimum web width within the depth d, (in.) as determined in Article
5.8.2.9; and d, (in.) is the effective shear depth as determined in Article 5.8.2.9.

Article 5.8.2.9 defines the shear stress on a concrete section as:

V, -V
Y d AASHTO LRFD 5.8.2.9-1

vy (2 -2 6)

where by (in.) is defined as the effective web width taken as the minimum web width,
measured parallel to the neutral axis, between the resultants of the tensile and
compressive forces due to flexure; and d, (in.) is defined as the effective shear depth
taken as the distance, measured perpendicular to the neutral axis, between the resultants
of the tensile and compressive forces due to flexure; it need not be taken to be less than
the greater of 0.9d. or 0.72h. From Article 5.7.3.3.1, d. (in.) is as shown below in
Equation 2-27.

A f . d +ATfd
. = P pf P fy AASHTO LRFD 5.7.3.3.1-2
Aps ps+As y (2'27)




With no prestressing present, this formula reduces down to:

d, =d, AASHTO LRFD 5.7.3.3.1-2 (2-28)

where ds (in.), as denoted in Article 5.7.3.2.2, is defined as the distance from the extreme
compression fiber to the centroid of nonprestressed tensile reinforcement. The procedure
for determining B, as defined in Article 5.8.3.4, provides a simplified approach which
defaults to a value of 2.0, as well as a general procedure in Article 5.8.3.4.2. For the
purpose of the initial check, as indicated in Equation 2-25, the simplified assumption is
sufficient; the general procedure is investigated in detail at a later section.

The experimental specimens in the current investigation meet the requirements of
Equation 2-24; therefore, the minimum steel reinforcing required for design is
determined. Article 5.8.2.5 provides the requirements for the minimum steel reinforcing:

A >0.0316,/f, AASHTO LRFD 5.8.2.5-1

b,s
fy
(2-29)

where A, (in.%) is the area of transverse reinforcement within a distance s (in.); f.'(ksi) is
the compressive strength of the concrete; f; (ksi) is the tensile strength of the transverse
reinforcement; s (in.) is the spacing of the transverse reinforcement; and by (in.) is the
minimum web width, previously defined under Equation 2-26. A further requirement
within AASHTO relates to the maximum spacing of transverse reinforcement as
documented in Article 5.8.2.7 and in Equations 2-30 and 2-31 below.

Ifv, <0.125f,, then:
s, =0.8d, <24.0in AASHTO LRFD 5.8.2.7-1 2-30)
Ifv, >0.125f,, then:

S, = 0.4d, <12.0in AASHTO LRFD 5.8.2.7-2 2-31)
where v, (ksi) is the shear stress on the section as determined in Equation 2-26. If the
requirements regarding minimum shear reinforcement and spacing are satisfied, the

nominal shear resistance is defined in Article 5.8.3.3 as the lesser of Equations 2-32 and
2-33 as shown below.

V, =V, +V, 4V, AASHTO LRFD 5.8.3.3-1 2-32)

V,=025fhd, +V,  AASHTO LRFD 5.833-2 2-33)

where the V;, component applies only to prestressed sections. Also, V. was previously
defined in Equation 2-25. The remaining V; term is defined in Equation 2-34 below:
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V,

S

S

_ A f,d, (cotd+cotar)sina

AASHTO LRFD 5.8.3.34

(2-34)

where A, (in.%) is the area of transverse reinforcement within a distance s (in.); and o is

the angle of inclination of transverse reinforcement to the longitudinal axis. The

remaining terms have previously been defined.

The general procedures for determining 3 and 0, based on Modified Compression Field
Theory (MCFT), are outlined in Article 5.8.3.4.2. The values are found from two tables
denoted within this text as Table 2.1 and 2.2, respectively. Table 2.1 is reserved for
specimens that have at least minimum transverse steel, as denoted in Equation 2-29.
Table 2.2 is reserved for specimens which have less than the minimum transverse steel

requirement. As a general approach, both tables are covered as indicated below.

Table 2.1: AASHTO LRFD f and 0 values for sections meeting minimum transverse steel

requirements
L) g, % 1,000
fe
=020 | ==0.10 =0.05 =0 =0.125 <0.25 =(.50 =0.75 =1.00
=0.075 223 204 21.0 21.8 243 26.6 30.5 33.7 36.4
6.32 4.75 4.10 3.75 3.24 2.94 2.59 2.38 2.23
=0.100 18.1 20.4 214 225 24.9 27.1 30.8 340 36.7
3.79 3.38 3.24 314 2.91 2.75 2.50 2.32 2.18
=0.125 19.9 219 228 23.7 25.9 279 3l4 344 37.0
3.18 2.99 2.94 2.87 2.74 2.62 242 2.26 2.13
=(.150 21.6 233 24.2 250 26.9 288 321 349 373
2.88 2.79 2.78 2.72 2.60 2.52 2.36 2.21 2.08
=0.175 23.2 247 25.5 26.2 28.0 29.9 327 35.2 I6.8
2.73 2.66 2.65 2.60 2.52 2.44 2.28 2.14 1.96
=0.200 24.7 26.1 26.7 274 29.0 30.6 328 34.5 36.1
2.63 2.59 2.52 2.51 243 2.37 2.14 1.94 1.79
=0.225 26.1 27.3 279 28.5 30.0 308 323 34.0 357
2.53 2.45 242 2.40 2.34 2.14 1.86 1.73 1.64
=0.250 215 28.6 29.1 29.7 30.6 313 28 34.3 358
2.39 2.39 233 233 2.12 1.93 1.70 1.58 1.50
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Table 2.2: AASHTO LRFD p and 0 values for sections with transverse steel, not meeting
minimum transverse steel requirements

£ % [ 000
Sze
{in) | =-0.20 | =0.10 | <0.05 =0 <0.125 | =0.25 | <050 | =0.75 | <100 | <1.50 | =2.00
=5 254 255 259 | 2604 271 289 N9 24 33.7 35.6 7.2
6.36 6.06 5.56 3.15 441 391 3.26 286 | 258 2.21 1.96
=10 | 27.6 276 283 | 293 KR 33.5 36.3 354 | 401 42.7 44.7
5.78 5.78 538 | 4.89 4.05 3.52 2.88 2.50 2.23 1.88 1.65
=15 | 29.5 29.5 297 | 311 341 36.5 9.9 424 | 444 474 49.7
5.34 534 527 | 473 3.82 3.28 2.64 226 | 201 1.68 1.46
=20 | 31.2 312 312 323 360 i8R 42.7 455 476 50.9 334
4.99 4.99 499 | 461 3.65 3.09 146 2.09 1.85 1.52 1.31
<30 | 34.1 34.1 341 34.2 389 42.3 46.9 50.1 52.6 56.3 39.0
4.46 446 446 | 443 339 2.82 219 1.84 1.60 1.30 110
=40 | 36.6 6.6 o6 | 366 412 45.0 0.2 537 56.3 60.2 63.0
4.0 4.06 4.06 | 4.06 3.20 2.62 2.00 1.66 1.43 1.14 0.95
=60 | 40.8 40.8 408 | 40.8 44.5 49.2 55.1 58.9 61.8 65.8 68.6
3.50 3.50 350 | 350 292 2.32 1.72 1.40 1.18 0.92 0.75
=80 | 44.3 44.3 443 | 443 47.1 523 58.7 62.8 65.7 69.7 724
310 310 310 ] 310 2.71 2.11 1.52 ] 1.21 1.01 0.76 0.62

For Table 2.1 — specimens meeting the minimum transverse steel requirement — the table
requires three values: &, vy, and f', where &, is defined as the calculated longitudinal
strain at the middepth of the member; v, (ksi) is the average factored shear stress on the
concrete previously defined in Equation 2-26; and f.' (ksi) is the specified compressive
strength of the concrete. In lieu of more accurate calculations, &, is determined by
Equation 2-35 below, with an initial value not be taken greater than 0.001. It is noted
that Figure 2.1 identifies the parameters used in Equations 2-35 through 2-37 and should
be used in conjunction with the described text. Equations 2-35 through 2-37 have been
modified to negate the effects of prestressing.

" - %40.1\"‘,4:!.5:% A
A A A - x
Flexural [
ooa s b % - comprission S
flange
b~ P ", Vo .F'(j-
v, -V Jeowd
wen Mo E ] l,l Cnl e N
;// V,-Vp
A b, &
Flenural -
tensi
Al ™ I'li“r:n:" %mjﬂl‘,nﬂ'.l{ﬂ-vﬂﬁﬂw ; Calculated Strains
L
Aetual Section Idealized Section Extarnal Sactional Forces Forces in Flanges

Figure 2.1: AASHTO LRFD general approach for determining  and 0 values
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l\d/l“ +0.5N, +0.5V, cotd

£, =—V AASHTO LRFD 5.8.3.4.2-1
2E.A (2-35)

In Equation 2-35, M, (kip-in.) is the factored moment taken as a positive value, but not
less than V,d,, where d, was previously defined in Equation 2-26 as the effective shear
depth taken as the distance, measured perpendicular to the neutral axis, between the
resultants of the tensile and compressive forces due to flexure, which need not be taken to
be less than the greater of 0.9d. or 0.72h. N, (kip) is the factored axial force taken as
positive if tensile and negative is compressive; V, (kip) is the factored shear force taken
as a positive quantity; E (ksi) is the modulus of elasticity of the steel reinforcing; and A
(in.%) is the area of nonprestressed steel on the flexural tension side of the member. (For
bars terminating less than the full development length at the section of interest, they shall
be ignored.)

For the second table, &, is defined as the largest calculated longitudinal strain which
occurs in the web of the member; it is determined as shown below in Equation 2-36, with
the initial value not taken greater than 0.002.

'\g“ +0.5N, + 0.5V, cot@

g, = AASHTO LRED 5.8.3.4.2-2
EA (2-36)

where the variables are as defined for Equation 2-35.

If the value of & is negative for either Equation 2-35 or 2-36, then & should be as defined
below in Equation 2-37.

'\(;l” +0.5N +0.5V cot@

& =— AASHTO LRFD 5.8.3.4.2-3
2(ECA; + EsAs) (2-37)

where the variables are as defined for Equation 2-35 with the exception of A, (in.?),
which is defined as the area of concrete on the flexural tension side of the member; (refer
to Figure 2.1 for additional clarity). E. (ksi) is defined as the modulus of elasticity of the
concrete as denoted under Section 5.4.2.4 and Equation 2-38 below.

_ 1.5 ' _
E, =33,000w%/ f, AASHTO LRFD 5.4.2.4-1 2:38)

where w, (kip/cubic foot) is the unit weight of the concrete and f.' (ksi) is the
compressive strength of the concrete.
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2.1.3.2 AASHTO LRFD 2005 deep beam capacity

The Traditional Bernoulli Beam Theory assumption of plane sections remaining plane
does not hold true for deep beam specimens. Among the active international codes
covered in the current study, the method of choice for dealing with deep beam analysis is
the strut-and-tie (STM) method. The procedure is outlined below, focusing on the
AASHTO interpretation, due to the specificity to the bridge community, with
comparisons to the remaining codes.

The STM method uses an idealized truss model consisting of upper and lower chords,
vertical ties, and diagonal elements to transmit concentrated loads through a member.
The concrete component is idealized as a diagonal strut in compression; shear
reinforcement is idealized as vertical ties; and longitudinal reinforcement at the limits of
the cross section is denoted as chord members, as shown in Figure 2.2. The intersection
of these elements is denoted as a Node, and the concrete adjacent to the node is referred
to as a Nodal Region; the concrete in this area is assumed to distribute the resulting nodal
forces to adjacent regions or bearings. Force equilibrium of the truss model is required,
subject to truss geometry and complexity. The method provides a lower bound for
capacity, such that modifying the truss geometry and/or complexity is permitted to obtain
the highest capacity.

A :] . COMPRESSION
.‘- ;? §TRUTS

TENSION TE =]
FORCE

Figure 2.2: AASHTO LRFD Strut-and-Tie component identification

AASHTO defines a deep component as one in which 1) the distance from the point of
zero shear to the face of the support is less than 2 times the member height; or 2)
structural components in which a load is causing more than one-third of the shear at a
support are closer than 2 times the member height from the face of the support. The
STM model is documented under section 5.6.3. The capacity of the strut and ties are
defined under section 5.6.3.2 and in Equation 2-39 below.

P —¢P AASHTO LRFD 5.6.3.2-1 (2-39)

where P; (kip) is the factored resistance and P, (kip) is the nominal resistance.
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The ? resistance factor is based on sign convention of the component. From Article

5.54.2, ¢ equals 0.70 for STM compression members, 0.90 for tension members, and
0.80 for compression members in anchorage zones. Once the general equation is
presented, the nominal strength of the strut and ties must be determined. For a
compressive strut, the nominal strength is defined in Article 5.6.3.3.1 and in Equation 2-
40 below.

P="f,A, AASHTO LRFD 5.6.3.3.1-1 (2-40)

where P, (kip) is the nominal strength of the strut; ., (ksi) is the limiting compressive
strength as defined in Article 5.6.3.3.3; and A (in.z) 1s the effective cross sectional area
of the strut as defined in Article 5.6.3.3.2, based on the anchorage conditions at the end
of the strut.

For a strut which is anchored by reinforcement, the effective concrete area may extend a
distance up to six bar diameters from the anchored bar, as shown in Figure 2.3. For struts
anchored by bearing and reinforcement or bearing and struts, the effective concrete area
is as shown in Figures 2.4 and 2.5, respectively. The limiting compressive stress in a
strut is defined in Article 5.6.3.3.3 and in Equation 2-41 below.

~t—-x.

ly Sinﬂs—] =6dp s 6dy,

o — : —
5
By —> s [t—— Bl —t e dy,
la
x - o xA-X

Figure 2.3: AASHTO LRFD effective area of concrete strut anchored by reinforcement
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Figure 2.4: AASHTO LRFD effective area of concrete for strut anchored by bearing and reinforcement

b

£} SinBg + hg COSBg

Figure 2.5: AASHTO LRFD effective area of concrete for strut anchored by bearing and struts

(o f
“ 7 0.8+170g,

where ¢; is defined below in Equation 2-42 as:
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_ 2 i
& =& +(& +0.002)cot’ o AASHTO LRFD 5.6.3.3.3-2 (2-42)

where o5 is the smallest angle between the compressive strut and adjoining tension ties; &
(in./in.) is the tensile strain in the concrete; and f.' (ksi) is the compressive strength of the
concrete.

If the compressive strut includes reinforcement that is parallel to the strut and detailed to
develop its yield strength in compression, the nominal resistance is defined in Article
5.6.3.3.4 and in Equation 2-43 below.

P, = f A+ f,A, AASHTO LRFD 5.6.3.3.4-1 2-43)

where fy (ksi) is the yield strength of the reinforcement; and Ay (in.%) is the area of the
reinforcement in the strut.

Turning toward the tension ties, the nominal resistance is denoted under Article 5.6.4.3.1
and in Equation 2-44 below.

P=f,A+A[f +1f] AASHTO LRFD 5.6.3.4.1-1 (2-44)

where f, (ksi) is the yield strength of the mild steel; Ay (in.?) is the area of the mild steel;
Ay (in.%) is the area of prestressed steel; and f,,. (ksi) is the stress in the prestressing steel
after all losses.

The anchorage of the tensile reinforcement in the nodal regions is required for this

method. If confinement is not provided for the compressive strut at the nodal zone, the
code requires a reduction in the available strength according to the following anchorage
types: for node regions bounded by compressive struts and bearing areas, the reduction

shall be 0.85% f.'. For node regions anchoring a one-direction tension tie, the reduction
shall be 0.75 % f.'. For node regions anchoring tension ties in more than one direction, the

reduction shall be 0.65 ¢ f.!. The tension tie reinforcement shall be distributed over an
area equal to the tension tie force divided by the stress reductions just mentioned. In
addition, crack control measures are required on the face of the section, with a maximum
spacing of 12 in. The ratio of reinforcement to gross concrete area shall not be less than
0.003 in each direction.

2.1.3.3 Deep beam comparison: remaining codes

As mentioned previously, the remaining international codes rely on the STM for analysis
of deep beams. Each of the different codes has requirements dealing with serviceability
of crack control in terms of maximum spacing of vertical and horizontal reinforcement as
well as reduction factors for the compression strut — in most cases based on either a
rectangular stress distribution of a typical beam or a bottle shaped strut as in a diagonal
compression element. Also, the compressive concrete contribution at the nodal regions is
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typically reduced based on the anchorage conditions and/or stress condition at the node
(i.e., one compression strut is treated differently than a node with two compression struts
and one tension tie). The differences of the various codes are outlined in Table 2.3.

2.1.4 Canadian Highway Bridge Design Code

The design philosophy which underlies the Canadian Highway Bridge Design Code (CBC) is
based on three limit states: the Service Limit State (SLS), Ultimate Limit State (ULS), and the
Fatigue Limit State (FLS) (CSA International 2000). The first limit state is in place to ensure
deflection requirements are met, and crack control and excess vibrations are minimized. The
second limit state is the failure load for the structure, while the third limit state deals with
material fatigue. Safety for the Ultimate Limit State is based on the structural reliability index f,
which is defined as the ratio of the mean to the standard deviation of a random variable X. In
this case, X is taken as the natural logarithm of Resistance over Load Effect (refer to Figure 2.6
for the reliability index against failure). For the Service Limit State, the variable X is taken as
the safety margin, or the difference between Resistance and Load. For an intended design life of
75 years, the reliability index B is equal to 3.5.

Reliability Index
A o
"EJ B = reliability index
E < POx .| oy =standard deviation
] : |
= i
k=
]
=
=
o
dred = =
probability
of failure
' >
5 - = o I
region of failure

Figure 2.6: Canadian code reliability index against failure
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Table 2.3: Comparison of international codes for strut-and-tie model

Strat
Code: Vehirea Wlin &, B Min &, Compression ; Tension Tie Hodal Region
i : : Tengion
Fectangular Othier Shape
ACT318-05 (US) [10f bd | 0002%hs | diSz12" | 00015hs 0637564, 047864, 0382564, 0.754F, 07500850, 1] i
b5 .
4 £SHTOLRFD 0316 ff — | 12" f :
: ; 0.70 CE085fF | A ] 0.90[& £+ (f + 0.70f !
2005 (5) Fo | oos, EEPSE [ LA 00 | BTOI0EA,,
“EB-FIF 1990 Urniecracked Section: Cracked Section: i i i
. 2 0.2%4 : 0.2%k 4 i & "V % orf by
(rae tric) ' * | ADSS[-L,5006," | ADS0[1£,/250]E, " Eul, funfiouss ™ 0T fetoPauns
CEB-FIF 1959 . . ; . 120f b, Por
froie tric ) i 2nly - 0.2%4, A, 1-4512500, A - Ly, 3.83;:11_1*':3:1; ‘S
12
Eurocods 2 01%A =150 01%4 = ALy SRR —_— Dl.gﬂj[ll-f?ijjﬂ]f;a -1~Dr
(et ) mnre’ i 150 ren’in A A6 ol Vi BollLyf22l g 0n
0.75[1-foki250] fod*1*
Canadian Bridge ) 0.3%4 o 0.3%4 o 0.75 S cnsse |a s
Code (US) 300 roa ’ 300 B e R : 0905 £H1954, 5, B70.70f, $nnae

T, =g, +(x, 100200t e,
£ fo-l = fcl f ""Icl:;
* For persistentitransient loading, v, = 1 5; for accidental loading v, =12

* v, =080 for struts with cracks parallel to strut and transverse reindorcerae nt, w7, = 0 60 for struts transfeming corpression across cracks with normal crack widths such as in the webs of
beatr, or v, =0.45 for strfs transferring compression across large cracks (e mbers with axial fension or sections with flanges in tension)

" For persistentitransient loading, v, = 1.15; for accidental loading v, = 1.0

"B, = 0.80 for a nodal region with 1 tis, p, =060 for a nodal region with 2 ties

7B =023 fora nodal area with a cormpressive strutand bearing area, f = 0.75 for a nodal area anchoring a 1-D tension tie, and f = 0.65 for a nodal area with a tension ties in more than 1
dirnersion

* For compression only and other nodes where inclusive angle between stmts is = 55 degrees and the reinforcerne nt at the node is designated "with special care”

? Bequired ata node where main tensile bars are anchored

1 For nodes subjected o biavial corpre ssion only

M For nodes subjected to triaxial compression only, for node s with tensile forces, the node is checked for anchorage length and be aring stresses

" For com pression only nodes

"1 For node s with anchored ties in one direction

*1* By nodes with anchored ties in twn directions
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2.1.4.1 Canadian Bridge Code traditional beam capacity

Traditional beam design is outlined in Chapter 8 for the CBC. The Canadian code uses a
sectional analysis which applies shear, moment, and torsion at the section of interest,
with no regard to the flow of forces through the member; the section is simply checked
for the calculated loads at the section of interest. CBC Article 8.9.2.2 sets the
requirements for sections requiring transverse reinforcement, as denoted below in
Equation 2-45.

Vi >0.204, f bd, +0.59V, Canadian Bridge Code (2-45)

where 2 1s a material resistance factor equal to 0.75 for concrete from CBC Table 8.4.6;
fr (MPa) is the cracking strength of the concrete; b, (mm) is the minimum web width
within a the effective depth; d, (mm) is the effective shear depth of the section — taken as
the perpendicular distance from the resultant tensile and compression forces from flexure
— it shall not be less than 0.9d for non-prestressed section, where d is measured from the

extreme fiber in compression to the centroid of the tension reinforcement; 2 is a material
resistance factor equal to 0.90 for high strength bars from CBC Table 8.4.6; and V,, (N) is
the portion of any prestressing force in the direction of the applied force, taken as
positive if resisting the applied shear force.

Once the section is shown to require transverse reinforcement, then the minimum
required area of steel is denoted in CBC Article 8.9.2.3 and in Equation 2-46 below.

A >0.15f, [?} Canadian Bridge Code

y (2-46)
where A, (mm?) is the area of transverse steel; fy (MPa) is the yield strength of the
reinforcing steel; and s (mm) is the spacing of the transverse steel. Previous variables
have been defined under Equation 2-45.

In addition to minimum area requirements, the code places a limit on the amount of
vertical prestressing force on the section of interest under CBC Clause 8.9.2.4 as 400
MPa plus the effective prestress force, but not more than the yield strength of the
prestressing steel. The total factored shear resistance is calculated under CBC Article
8.9.3.3. The shear resistance is taken as the individual contributions from concrete, mild
steel, and prestressing tendons, as shown in Equation 2-47.

V, =V 4V, +4V, Canadian Bridge Code (2-47)

where V. (N) is the concrete contribution; Vs (N) is the mild steel contribution; and V,,
(N) is the prestressed steel contribution.
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The determination of the concrete contribution to shear strength is covered under CBC
Clause 8.9.3.5 based on the Modified Compression Theory work of Collins and Mitchell
(1986) Vecchio and Collins (1986). The code provides a simplified approach that
assumes a 45° angle for the internal compressive stress. It is outlined under CBC Clause
8.9.3.4.2 and is divided between sections that meet the minimum steel requirements of
CBC Clause 8.9.2.3 — shown below in Equation 2-48 — and the sections that have less
than or no transverse steel — shown in Equation 2-49.

V, =0.464,f_b Canadian Bridge Code (2-48)

CI'VV

v ( 600 J 4,1,b,d, >0.234 f b,d, Canadian Bridge Code

1000 +d 2-49)

The code also permits a general approach to the concrete contribution, shown below in
Equation 2-50, which is similar to the AASHTO specifications.

V,=25p¢.1.b Canadian Bridge Code

cr-v v (2_50)
The B and corresponding 0 terms used in Equation 2-50 are located in two tables based
on two conditions: sections meeting the minimum transverse steel requirements of CBC
Clause 8.9.2.3 (CBC Table 8.9.3.4.1(a)); and sections with less than or no transverse steel
(CBC Table 8.9.3.4.1(b)). The commentary of CBC Clause 8.9.3.5 provides the iterative
procedure for determining  and 6. First, the shear stress ratio is calculated from CBC
Clause 8.9.3.5, as shown below in Equation 2-51.

Vi -9V,
b,d, : :
-~ Canadian Bridge Code
4.1 (2-51)

Next, an iterative process is followed to determine the appropriate angle and
corresponding value of €. CBC Clause 8.9.3.6 illustrates the equation for determining &
as shown below in Equation 2-52.

ps " po

&, = - <0.002 CBC
EA +E A,

Mf
O.SNf+0.5(Vf—¢ch)cot6’+d——A f

(2-52)

where N¢ (N) is the factored load acting perpendicular to the cross section acting
simultaneously with Vy, including the effects of creep and shrinkage; Mg (N-mm) is the
factored moment at the section of interest; Ay (mm?) is the area of prestressed steel; fro
(MPa) is the stress in the prestressing steel when the stress in the surrounding concrete is
zero — which may be taken as 110% of f,. (MPa), the effective stress in the prestressing
after all losses have occurred.
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Leaving cot 0 as an unknown, the possible values for 0 are determined based on the shear
stress ratio (Equation 2-51) from Table 8.9.3.4.1(a). Choose a value of 6 and the
corresponding value of &, from the table. Now, calculate the value of & from Equation
2-52. Using this value of g, determine the corresponding 0 value from CBC Table
8.9.3.4.1(a). Check the assumed value of 0; if the value is less than the second 0, then &
is a conservative value. If the converse is true, repeat the steps until the initial 0 value is
less than the second 6. Once a satisfactory result is reached,  can be found from CBC
Table 8.9.3.4.1(a).

The steel contribution to shear strength is outlined in CBC Clause 8.9.3.8 and in Equation
2-53 below.

V < ¢.f,Ad, cotd

S

Canadian Bridge Code
S (2-53)

where 2 is a material resistance factor equal to 0.90 for mild steel from CBC Table 8.4.6;
0 is the angle of the principal diagonal compressive stresses to the longitudinal axis of the
member — taken as 45 for the simplified method, or from CBC Tables 8.9.3.4.1(a) or
8.9.3.4.1(b) for sections containing the minimum transverse steel and less than or no
transverse steel respectively; all other parameters have previously been introduced.

2.1.4.2 Canadian Bridge Code: deep beam capacity

As indicated previously, the deep beam analysis for all codes utilize the STM method. It
was discussed in detail under the AASHTO LRFD specifications, with special attention
to the differences among the active international codes.

2.1.5 Eurocode 2: Design of Concrete Structures

The European Standard EN 1992-1-1:2004 denoted as the Eurocode is the British Standard for
design (CEN 2004). The design guide encompasses many nations and is subject to variability in
terms of various factors used throughout the document. However, the code provides
recommended design values in lieu of country-specific values. For the current investigation, the
recommended design values were followed as opposed to country-specific values. The rationale
for the code relies on a service condition and ultimate strength condition denoted as
Serviceability Limit State (SLS) and Ultimate Limit State (ULS) respectively.

2.1.5.1 Eurocode 2 traditional beam capacity

Prior to application of design equations, detailing requirements for shear reinforcement
must be satisfied, as outlined in Chapter 9. The first requirement, under Section 9.2.2,
requires the orientation of the shear reinforcement to form an angle o between 45 and 90
degrees with the longitudinal axis of the bridge. Once orientation has been established,
the requirement for the combination of closed stirrups and open stirrups — denoted in this
context as links and bent up bars — are defined. The specifications require the closed
stirrups (links) to encompass the longitudinal tension reinforcement and the compression
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zone, with half of the stirrups to be closed. The code also requires the shear
reinforcement ratio — a measurement of the shear reinforcement per unit length — to be
greater than minimum value. The shear reinforcement ratio is defined in Article 9.4 and
in Equation 2-54 below.

Oy = L Eurocode 2; 9.4

sh,, sin & (2-54)
where Ag, (mm?) is the area of shear reinforcement within a distance s (mm); s (mm) is
the spacing of the shear reinforcement measured along the longitudinal axis of the
member; by, (mm) is the web width; and a is the angle between the shear reinforcement
and the longitudinal axis of the member.

The minimum shear reinforcement ratio is given in Equation 2-55 below.

0.08,/ f
Pu min = f—Ck Eurocode 2; 9.5N
i (2-55)

where fix (MPa) is the 28-day compressive cylinder strength of the concrete; and fy
(MPa) is the yield strength of the transverse steel.

The final condition relates to the spacing of the shear steel — both in terms of the links
and bent up bars about the longitudinal axis of the member and in terms of the lateral
spacing among the links and bent up bars. The maximum spacing of the link elements is
shown below in Equation 2-56.

S| max =0.75d(1+cota) Eurocode 2; 9.6N (2-56)
where d (mm) is the effective depth of the cross section; and o has previously been
defined as the angle the shear reinforcement makes with the longitudinal axis of the

member.
The maximum spacing of the bent up bars is as shown in Equation 2-57.

Sy max = 0-6d(1+cotar) Eurocode 2; 9.7N (2-57)

The requirement for the lateral spacing of the link and bent up bars are as shown in
Equation 2-58.

St max = 0.75d <600mm Eurocode 2; 9.8N

(2-58)

The requirements for strength at the Ultimate Limit State is covered under Section 6.2.3
based on a truss analogy, as shown in Figure 2.7.
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Figure 2.7: Eurocode 2 ultimate limit state truss model analogy

The shear strength is the lesser of Equations 2-59 and 2-60.

Viegs = A zf 4 cOt 0 Eurocode 2; 6.8
S (2-59)

= LA Eurocode 2; 6.9

Remax " cot @+ tan O (2-60)
where Agy (mmz) is the cross sectional area of the shear reinforcement; s (mm) is the
spacing of the shear reinforcement along the longitudinal axis of the bridge; z (mm) is the
internal lever arm denoted in Figure 2.7; f,wq (MPa) is the design yield strength of the
shear reinforcement; 0 is the angle of the concrete compressive strut and beam axis,
perpendicular to the shear force; o,y is a coefficient taking into account the state of stress
in the tension chord (taken as 1.0 for non-prestressed members); by, (mm) is the width of
the web; v, is a strength reduction factor for concrete cracking in shear; and foq (MPa) is
the design cylinder compressive strength.

The code includes several additional notes regarding the use of these equations. The first
limits the value of cot 0 as shown below in Equation 2-61.

I<cotfd<2.5 Eurocode 2; 6.7N (2-61)

The recommended value of v; is v as described in Article 6.2.2 and shown below in
Equation 2-62.

V= 0.6{1 —k} Eurocode 2; 6.6N
250 (2-62)

If the design stress in the shear reinforcement is less than 80% of fyx (MPa), then:
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v, =0.6 for f, <60MPa

v, =0.9—£>0.5 for f, > 60MPa
200

ck =

The maximum effective cross sectional area of the shear reinforcement for cot 0 = 1.0 is
defined in Equation 2-63 below.

< la v, Ty Eurocode 2; 6.12
ws 2 (2'63)

2.1.5.2 Eurocode 2: deep beam capacity

As indicated previously, the deep beam analysis for all codes utilize the STM method. It
was discussed in detail under the AASHTO LRFD specifications, with special attention
to the differences among the active international codes.

2.1.6 Euro-International Committee for Concrete Publications

The CEB-FIP is a model code that provides general design guidelines for civil engineering
structures; it is not specific to building, bridge, or other specialized civil infrastructure
components (CEB 1993). However, the code does provide interpretation developing such codes
within governing entities throughout Europe. As such, several codes, such as the Eurocode, are
derived from the CEB-FIP. The code includes a 1990 publication, in addition to a 1999 state-of-
the-industry publication denoted as practical design of structural concrete. Together, these
documents represent the latest advances from academia in terms of analysis as well as a focus on
safety for the analysis and design of concrete structures. The current investigation will focus on
the 1990 model code, as the 1999 addition is aimed at clarification for the STM. The code
utilizes a limit state approach that seeks to control deflections and vibrations at service loads
(service limit state) while ensuring local element and global structural stability under the
ultimate loads (ultimate limit state). In addition, the model code utilizes reduction factors for
load and resistance denoted as partial safety factors. As such, the factors for specific loading
combinations are increased while material strength characteristics are reduced.

2.1.6.1 CEB-FIP Model Code 1990: traditional beam design

Traditional beam design is outlined under Chapter 6: verification of the ultimate limit
states. The code idealizes a beam for shear and axial loading as a truss member under
subsection 6.3.3 consisting of longitudinal steel chords, compressive concrete struts, and
steel web reinforcement in one or more directions. The code precludes the effects of
torsion, longitudinal shear, and transverse bending within this definition. Subsection
6.3.3 further separates the analysis based on the section type with reinforced or
prestressed concrete beams are treated separately than reinforced concrete columns,
subject to the conditions of subsection 6.3.3.1. The first condition of subsection 6.3.3.1
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relates to the reinforcement ratio of the longitudinal steel such that the section is not
over-reinforced, as indicated in Equations 2-64 and 2-65 below.

y
0.00353=% 5 1w CEB-FIP 6.3-1a
d & (2-64)
x f
0.00359 =% 5 ' CEB-FIP 6.3-1b
d  E7 (2-65)

where d (mm) is the effective depth of the section, x (mm) is the height of the
compression block, fyq (MPa) is the design yield strength of the longitudinal
reinforcement, E; (MPa) is the modulus of elasticity of the longitudinal reinforcement, fy
(MPa) is the characteristic design yield strength of the longitudinal reinforcement, and vy;
is a partial material factor equal to 1.15 for persistent/transient events and 1.0 for
accidental events (taken from Table 1.6.2 for reinforcing steel). The second condition
under subsection 6.3.3.1 relates to the area of transverse steel, denoted in the code as the
mechanical ratio in Equation 2-66 below.

f
e Al L) CEB-FIP 6.3-1b
b sf. sina (2-66)

w™ " ctm
where Ag, (mm?) is the area of transverse reinforcement, fyx (MPa) is the yield strength
of the transverse reinforcement, by, (mm) is the width of the web, s (mm) is the spacing of
the transverse reinforcement perpendicular to the longitudinal axis of the member, a is
the angle between the transverse reinforcement and the longitudinal axis of the member,
and f.m (MPa) is the mean characteristic tensile strength of the concrete. The mean
tensile strength is defined under subsection 2.1.3.3.1 and in Equation 2-67 below.

3
foo=fy. (L} CEB-FIP 2.1-4
mf

cko (2_67)
where feom (MPa) is equal to 1.40 MPa, fcx, (MPa) is equal to 10 MPa, and fx (MPa) is
the characteristic compressive strength of the concrete. In addition to minimum area
requirements, the code requires the inclination of the stirrups to the longitudinal axis be
at least 45 degrees and 30 degrees for bent up bars while the spacing of stirrup legs
(longitudinal and transverse) shall not exceed the lesser of 0.75d or 800 mm. Finally, the
code requires the shear reinforcement to be adequately anchored to the chords.

Once the requirements of subsection 6.3.2 are satisfied, the code identifies the value for
the components of the idealized truss. Starting with the tension chord, the maximum
force is as indicated in Equation 2-68).
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+ \ﬁ(cot @—cotar) CEB-FIP 6.3-4
z z 2 (2-68)

where Mgq (N-mm) is the moment at the section of interest, z (mm) is the internal lever
arm between the resultant chord forces, Ngq (N) is the axial load taken positive for
tension and negative for compression, z; (mm) is the distance from the line of action of
the axial force Ngq to the centroid of the tension reinforcement, Vsq (N) is the shear force
at the section of interest, 0 is the angle the compression strut makes with the longitudinal
axis of the member, and a is the angle of the transverse reinforcement with the
longitudinal axis of the member. If support reactions and/or direct loads are applied to
the section as to induce transverse compression along the depth, then the tension force is
limited by Equation 2-69.

<|MSd,max| (Z_ZS)
<l st LN A275) CEB-FIP 6.3-5
z z (2-69)

F

st

For cases in which the tensile reinforcement is entirely contained in the web of a section,
the tension chord force may be determined from Equation 2-70 below.

F.=Af,  CEB-FIP63-6 (2-70)

Moving to the compression chord, the allowable force is shown in Equation 2-71 below.

= Msl é—\%(coté’—cota) CEB-FIP 6.3-7

z z (2-71)

Equation 2-71 governs except in the case of direct loading at the location of maximum
moment, in which case Equations 2-72 and 2-73 govern.

M
F=Mum |y % CppFIp63s

z z (2-72)

Fro = fn A+ fLg A CEB-FIP 6.3-9 @-73)

where f.q (MPa) is the design strength of the concrete in the compression chord, A,
(mm?) is the area of the compression chord, fyca (MPa) is the yield strength of the
transverse steel, Ay (mmz) is the area of transverse steel within the compression chord.
The compressive concrete strut force is limited to Equations 2-74 and 2-75 below.

F =V ( coto ) CEB-FIP 6.3-10
sin@\ cot@+cota (2-74)
FRCW = fcd 2bWZ COS 9 CEB-FIP 63-1 1 (2_75)
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where Vg4 (N) is the design value the acting design shear force and f.q, (MPa) is the
design yield strength of the concrete in the compressive strut; the remaining parameters
have previously been defined. The final component, the tension of the web steel, is
denoted in Equations 2-76 and 2-77 below.

F., = Ve CEB-FIP 6.3-12

Stw .
sino (2_76)

f
Fou ={M}Z(cot9+cota) CEB-FIP 6.3-13
S (2-77)

where A, (mm?) is the area of the transverse steel, fya (MPa) is the yield strength of the
transverse steel, and the remaining parameters have previously been defined.

2.1.6.2 CEB-FIP Model Code 1990: deep beam analysis

As noted previously, the deep beam analysis among the active international codes rely on
the STM method for analysis. The STM is described in detail under the AASHTO LRFD
section, with special attention given to the differences of the method among the active
international codes.

2.2  EARLIER WORK
2.2.1 Epoxy injection repair

The application of epoxy resin for highway maintenance began during the early 1950’s. At the
forefront of epoxy material testing was the California Division of Highways Materials and
Research Department (Rooney 1963). Studies utilizing small-sized plain concrete prisms
demonstrated that the bond strength of properly applied epoxy was greater than that of the
concrete tensile strength (Tremper 1960). Rupture occurred in the concrete and not in the
adhesive bond layer irrespective of the loading conditions (shear, flexure, or tension). Some of
the first uses for epoxy in highway maintenance were patching of damaged roadways and
securing reflective traffic markers. Early applications of epoxy injection were performed with a
grease gun and were found through observation to improve plate bonding for expansion joints.

As epoxy materials became more widely used, researchers began to investigate the effects of
epoxy injection on reinforced concrete members. Early tests to evaluate the performance of
epoxy-injected reinforced concrete beams were performed by Chung (1975). Each of the three
beam specimens in this study measured 125 x 200 mm (5 x 8 in.) with a clear span of 2754 mm
(9 ft). Longitudinal and transverse reinforcement were provided, and each specimen was loaded
to failure and then injected with epoxy resin. Chung observed that epoxy restored the capacity
and integrity of the failed specimens.

Another study conducted by Popov and Bertero examined the behavior of full-scale and half-
scale reinforced concrete specimens injected with epoxy and exposed to reversed cyclic loading
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(Popov and Bertero 1975). The steel detailing and member proportions were typical of large-
sized, short-span cantilevers and beam-column sub-assemblages for buildings. Complete
hysteretic loops were recorded for each of the three specimens in the study, which characterized
the cyclic behavior of the injected specimens. They observed that epoxy injection improved the
original strength of the specimens but exhibited reduced overall stiffness. At locations where
severe rebar-concrete bond degradation occurred, the epoxy did not perform as well. Additional
research by Chung (1981) noted that epoxy injection of small 200 x 300 x 2000 mm (7.9 x 11.8 x
78.7 in.) reinforced concrete beams was not an effective means to restore or improve rebar-
concrete bond performance.

Basunbul, et al. compared several repair methods for reinforced concrete beams, one of which
was epoxy injection (Basunbul, et al. 1990). Nine epoxy-injected specimens measuring 150 x
150 mm (5.9 x 5.9 in.) in cross section and 1250 mm (49.2 in.) long, with longitudinal and
transverse reinforcement, were loaded to induce varying degrees of flexural damage. Cracks
were injected with epoxy resin and allowed to cure before each specimen was loaded to failure.
The loads required to re-initiate cracking were observed to be higher for the injected specimens
compared to the original member response.

In more recent years, the effects of environment and fatigue have been included in studies of
epoxy-injected specimens. Abu-Tair, et al. investigated concrete beams reinforced with
transverse and longitudinal steel and measuring 205 x 140 mm (8 x 5.5 in.) in cross section with
a 2300 mm (90.6 in.) span (Abu-Tair, et al. 1991). Seven specimens were loaded in flexure to
failure and then injected with epoxy resin. Upon reloading, several of the specimens were tested
statically, while others were fatigue loaded with varying magnitudes. Additionally, two of the
specimens were soaked in 38 °C (100 °F) water to investigate the effect of water absorption on
durability and performance. The results of the study indicated that epoxy injection restored the
original strength and stiffness of the beams regardless of the loading conditions, and the four
months of water immersion had insignificant effects.

Only a small fraction of the research performed to date on epoxy injection has incorporated full-
scale specimens with realistic steel reinforcing details. No data are available for shear response
of epoxy injected CRC girders, and few researchers have investigated loading conditions on the
curing and bonding of epoxy resin. Furthermore, reduced-sized specimens may not accurately
replicate strain fields and behavior of large reinforced concrete members. Other important issues
to consider are in-service loading responses and localized behavioral effects, incorporation of
service-induced diagonal cracks, and effects of load and shrinkage strains on epoxy-injected
member performance.

2.2.2 External steel stirrup repair

Mihn, et al. produced the earliest publication utilizing external steel stirrups as one of five
different repair methods for traditionally reinforced concrete beams (Minh, et al. 2001). The
experimental program included six half-scale square beams, including one control specimen,
with identical longitudinal reinforcement ratios, no integrally cast steel stirrups, and a shear
span-to-depth ratio of 3.85. Dimensions of the beams were 300 mm (11.81 in.) in height/width
including a shear span of 1000 mm (39.37 in.). The components of the repair included two-10
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mm (0.39 in.) diameter steel rods attached to a steel angle section (L50 x 50 x 8) about the top
and bottom of the beam. The experimental program did not include initial loading of the
specimens prior to application of the repair materials. Of the five repair specimens, only the
external stirrup specimen failed in flexure. A corresponding Finite Element Model (FEM) for
the external stirrup specimen indicated a shear failure at a load slightly lower than the
experimental results. The authors attributed the difference in the failure mode to an unreported
prestress force applied to the external stirrups that was not accounted for in the FEM. The article
did not give guidance as to strength gain from the external stirrups with respect to governing
codes or recommendations for future research needs of the repair method.

Altin, et al. utilized external steel stirrups on traditionally reinforced concrete T beams (Altin, et
al. 2003). The experimental program included 13 half-scale beams with two different shear span
to effective depth (a/d) ratios (3.3 and 4.5) and identical longitudinal reinforcement. The beam
dimensions were 360 mm (14.17 in.) deep, with a flange width of 360 mm (14.17 in.), a web
width of 120 mm (4.72 in.), and a flange thickness of 75 mm (2.95 in.). The repair media
included 60 mm (2.36 in.) square by 10 mm (0.39 in.) thick steel plate washers on the top of the
flange with two-500 mm (19.68 in.) long partially threaded steel rods extending through holes in
the flange terminating at a 40 mm (1.57 in.) by 40 mm (1.57 in.) by 10 mm (0.39 in.) thick steel
tube section at the base of the stem secured with 40 mm (1.57 in.) square by 10 mm (0.39 in.)
thick steel plate washers and high strength nuts. Details of the specimens and their repair
method are shown in Figure 2.8.

Within each group of a/d ratios, both the integrally cast and externally applied stirrup spacing
was varied. Of the 13 specimens, three were designated as control and one specimen was
strengthened with external stirrups but devoid of integrally cast stirrups. The remaining nine
specimens consisted of two distinct repair types. The first group included seven beams with
varying a/d ratios which were strengthened with external stirrups prior to application of load and
consequently loaded to failure; the second group of two beams included one from each a/d ratio
which were loaded up to 60% of the estimated base capacity of the section, unloaded, repaired,
then loaded to failure. All repair specimens were designed to be under strength for shear, with
an anticipated flexural failure mode after strengthening.

The research program produced several noteworthy results. The calculated capacities, based on
ACI 318, were 20% to 30% higher than the experimental results for the specimens strengthened
prior to application of load, but 6% to 7% lower than the experimental results for the specimens
strengthened after cracking was achieved. The article gave recommendations for future work,
including the need to identify load sharing among internal and external stirrups in terms of strain
compatibility. The article did not investigate losses due to deformations of the tube section or
compare results with design codes other than ACI 318.
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Figure 2.8: External stirrup repair scheme from Altin, et al.

Kim, et al. utilized wire rope as an external strengthening method (Kim, et al. 2007). While this
is not a direct comparison to the method utilized in the current study, the common goal of
applying a post-tensioning force about the transverse axis of the beam is achieved. The
experimental study included 15 quarter-scale beams with three differing shear span to effective
depth (a/d) ratios of 1.5, 2.5, and 3.25 to encompass deep beam specimens. Beam specimens
were 400 mm (15.75 in) deep and 200 mm (7.87 in.) wide. The beams were devoid of integrally
cast stirrups, relying on the rope units and concrete contribution to shear capacity. The repair
apparatus included a wire rope that formed a U shape about the bottom of the beam; it was
attached to a 20 mm (0.79 in.) thick steel plate at the top of the beam via two I-bolts with
corresponding nuts and washers. An angle section at the lower corner of the web completed the
repair method in order to minimize local crushing of the concrete. Details of the repair scheme

are shown in Figure 2.9.
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Figure 2.9: External stirrup repair scheme from Kim, et al.

The experimental program considered the effect of epoxy injection as a standalone repair, the
inclination of the wire rope units to the longitudinal axis of the beam, prestress force applied to
the wire rope units, and the spacing of the wire rope units for a fixed prestressing force for each
a/d ratio. Within this framework, all the beams were incrementally loaded to failure (defined in
the article as formation of a single shear crack due to a lack of integrally cast stirrups), unloaded,
then repaired with epoxy injection. One beam for each a/d ratio was tested to failure with epoxy
injection as the only repair. The remaining beams in each group were repaired with the wire
rope units at 45 and 90 degrees to the longitudinal axis of the beam, with the prestress force kept
at a constant 46 kN (10.43 Kip). However, for beams with an a/d ratio of 2.5, the prestressing
force was varied from 33.2 kN (7.46 Kip) to 60 kN (13.49 Kip) for both the orthogonal and
inclined repair.

Results from the tests were compared to ACI 318-05 (including a STM comparison for the deep
beam specimens) and Eurocode 2. Due to the lack of internal stirrups, the capacity equations
simply used the area of the wire rope units for the steel contribution to shear strength. All test
specimens failed in shear after repair. Conclusions from the experimental program indicated that
the use of inclined wire rope units provided higher shear capacity when compared to the
orthogonal wire rope units, due to a closer alignment to the principle axis stress in the concrete.
Higher shear capacity was achieved within the 2.5 a/d ratio group by increasing the post-
tensioned force in the wire rope units. Comparisons with the two codes indicate that the ACI
318-05 analysis method is conservative for a shear-to-depth ratio below 2.5, while the Eurocode
is unconservative for shear-to-depth ratio of 3.25.
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Shamsali, et al. published an article that dealt with remedial strengthening of traditionally
reinforced concrete girders for earthquake loading (Shamsai, et al. 2007). The research plan
included 24 quarter-scale rectangular beams, including three control specimens, with
longitudinal reinforcement ratios of /2 pmax and % pmax as defined by ACI 318-95
corresponding to two different shear spans. Beam dimensions were 150 mm (4.72 in.) deep, 80
mm (3.15 in.) wide, with shear spans of 420 mm (16.53 in.) and 275 mm (10.83 in.),
representing a/d ratios of 3.5 and 2.3 respectively. The beams were subjected to four point
loading such that integrally cast steel stirrups were included only in the middle section of the
beam. The repair apparatus consisted of unequal leg steel angles, placed such that the longer end
was in bearing with the beam, a steel plate and elastomeric pad just below the angles along the
top and bottom of the beam intended to distribute the vertical force over the entire shear span,
and two connecting rods and associated hardware. Specimen details and repair apparatus are
shown in Figure 2.10.
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Figure 2.10: External stirrup repair scheme from Shamsai, et al.

The testing protocol included seven beams which were loaded until a shear crack propagated in
the shear span, unloaded, repaired, then loaded to failure; it also include beams repaired prior to
application of load. The experimental program also included two post-tensioning forces within
the shear span equal to 0.04f,' and 0.075f;". Capacity of the section reflected the traditional
approach from ACI by including the contribution from the concrete and steel separately, with the
addition of a third term to compensate for the external stirrups. Results from the experimental
work indicated that increasing the shear capacity regardless of the presence of integrally cast
stirrups or shear cracks resulted in a traditional flexural failure. Thus, due to the failure
mechanism, it was not possible to identify the amount of shear contributed by the external
stirrups. Also, due to the small scale of the specimens, large angle sections, and plate section
used between the angle and concrete surface, the effective bearing area of the reaction sections
produced a post-tensioning force distributed evenly over the shear span. At full scale, the use of
a similar setup may be cost/weight prohibitive.

2.2.3 Internal supplemental steel stirrup repair

The earliest and most complete account of utilizing internal supplemental steel stirrups to
strengthen traditionally reinforced concrete specimens was provided by Kansas Department of
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Transportation (KDOT) from 1976 to 1984 (Stratton, et al. 1977; 1978; 1982). Kansas’ bridge
inventory at that time included several hundred adjacent two-girder cast-in-place deck girder
bridges, a majority of which were multi-span bridges continuous over intermediate supports.

The bridges were lightly reinforced for shear, having been designed with the AASHO code
coincident with construction (1955-1965) (AASHO 1953). Consequently, the bridges began to
exhibit shear cracks primarily near the interior supports. Originally, the problem was thought to
be simply a maintenance issue, with the objective to seal the cracks that formed as a preventative
measure against corrosion. The initial remedy was to seal the cracks with a two-part epoxy
injected under low pressure. However, this method was abandoned because over time, the crack
would reopen. Due to this observation, KDOT looked at a method which involved temporary
shoring of the beam at the interior support, removal of the cracked concrete, placing additional
mild steel in the location, and finally restoring the beam to its original shape with additional scab
concrete. The method was effective, but it was expensive and resulted in temporary closure of
the bridge for an extended period of time.

A third solution was implemented — as reported by Stratton, et al. — that required the insertion of
mild steel within the center of the beam, utilizing a drill rig and vacuum system capable of
drilling a hole at any angle in a matter of minutes from the top of the deck (Stratton, et al. 1977).
After trial and error with existing machinery within the maintenance department, a rig was
developed capable of drilling a 19 mm (0.75 in.) diameter hole a distance of 2.1 m (7 ft) to 2.4 m
(8 ft) in a time of 22 minutes. After drilling, half of the drilled hole was filled with a two-part
epoxy, and a grade 420 MPa (60 ksi), 15.8 mm (0.625 in.) diameter bar was inserted in the hole.
Gravity leakage of the epoxy to the outer limits of the girders during the initial test was rectified
in subsequent applications.

Two additional reports by Stratton, et al. outlined the progress of the program and future plans
(Stratton, et al. 1978, 1982). The development of an industrial drilling rig was required due to
the harsh conditions of drilling a small diameter hole a relatively long distance. Upon
completion of the new drill rig, additional repairs were completed. Also, a method to seal the
outer crack surface in a quick efficient manner was proposed. At the completion of the year, 19
girders were repaired, at an estimated savings of over $1 million (1978 dollars) for the
comparable repair noted earlier. Thus, the initial investment in equipment and training proved
cost effective. The two reports also documented a computer analysis program used to determine
the additional shear strength gain, utilizing the additional area of steel from the 1981 AASHTO
shear equations.

Engineering calculations at the time estimated the use of supplemental internal stirrups used in
Kansas provided a shear strength increase 10% above the 1981 AASHTO standard. However,
no laboratory tests were concluded to determine the actual strength gain for the specimens. The
assumption of using an additional area of steel consistent with the shear equations in AASHTO
has not been confirmed. On the other hand, many of the repaired bridges still remain within
Kansas’ bridge inventory; the durability of the epoxy and overall repair method has stood the test
of time. Recent contact with KDOT’s maintenance engineers indicate that the bridges repaired
with this method have shown no additional signs of shear distress over a period of roughly 30
years. Thus, while the actual strength gain for this repair methodology has not been validated by
conventional laboratory tests, serviceability and crack control over a large population of different
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span lengths and varying concrete strengths over an extended period of time attest to the
durability of the repair.

The primary concern regarding supplemental internal stirrups is with regard to the shear strength
of the epoxy matrix to the steel reinforcing bar and surrounding concrete. A comprehensive
study by Cook, et al. proposed a simplified model for concrete anchors which included a review
0f 2,929 bond tests with varying embedment depths, concrete strengths, number of anchors,
cracked or uncracked concrete, different epoxy manufacturers, confined and unconfined
concrete, and loading near or away from the free edge of the specimen (Cook, et al. 1998). The
number of tests was reduced to include only unconfined tension tests of threaded rod and
reinforcing bar anchors tested at least a distance equal to the embedment length away from the
free edge and where the cored/drilled hole was clean, dry, and free of dust. The reduction also
excluded steel failures, which reduced the number of tests to 888. The effects of hole diameter
d, embedment depth hef, and concrete strength f, were determined according to a least squares
approach. The variations of parameters are shown below in Figure 2.11. From hundreds of
tests, the main variation appears to come from the concrete strength (while the comparable
variation for hole diameter and embedment depth can be essentially taken as 1.00 with a 0.25
coefficient of variation), indicating that for some epoxy manufacturers, a variation in concrete
strength has a great effect on the resulting capacity of the anchor system.
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Throughout the literature review of bond models for concrete anchors, Cook, et al. determined

Figure 2.11: Bond model variations based on tests compiled by Cook, et al.

six primary failure models:

The first model identifies failure primarily from a cone shaped pullout, such that the capacity
of the system is a function of the square root of the concrete compressive strength and the

embedment depth; no dependency on the diameter of the anchor is required.

The second model identifies a bond failure of the epoxy matrix at the interface of the

reinforcing bar or anchor with no mention of a cone failure. In this case, failure is defined as
a function of the bond strength of the surrounding epoxy, the diameter of the bar, and the

embedment

The third model is also based on bond failure, but it takes into account a shallow cone pullout

depth.

by reducing the effective depth of the anchor if such a failure occurs.

The fourth model assigns failure from a cone model for shallow depths and a bond failure for

deeper embedment.
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e The fifth model looks at a cone failure for shallow depths, with a combined cone/bond failure
for deeper embedment depths.

e The sixth failure model accounts for the interface stresses between the adhesive/steel and the
adhesive/concrete locations.

After introducing the six design models in the literature, the authors compare the design
equations for the six methods to a uniform bond stress model. Comparisons of the uniform bond
model to the database of 888 tests indicate a good fit when compared to the models which
differentiate between shallow cone failure and/or a mixture of shallow cone and bond failure.
However, the sixth model, which accounts for the interface stresses between the adhesive and
concrete/steel, produced the best fit.

An experimental program by Colak looked at the influence of embedment length, adhesive
thickness, percentage of filler material, and type of two-part epoxy used on simple direct pull-out
tests of deformed mild steel reinforcing bars (Colak 2001). Two types of epoxy were used,
denoted as EP1 and EP3, with the same resin, reactive diluents, but differing curing agents.

Each epoxy also had a varying level of filler content, denoted as EP2 and EP4 relating to EP1
and EP3 respectively, in order to identify what effect the filler had on the shear modulus of the

epoxy.

The investigation looked at three different embedment lengths — 50 mm (1.97 in.), 75 mm (2.95
in.), and 100 mm (3.94 in.) — as well as adhesive thickness varying from 1 mm (0.04 in.) to 4 mm
(0.16 in.) for epoxies EP1 and EP3. The effect of increasing the embedment length indicated a
linear bond stress relationship for the 50 mm (1.97 in.) embedment, turning toward a higher
order curve as the embedment length crossed the 75 mm (2.95 in.) plateau for both epoxies.

Results for filler up to 46% indicated a similar shear strength between the epoxies, decreasing
and diverging (with EP2 having a higher modulus) as the filler neared 74%. Epoxies EP1 and
EP3 (with no fillers) were used in determining the effect of epoxy thickness with shear modulus.
Results indicated that the shear strength for EP1 increased as the epoxy thickness increased from
I mm (0.04 in.) to 2 mm (0.08 in.), but decreased at 3 mm (0.12 in.) and finally became static
from 3 mm (0.12 in.) to 4 mm (0.16 in.). On the other hand, epoxy EP3 was consistent through
the range of thicknesses. It is noteworthy that the results of each thickness were based on a
series of three tests, indicating it was not likely that the increase for EP1 at a thickness of 2 mm
(0.08 in.) was due to experimental error.

Another investigation by Hammad, et al. compared the bond capacity of integrally cast straight
and 90 degree hooked bars meeting the minimum embedment depths provided by ACI 318-05
with post-inserted straight bars secured with two commercially available epoxies (Hammad, et
al. 2006). The authors proposed that steel reinforcing bars meeting minimum spacing
requirements and/or having confining steel to prevent a splitting failure anchored with epoxy
should provide a bond greater than or equal to that of an integrally cast bar. The authors
investigated the termination detail of a floor slab into a wall. Due to space limitations, bars
extending from a girder or floor slab into a wall are typically bent utilizing a 90 or 180 degree
hook, as recommended by Section 12 of ACI 318-05 to reach the yield strength of the bar. The
scope of work included two bar sizes, three development lengths, two concrete strengths, and
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two epoxies; all reinforcing steel for the project met the deformation requirements of ASTM 615,
Grade 420 (60 ksi).

As the purpose of the experimental program was to investigate additions or use changes resulting
in structural detailing of buildings, the authors modeled the connection of a floor slab to a
column as the location of a possible tie-in point, as shown in Figure 2.12, with two cantilever
vertical sections anchored to a horizontal section. As such, the specimens were modeled using
the STM method which requires equilibrium at the location of the joint or node. Based on the
geometry of the node, the value of the resultant inclined compressive force Cy and the angle 0
formed between the vertical tensile force from the post installed anchor and the resultant
compressive force from the vertical member, as shown in Figure 2.13, were determined.

The results of the experiment showed that variations in concrete strength and bar diameter had
little effect on the failure modes of the post-installed bars compared to the integrally cast bars.
The failure loads indicate the integrally cast hooked bars provided the greatest anchorage,
followed by bars secured with epoxy No. 2, epoxy No. 1, and finally the integrally cast straight
bars. All but the shallowest embedment lengths resulted in yielding of the reinforcement just
prior to failure of the concrete cover and subsequent pullout of the bars. The shortest
embedment depths resulted in a cone type failure which is indicative of a direct tension failure
mode.

Another interesting aspect of the research relates to the failures with respect to the angle of the
inclined strut Cy and the horizontal direction, defined by 0. For angles of 0 less than 30 degrees,
the ACI method for embedment overestimated the capacity of the connection, but for values
between 35 and 50 degrees, the method quite accurately predicts the ultimate strength of the
connection.
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Figure 2.12: Test setup for post installed anchors taken from Hammad, et al.
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Figure 2.13: Force diagram for post installed anchors taken from Hammad, et al.

2.2.4 Surface bonded Carbon Fiber Reinforced Plastic (CFRP) repair

Carbon Fiber Reinforced Plastic (CFRP) has been used with great success in the aerospace
industry, but has only gained attention for use in civil infrastructure applications over the past
two decades. Historically, the early use of CFRP for flexural repair is well documented within
the available literature. However, a shift toward shear repair methods for CFRP began in the
early 1990s. Moreover, many of the recommendations from the influx of articles by researchers
since that time have been incorporated into the current ACI 440 recommendations. Thus, the
bulk of the literature review in this area will account for the major articles that have contributed
to the ACI 440 recommendations; in this light, the review is not intended to be an exhaustive list
on the subject.

One of the first papers to investigate repair of concrete beams by way of CFRP sheets was
undertaken by Chajes, et al. (1995). The experimental program included 12 quarter-scale T
beams devoid of integrally cast stirrups which included four control specimens and three
different woven fabric configurations: aramid, E-glass, and graphite. The beam dimensions were
1219 mm (48 in.) long, 191 mm (7.5 in.) deep, with a flange width of 140 mm (5.5 in.), a web
width of 64mm (2.5 in.), and a shear span of 406 mm (16 in.) (a/d ratio of 2.67). The composite
materials were applied prior to loading of the specimens utilizing the three-sided U-wrap and
designed to fail in shear even with the anticipated increase in capacity from the composite
materials.

In order to determine the bond characteristics of the two-component epoxy with respect to the
three composite materials, single shear pull-off tests were performed on a 1 in. width of each
material. The anchorage lengths varied from 25 mm (1 in.) to 76 mm (3 in.) and indicate that the
development length for the E-glass and graphite fabric required to reach fracture of the material

39



was 25 mm (1 in.), while the aramid fabric required 76 mm (3 in.). Failure modes for the
graphite and E-glass beams were due to rupture of the composite material at the location of the
shear failure crack, while the aramid woven fabric failed by bond. Failure strains indicated that
the full capacities of the composite materials were not obtained. In spite of this, the shear
contribution of the composite materials were back-calculated by subtracting the concrete
contribution (as determined from ACI 318-89) from the total shear load. A corresponding design
equation for the composite material contribution was presented. The contribution of the
composite material was limited by strain equal to 0.005 in/in based on experimental work.

The results of the initial study lead to a second investigation by Chajes, et al. to investigate bond
and force transfer between the epoxy and composite material as they pertain to concrete surface
preparation, type of adhesive, and concrete strength (Chajes, et al. 1996). The test setup was as
previously described, with a constant development length of 76 mm (3 in.), which corresponded
to the longest length for rupture of the aramid fiber in the previous study. The investigation
looked at four commercially available epoxies: Sikadur 32 Hi-Mod, Sikadur 31 Hi Mod gel, and
two manufactured by the Lord Corporation — Tyrite 7500 and Fusor 320/322.

Results of the surface preparation indicated that mechanical abrasion resulted in the highest
average bond stress when compared to grinding and the as-formed surface. Failure of the bond
tests for all but the Tyrite epoxy exhibited concrete shear failure, while the Tyrite sample failed
within the epoxy matrix. The tests also indicated average bond stress increased with increasing
concrete compressive strength. The experimental program investigated the strain distribution of
the composite materials along the bonded length. General trends for lengths of 51, 102, 152, and
203 mm (2, 4, 6, and 8 in.) indicated the distribution was highest at the start of the bonded
length, decreasing to zero strain at the free end.

Sato, et al. conducted an experimental program using six quarter-scale rectangular beams
including one control specimen (Sato, et al. 1996). Beam dimensions were 200 mm (7.87 in.) in
width, 300 mm (11.81 in.) in depth, with a shear span of 700 mm (27.56 in.), tested under four
point loading. The shear span of all but one of the CFRP repaired beams were cast devoid of
stirrups. The beams were repaired with both side and U-wrap orientation schemes, with discrete
and continuous strips over the length of the shear span; no load was applied prior to application
of the FRP. Failure modes for the beams without integrally cast stirrups resulted from diagonal
tension failure after delamination and peeling of the FRP, while the specimen that included
integrally cast stirrups in the shear span failed in a flexural mode. The authors provided general
equations for calculating the FRP contribution to shear, but they did not include the effect of
bond stress in their simplified equations. The paper did provide the first experimental data that
validates the use of a three-sided U-wrap compared to a side wrap that terminates at the base of
the web.

Norris, et al. tested six quarter-scale rectangular beams, including one control specimen (Norris,
et al. 1997). Beam dimensions were 127 mm (5 in.) wide, 203 mm (8 in.) deep, with a 457 mm
(18 in.) shear span (a/d ratio of 2.69). The specimens were repaired with a three-sided U-wrap
both prior to application of load and after application of a precrack load. The investigation also
included unidirectional and 45 degree strand orientations within the FRP. By applying the two
FRP fabrics in the same U-shaped repair scheme, the principle tensile strength of the FRP was
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changed based on the fiber orientation. Results indicated no significant difference in strength
gain for precracked versus virgin specimens. Also, the beams with the fiber oriented at 45
degrees achieved higher load than the corresponding unidirectional fiber orientation — based on
the fact that the 45 degree fibers were aligned closer to the principle tensile stresses in the
concrete. The authors also provided strength contribution equations similar to Sato, et al., only
noting that the effect of limited bond stress may reduce the contribution from FRP and that
further work is needed in this area.

Kachlakev and McCurry investigated the flexural and shear repair of an existing historic
structure slated for rehabilitation (Kachlakev and McCurry 2000). Due to the age of the
structure, changing the physical appearance was prohibited; thus FRP was chosen as the repair
material. The in-service rectangular beams were replicated by four full-scale specimens,
including one control specimen, in the laboratory. Beam dimensions were 305 mm (12 in.) wide,
762 mm (30 in.) deep, with a shear span of 1829 mm (72 in.) and a corresponding a/d ratio of
2.60. The replicated beams were cast without internal steel stirrups to reflect the condition of the
in-service beams. The remaining specimens were repaired for shear, flexure and a combination
of the two with no load applied prior to the carbon fiber application. The beam repaired for
shear included unidirectional GFRP sheets attached in a three-sided U-wrap about the tension
side of the beam. Failure of the beam was via yielding of the tension steel followed by crushing
of the compression concrete. The beam repaired for both flexure and shear did not have a
definitive failure mode, although from the strain data at the maximum load, it appeared that an
over-reinforced failure due to excessive deflection and strain hardening of the flexural steel
would have occurred.

While previous work has focused on the contribution from FRP based on the tensile capacity of
the strips, the focus on limiting the strain in the FRP based on bond failure was introduced by
several articles, the first of which were published by Triantafillou and by Khalifa, et al.
(Triantafillou 1998; Khalifa, et al. 1998). The paper by Triantafillou is especially beneficial, as
it reviews the pertinent models in the literature at that time (including Berset, Dolan, Al-
Sulaiman, Uji, Ohuchi, et al., Chajes, et al., Malvar, Vielhaber and Limberger, and Sato, et al.),
many of which contradict each other in their recommendations for determining the shear
contribution from FRP (Triantafillou 1998). The author described two failure modes that
dominate the literature in terms of a debonding failure originating at the free edge or rupture of
the FRP, both of which lead to an abrupt nonductile failure mode. Triantafillou proposed that
limiting the effective strain in the FRP would produce a lower bound for the contribution and
provide an equation for determining the shear contribution from FRP.

In order to add to the existing database of shear repaired specimens, the author included a series
of eleven rectangular beams without integrally cast stirrups and side wrapping utilizing CFRP at
90, 45, and 56 degrees to the longitudinal axis of the beam. Dimensions of the beams were 70
mm (2.75 in.) wide, 110 mm (4.33 in.) deep, with a shear span of 320 mm (12.60 in.), resulting
in an a/d ratio of 3.2. All beams in the test matrix failed in shear, and the corresponding
contribution from CFRP was back calculated by subtracting the concrete contribution from the
total experimental shear stress. Then the corresponding effective strain the CFRP was
determined and compared to the test data of seven of the nine other investigators, resulting in a
total of 42 shear tests for comparison. Triantafillou produced a plot of the effective strain in the

41



FRP at failure versus the FRP reinforcement ratio times the material modulus. The plot
indicated a similar trend regardless of the wrapping scheme. In addition, a best fit curve to the

L . . E .
data indicated a decreasing second order polynomial for P |egs than 1, but a linear
decreasing fit for values greater than 1.

The relative shortcomings of Tiantafillou’s 1998 paper, including the effect of concrete strength
on bond and the various repair wrapping schemes were noted in the publication by Khalifa, et al.
(1998). The article also presented an equation for the FRP contribution in terms of an ACI
format. The problem related to the bond model was based on the work of Maeda, et al. in 1997,
which documented the effective bond length for FRP based on a series of direct tension tests, but
was limited to a single design concrete strength (Maeda, et al. 1997). Utilizing the work of
Horiguchi and Saeki in 1997, Khalifa, et al. modified the bond model to include the effect of
varying concrete strength (Horiguchi and Saeki 1997). Khalifa, et al. also modified the capacity
equation to include an effective width of the FRP, based on the wrapping scheme and the
distance of the FRP strip to the failure crack. Utilizing the modified effective bond length, the
contribution to shear strength based on proximity to the failure crack and the anchoring
scheme/wrapping type was proposed. The authors also included a reduction factor for FRP equal
to 0.7, in order to produce a lower bound failure mode in design, which could be modified as
more data populated the existing database. The value proposed by ACI 440 is currently equal to
0.765.

Triantafillou and Antonopoulos published an article in 2000 to address the concerns pointed out
by Khalifa, et al. to include the effect of concrete strength on the bond model and to differentiate
failure based on the wrapping scheme (Triantafillou and Antonopoulos 2000). The governing
equation for FRP contribution was modified to follow the Madea, et al. bond model (modified
for varying concrete strengths). Thus, from the early series of investigators, the contribution of
FRP was presented, based on the wrapping scheme. For a side- or U-wrapped specimen, the
failure occurred from bond, which resulted in a limiting of the effective strain in the FRP, based
on a maximum value of 0.004 or a value related to the active bond length and concrete strength.

2.2.5 CREFP tape as a Near Surface Mount (NSM) repair

The use of carbon fiber in a near surface mount application gained attention as of early 2001,
with a bulk of the initial work completed at the University of Missouri-Rolla by De Lorenzis and
Nanni. They published several papers, the first two in 2001, which outlined a research program
that included both bond and beam tests (De Lorenzis and Nanni 2001a; 2001b). For the bond
tests, a beam-type pull-out specimen was used to determine the local bond-slip characteristics of
the FRP-to-epoxy system in order to quantify the effect of development length and minimum
cover requirements. The beam tests included eight full-scale T beams, including two control
specimens. The beam dimensions were 406 mm (16 in.) deep, with a flange width of 381 mm
(15 in.), a web width of 152 mm (6 in.), a flange thickness of 102 mm (4 in.), and a shear span of
107 mm (42 in.), resulting in an a/d ratio of 3.0. Only two of the eight beams were cast with
internal steel stirrups, including one control specimen. The research program included
parameters such as NSM spacing, orientation (orthogonal to the tension steel or oriented at 45
degrees to the tension steel), and anchorage (into the flange or termination of the rod at the
junction of the web and flange). Failure was due to either lack of confining stirrups at the base
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of the stem, resulting in a splitting of the concrete cover along the bottom flexural steel or
insufficient epoxy cover to the FRP bar.

Results from the research program indicated higher shear strength was gained (in order of least
to most important) by: decreasing the spacing of the FRP, orienting the rods closer to the
principle tensile stress in the shear span, and increasing the anchorage length of the rods into the
flange. A design method was presented that determined the total shear capacity based on the
contributions from steel, concrete, and FRP.

The contribution from the NSM was presented as the lesser of two equations; the first is related
to the bond of the NSM with respect to the surrounding concrete while the second limits the
strain in the NSM to 4000 pe. The first equation related to bond failure is based on three
assumptions: the formation of shear cracks occur at 45 degrees to the longitudinal axis of the
member, the distribution of bond stresses along the effective lengths of the FRP is uniform, and
the ultimate bond strength is reached in all rods intersecting the failure crack at the same time.
The total shear force from NSM is taken as the summation of each individual rod that crosses the
failure crack.

A second paper by De Lorenzis and Nanni, also published in 2001, investigated bond
characteristics of the FRP and included two full-scale repaired beams and one control specimen
that were included in the previous paper and are not reviewed a second time (De Lorenzis and
Nanni 2001b). For the bond tests, a beam type pull-out test was performed in lieu of a traditional
direct tension pull-out test with the objective of determining the effect of the bonded length to
bar diameter with three different ratios — 6, 12, and 18. For the ratio of 12, the width and
corresponding depth of the groove were varied from ' in., % in., to 1 in. Results from the test
indicated a splitting failure of the epoxy cover in all but one of the tests — the bonded length to
bar diameter of 12 with the 1 in. groove indicated a failure due to cracking of the concrete. The
effect of the bonded length indicated a higher ultimate tensile load with increasing bonded
length; however, strain gage data along the bonded length indicated a nearly uniform distribution
of strain over this length at failure.

A third paper by De Lorenzis and Nanni extended the objectives of the previous bond paper (De
Lorenzis and Nanni 2002). In this paper, the same beam type pull-out tests were used but the
investigation included two bar diameters (9.5 mm (0.375 in) and 12.7 mm (0.5 in)), two different
bar types (CFRP and GFRP rod), four bonded length to diameter ratios (6, 12, 18, and 24), and
four groove sizes (12.7 mm (0.5 in.), 15.9 mm (0.625 in.), 19 mm (0.75 in.), and 25.4 mm (1
in.)). For the GFRP rods, two surface treatments were investigated — sand blasted and
traditionally deformed bars. Across all test variables, the maximum load, as a percentage of the
ultimate tensile capacity of the FRP rod, turned out to be 60% for the 12.7 mm (0.5 in) diameter
bar with a 25.4 mm (1 in.) groove size and a bonded length equal to 24 bar diameters.

Failure modes varied based on the specific test configurations, although general trends were
evident. For a majority of the specimens, a splitting failure in the epoxy matrix led to failure;
however, stress cracking in the concrete at the interface with the epoxy was also noted in several
of the longer embedment lengths. For the GFRP sand blasted specimens, the lack of rib
geometry resulted in a small circumferential stress field surrounding the bar. Consequently, the
sand blasted GFRP bars experienced a pullout failure due to lack of mechanical anchorage that is
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typical of a deformed bar once the chemical adhesive bond limit is reached and bar slip initiates.
The authors provide a solution for the embedment length of the bars assuming the stress in the
bars is limited to a value on the ascending portion of the bond-slip relationship.

A final paper published by De Lorenzis in 2004 attempted to provide a governing explanation of
the bond model from two additional papers (published in 2002 and 2004 respectively), which
looked at the experimental bond model of ribbed CFRP rods in both epoxy and mortar, GFRP
ribbed and spiral bars in epoxy and cement paste, and GFRP sandblasted rods in epoxy (De
Lorenzis 2004). Combining the latest experiments with the previous work on bond, De Lorenzis
used an analytical approach to the bond modeling based on the experimental work. As such, the
bond models were divided into three different curves. The first dealt exclusively with deformed
CFRP rods with failure at the interface of the concrete and the groove filler (for smooth grooves
only), splitting failure of the epoxy, and all bars in cement paste. The second curve dealt with
splitting failure of GFRP deformed and spiral bars in epoxy or pull-out type failure of spiral bars
in cement paste. The last curve dealt with sand blasted bars in epoxy which result in a pull-out
failure mode.

Once the bond stress-slip relationship was measured experimentally, an analytical model was
chosen to describe the behavior. The Bertero-Popov-Eligenhausen (BPE) relationship was used
for the ascending branch of the curve with post peak responses modeled based on experimental
data. For each bond test, the maximum bond stress at failure and the slip corresponding to this
maximum bond stress were recorded. These values were used to determine the shape of the
ascending and post peak responses, respectively.

For specimens failing at the epoxy to concrete interface, bond stress decreased with increasing
groove depth. For the epoxy filled specimens, failure occurred at the interface with the
surrounding concrete or within the epoxy matrix; the highest bond stresses were from spirally
wound bars, followed by deformed CFRP bars, and finally deformed GFRP bars. The use of
sand blasted bars was not recommended due to the low bond stresses attributed to lack of
deformations.

An article by Cruz and Barros looked at analytical modeling of the bond for NSM and concrete
via an epoxy matrix (Cruz and Barros 2004). The research program looked at a beam type
pullout test setup similar to that of De Lorenzis, as shown in Figure 2.14. The strain in the FRP
was measured as a relative slip value compared to the surrounding epoxy and concrete, with the
assumption that the strain in the epoxy and concrete are quite small in comparison. Thus, the
strain in the FRP can be measured experimentally at both the free and loaded end. Results
indicated that the analytical bond stress parameter was modeled accurately. The authors also
performed FEM testing to find the total pullout force and loaded end slip with results
comparable to the analytical and experimental work. The authors proposed a development
length equation. The relationship is highly susceptible to the geometry of the grooves, the
concrete strength, and the epoxy used; thus the equation is excluded from the current discussion.
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Figure 2.14: Near Surface Mount beam type pullout test setup taken from Cruz and Barros

The suite of articles published by De Lorenzis and other colleagues presented the initial
investigation of an analytical bond model for round FRP bars used in a NSM application.
However, the current study utilizes rectangular FRP tape as opposed to a circular FRP rod. This
decision was based on the work of Shield and French, utilizing the same rectangular tape with
various epoxy manufacturers in direct pull-out tests to determine the best pairing of epoxy to
FRP tape since most repair systems for FRP do not couple the FRP with the epoxy (Shield, et al.
2005).

Shield and French’s experimental program was twofold: 1) initial testing on scaled specimens
included seven different epoxies with six specimens per adhesive; and 2) upon results of the
small scaled testing, two epoxies were used on larger scaled specimens. Material specifications
were as follows: the FRP was Aslan 500 CFRP tape, manufactured by Hughes Brothers with
dimensions of 2 mm (0.079 in.) by 16 mm (0.63 in.) and a cross sectional area of (32.3 mm’
(0.05 in.?). The guaranteed ultimate strength of the tape was reported as 2,068 MPa (300 ksi),
although test results by Shield and French achieved an ultimate strength closer to 2,482 MPa
(360 ksi) with a 4.5% Coefficient of Variation. Epoxies included Sikadur AnchorFix-3, Master
Builders/Chemrex Concresive 1420, 3M DP600NS, 3M DP460NS, Sonneborn Epofil, Sikadur

35 Hi-Mod LV, and Sikadur 32 Hi-Mod.

Scaled specimens were 152 mm (6 in.) by 152 mm (6 in.) by 203 mm (8 in.) in length. A groove
measuring 6.4 mm (0.25 in.) wide by 19 mm (0.75 in.) deep was cut along one of the 152 mm (6
in.) sides of the specimens. Once the groove was cut, it was cleaned out with compressed air to
remove any trace amounts of cement that may interfere with the bond. Some of the epoxy
manufacturers did not provide a mixing applicator, thus mixing was accomplished in a separate
container prior to application. For the remaining epoxies, an applicator gun with a static mixing
nozzle was provided, thus ensuring the correct proportions prior to application. The NSM tape
was anchored in the groove and allowed to cure for 24 hours prior to testing. The anchor block
was placed in compression at the bottom of a universal testing machine via a reaction section
placed on top of the concrete block. The free end of the NSM tape extended upward, with two
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aluminum tabs inserted into the grips of the machine. Once secured, the NSM tape was pulled
out of the testing block.

Results from the small-scale tests indicated a mixed failure mode across the seven
manufacturers. For Sikadur AnchorFix-3, Master Builder/Chemrex Concresive 1420, Sikadur 32
Hi-Mod, Sikadur 35 Hi-Mod LV, and Sonneborn Epofil, the failure occurred between the tape
and the adhesive, indicating a poor bond between the epoxy and NSM surface. 3M DP600NS
failed between the adhesive and the concrete, while 3M DP460NS exhibited several failure
modes including bond between the tape and adhesive, within the adhesive matrix, failure within
the concrete surrounding the adhesive, and failure of the FRP — in which case the failure was
progressive, as each individual strand within the tape failed, until the entire specimen failed.
However, the 3M DP460NS achieved the highest average and maximum load for the small-scale
tests, indicating a stress up to 98% of the experimental capacity of the FRP tape.

The authors attempted to correlate the manufacturer’s adhesive properties with respect to the
small-scale specimens with poor results. Among the manufacturers investigated, the adhesive
tensile strength and shear strength had a correlation (r* value) of 0.07 and 0.02, respectively.
The results were better for the tension modulus and elongation at failure at 0.053 and 0.42
respectively, but still less than half of what was reported by the manufacturer. The authors
conclude that choosing an FRP system and corresponding epoxy system is not based solely on
manufacturers’ reported test values.

From the results of the small-scale tests, Sikadur AnchorFix-3 and 3M DP460NS were chosen
for the larger scaled test. The test consisted of two reinforced concrete blocks to simulate a
crack between two pieces of concrete. A 76 mm (3 in.) groove oriented perpendicular to the
“crack” was cut on both sides of each block resulting in two NSM tapes per test. In addition to
the orthogonal test, grooves cut at 45 degrees to the crack were included in the test to simulate a
shear repair. The blocks were situated in a Universal testing machine with LVDT sensors at all
four corners to ensure linear loading of the specimen (to eliminate any eccentric loading or
rotation).

Results from the large-scale tests indicate the 3M 460NS was superior both in total load and post
investigation of the failure plane. The 3M product consistently anchored the NSM, with failure
occurring in the surrounding concrete; no failure between the tape and epoxy or epoxy and
concrete was found. The authors theorized that the 3M 460NS has a higher ductility compared
with the other materials, thus allowing higher strains than are permitted in the adjoining
concrete.

An article published by Barros and Dias looked at the shear strength contribution from
traditional steel stirrups, CFRP fiber wrap, and NSM rectangular FRP laminates (Barros and
Dias 2006). The investigation included 20 quarter-scale beams with several design parameters.
The breakdown of the 20 beams were as follows: four sets of five beams included one control
specimen devoid of integrally cast stirrups; one beam with integrally cast stirrups; one beam
devoid of integrally cast stirrups utilizing CFRP U-wrapping as the shear reinforcement; and the
last two beams were cast devoid of integral stirrups reinforced with rectangular FRP laminates at
90 and 45 degrees to the axis of the beam. Within this general architecture, the four groups
varied in specimen depth, shear span, and longitudinal reinforcement ratio. The first two sets
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each had a rectangular cross section of 300 mm (11.8 in.) by 150 mm (5.9 in.) with differing
longitudinal reinforcement and a 600 mm (23.6 in.) shear span; the second two sets had a 150
mm (5.9 in.) square cross section with differing longitudinal reinforcement. In both cases the
shear span was equal to twice the depth, resulting in a/d ratios of 2.2 and 2.4 respectively.

In order to test the shear contribution from each specimen, the concrete contribution was
determined from the Portuguese code, which is modeled after the CEB-FIP. The steel
contribution was also taken from the Portuguese code, but it did not take into account the dowel
action, which is outlined in the CEB-FIP model code. The shear contribution from CFRP
wrapping was taken from ACI 440 and FIP provisions. As there are no specific guidelines for
implementation of NSM as a shear repair, the authors chose the recommendations of Parretti and
Nanni (2004). From these provisions, all the specimens were designed to fail in shear. Also,
due the lack of internal stirrups, the FRP beams were not loaded prior to application of the
appropriate system.

Results from the test indicated that the prediction models for the CFRP wrapping were quite
accurate with a slight underestimation of 2% and 8% respectively for the ACI 440 and fib
methods. However, using the design method by Parretti and Nanni (2004) with a maximum
bond stress in the FRP equal to 0.59% of the tensile capacity of the section (taken from the beam
type pullout tests previously performed by Cruz and Barros), resulted in a strength prediction
equal to 79% of the experimental work. This may provide a usable lower bound for design, but
it could also be higher as more tests confirm or refine the method proposed by Parretti and
Nanni.

A paper by Dias and Barros investigated the effect of rectangular NSM as a shear repair on 12
quarter-scale T beams (Dias and Barros 2008). The beam dimensions were 400 mm (15.7 in.)
deep, with a flange width of 450 mm (17.7 in.), a web width of 180 mm (7.1 in.), a flange
thickness of 100 mm (3.9 in), and shear span of 900 mm (35.4 in.), resulting in an a/d ratio of
2.5. The study looked at several parameters including the NSM shear reinforcement ratio (in
terms of spacing of the strips) and orientation of the NSM with respect to the longitudinal axis of
the beam (90, 60, and 45 degrees were used). The beams were subjected to three point loading,
eccentric to the centerline of the beam. In order to force a shear failure in the shorter shear span,
the longer shear span was over-reinforced. The authors also chose to limit the stress in the
laminate equal to a strain of 0.5% as a compromise that is higher than the 0.4% recommended
from ACI 440 for externally applied CFRP and pullout bending tests from Cruz and Barros of
0.59% (Cruz and Barros 2004).

The experimental setup included three control beams. One was devoid of integrally cast stirrups
within the shorter shear span, while the remaining two had two and six 6 mm diameter stirrups
within the 900 mm shear span. The remaining nine beams had varying NSM and internal stirrup
spacing as well as varied NSM orientation to the longitudinal axis of the beam. Within the test
matrix, one integrally cast stirrup and one CFRP laminate near the same location were
instrumented to compare the relative strain measurements. The stirrups were instrumented at
three locations, whereas the CFRP were instrumented at 1/5 points, as shown in Figure 2.15.
The beams were not subjected to any previous load prior to installation of the NSM; the beams
were tested to failure after the NSM was applied.
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Figure 2.15: Instrumentation of CFRP taken from Cruz and Barros

The control specimen with no integrally cast stirrups in the shear span failed at a 45 degree crack
relative to the longitudinal axis, whereas the two remaining control beams failed at an
approximately 55 degree angle to the longitudinal axis of the beam. As such, the efficiency of
the NSM material for the beams with integrally cast stirrups in the shear span was highest for the
60 degree specimen, then the 45 degree specimen and finally the 90 degree specimen. The
spacing of the NSM also played a role in the increased capacity of the section, based on the shear
cracks that formed. For the widest spacing of NSM, only one or two shear cracks formed,
resulting in a longer development length of the NSM from the crack to the terminating end of the
strip. For the narrowest spacing, several shear cracks formed along the shear span, thus reducing
the developed lengths between cracks or from one crack to the terminating end of a strip. This
resulted in the lowest strain distribution of the FRP, indicating the efficiency of the repair as a
whole was compromised. The authors indicated this may result in a maximum spacing
requirement to fully utilize the strength of individual NSM strips. In addition, once a diagonal
crack formed within the shear span, the stiffness of the beam increased with the addition of the
NSM reinforcement.

2.2.6 Zararis Method (bent cap specimen only)

The STM method can lead to overly conservative ratings for deep beams; this finding is based on
previous work on full scale bent cap specimens at Oregon State University (Senturk and Higgins
in press). However, within the review of academic research in this area, the work of Zararis
stood out as a reasonable estimate of the capacity of deep beam specimens encompassing several
parameters including stirrup grade and spacing, flexural cutoffs, and beam depth (Zararis 2003).
The method provides a fundamental theory on the behavior of deep beams having a shear span-
to-depth ratio (a/d) of 1.0 to 2.5 with and without transverse steel. It assumes an ultimate shear
force on a section, based on a reduced compression zone and moment equilibrium with the
vertical and flexural steel.

The method assumes at a crack location, strain is perpendicular to the crack; no aggregate
interlock or shear transfer along the interface is assumed. In this respect, the only stresses that
are formed at the crack are in the longitudinal and transverse steel. In addition to pure tensile
stresses, Zararis assumes the reinforcement also undergoes shear deformations. By orienting the
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stresses at the crack location from those perpendicular to the crack to a vertical and horizontal
direction, the stresses can be determined. After the formation of the critical shear crack, Zararis
uses moment equilibrium to calculate the depth of the compression zone above the crack. The
sequence of failure of a deep beam with transverse reinforcement proposed by Zararis assumes
the transverse steel yields, which causes an increased shear force which must be compensated by
the flexural steel. Once the flexural steel is exhausted, a horizontal crack will form at the
location of the flexural steel, and the increased shear force will begin to decrease. At this point
the forces in the compression zone become too great and crushing of the concrete in this area
begins. By taking a free body of the forces acting on the top and bottom half of the wedge
shape, the ultimate shear strength of the section is determined.

2.2.7 Post-tensioning (bent cap specimen only)

The use of post-tensioning for repair of concrete structures is limited in the literature mainly
toward flexural repair. However, Aravinthan and Suntharavadivel published a paper regarding
the post-tensioning of bent cap specimens as a shear repair method (Aravinthan and
Suntharavadivel 2007). The paper was divided into two sections — the first focused on the
testing of a quarter-scale single column cantilever bent cap, while the second investigated a
quarter-scale model for the repair of an existing two column bent cap. Both portions of the
experimental work included a control specimen loaded to failure without repair and two
additional specimens loaded to what the authors denoted as failure, although no qualifying
criteria was given for the definition. After preloading, the force was removed from the
specimen, a post-tensioning force was applied, and the specimens were loaded to failure. The
tapered bent cap had dimensions 250 mm (9.8 in.) wide with a varying depth of 400 mm (15.7
in.) at the heel tapering to 350 mm (13.8 in.) at the toe and a shear span of 750 mm (29.5 in.),
resulting in an a/d value of 2.2. The two-column bent cap had dimensions 220 mm (8.6 in.)
wide, 420 mm (16.5 in.) deep, and a 395 mm (15.5 in.) shear span, resulting in an a/d value of
1.0. Details of the two specimens are shown in Figure 2.16 and 2.17, respectively.
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Figure 2.16: Deep beam specimen #1 details taken from Aravinthan and Suntharavadivel
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Figure 2.17: Deep beam specimen #2 details taken from Aravinthan and Suntharavadivel

For the tapered rectangular cantilever bent cap, the test setup included an active load cell placed
on one end of the cantilever with a passive constraint consisting of two channel sections
anchoring the adjacent cantilever end. The control specimen failed at a load of 149 kN (33.5
kip). The second specimen was preloaded to 135 kN (30.3 kip), experiencing a maximum shear
crack width of 2 mm (0.08 in.), then unloaded; a post-tensioning force of 150 kN (33.7 kip) was
applied, reducing the crack width to 0.5 mm (0.02 in.); and the specimen failed at a load of 180
kN (40.5 kip). For the third specimen, it was again preloaded to 135 kN (30.3 kip), experiencing
the same 2 mm (0.08 in.) shear crack width, then unloaded; a post-tensioning force of 300 kN
(67.4 kip) was applied, although the maximum crack width reduced to Imm (0.04 in); and the
specimen failed at a load of 105 kN (23.6 kip), or 30 kN (6.7 kip) less than the preload force.

The authors attribute the lack of strength gain to the crack inclination and width. According to
their analysis, the shear capacity of a section is governed by aggregate interlock and the ability
of the concrete along the interface to prevent sliding of the two rigid bodies along the crack. As
the angle of the crack decreases and the crack width increases, the shear capacity is reduced. For
the third specimen, the crack width was only reduced to 1 mm (0.04 in.) during post-tensioning,
even though the post-tensioning force was doubled. In order to further test the third specimen,
the failure crack was injected with a two part epoxy and permitted to cure; then the specimen
was retested to a failure load of 201 kN (45.2 kip).

The second part of the experimental study included the quarter-scale testing of the Tenthill Creek
Bridge, which was slated for external post-tensioning as the repair method. The bridge consists
of two columns at each end of the rectangular bent with four girders resting on bearing pads on
top of the cap. The first interior girder was modeled in the laboratory, thus creating two unequal
shear spans with 1.2 and 2.9 shear span-to-depth (a/d) ratios respectively. As in the first
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investigation, the control specimen was loaded until a shear crack formed in the shorter span
with loading continuing until failure, at a load of 366 kN (82.3 kip). The control specimen failed
in the larger shear span by diagonal tension. The second specimen was preloaded to 250 kN
(56.2 kip), then unloaded; a post-tensioning force of 239 kN (53.7 kip) was applied; and failure
occurred from diagonal tension in the shorter shear span at a load of 333 kN (74.9 kip). The
ultimate load was lower than the control specimen, but this was attributed to a lower concrete
strength. The second specimen was further tested after epoxy injection and the same post-
tensioned force, resulting in a shear compression failure within the shorter shear span at a load of
420 kN (94.4 kip). The third specimen was preloaded to 423 kN (95 kip), then unloaded; epoxy
was injected; a post-tensioning force of 245 kN (55.1 kip) was applied, and failure occurred at a
load of 546 kN (122.7 kip) due to shear compression in the shorter shear span. The authors
pointed to the different failure modes of the control specimen and the second specimen without
epoxy injection as evidence that the use of epoxy injection changes the behavior and ultimately
the capacity of the section in shear.
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3.0 FIELD TESTING OF REPAIRED BRIDGES

Two bridges were investigated in-situ to assess performance after installation of two different
strengthening alternatives. Only two of the four strengthening options were available and
accessible during the study period for evaluation. These included supplemental internal stirrups
and surface-bonded CFRP strips. The bridges were Clarks Branch Overcrossing, I-5 southbound
(Bridge Number 07839) near Roseburg, OR and Willamette River Bridge, OR 219 (Bridge
Number 08156) near Newberg, OR. Clarks Branch Overcrossing deployed supplemental
internal stirrups, and Willamette River Bridge deployed surface-bonded CFRP. Each of these
bridges is described subsequently.

3.1 CLARKS BRANCH OVERCROSSING

3.1.1 Description

The Clarks Branch Overcrossing crosses Clarks Branch Road on Interstate-5 near mile-marker
113.44. The reinforced concrete deck girder bridge consists of 3 spans (Figures 3.1a-c), and the
bridge drawings for the original portion of the spans were dated 1955. The span lengths are 14.3
m, (47 ft), 16.5 m (54 ft), and 13.4 m (44 ft) from the north to south, respectively. There is a
skew angle of approximately 55 degrees. The spans support a roadway width of 11 m (36 ft),
and have a total width of 12.4 m (40 ft, 10 in). There are six girder lines in each of the spans.
The original bridge consisted of 5 girder lines; an additional girder line was added to the west
exterior face in 1995, as seen in Figures 3.2a and b. Cantilever brackets were also added to the
east face during the 1995 expansion. Diaphragms, 203 mm (8 in) x 864 mm (34 in), are located
at the quarter points of all spans. The girders are 368 mm (14.5 in) x 914 mm (36 in), uniform
and prismatic between the quarter and % points. The girders are haunched near the interior
support locations for a quarter of each span and are 1295 mm (51 in) deep at the supporting
locations. Bent caps are 368 mm (14.5 in) x 1676 mm (66 in) and supported on three (3) 610
mm (24 in) square columns (caps are three span continuous). The reinforced concrete deck is
152 mm (6 in) thick, and a 51 mm (2 in) thick asphalt wearing surface was assumed for the
bridge. The specified concrete compression strength was 22.75 MPa (3300 psi), and the
reinforcing steel was specified as ASTM A305-50T intermediate grade deformed round and
square bars (nominally 40 ksi yield stress).
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1955 design drawings for Clarks Branch Overcrossing
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Figure 3.2b: 1995 design drawings for Clarks Branch Overcrossing with supplemental exterior girder
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3.1.2 Inspection and instrumentation

Visual inspection of the bent caps and center span was performed to identify diagonal cracks and
select instrument locations. Diagonal crack locations of larger diagonal cracks were measured
relative to the support faces using a hand-held laser distance meter. Locations of stirrups near
the diagonal cracks were identified using a Proceq Profometer 3 rebar locator, and the position
measured relative to the support faces using the laser distance meter. Stirrup locations and
instrumented existing diagonal cracks on the main girders and bent caps are shown in Figures
3.3aand b. Diagonal tension cracks were observed in bent caps, as well as the interior girders
and original exterior girders of the main span. No significant diagonal cracks were observed in
the 1995 girder.
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Figure 3.3b: Observed diagonal crack and stirrup locations in bent caps

After inspection, locations were selected for instrumentation. At selected diagonal crack
locations, strain gages were installed on stirrups at the crack locations. Diagonal crack locations
were selected based on the width and orientation of the cracks and to coincide as well as possible
with locations that were of similar distance from the face of the supports. Strain gages were
installed to measure stirrup stress at the diagonal cracks during ambient traffic and controlled
truck loading. Strain gages were installed by chipping into the concrete and exposing the
embedded stirrup at the diagonal crack locations. The actual amount of concrete removed
varied, based on the concrete cover, but typical concrete removal provided an exposed stirrup
length of approximately 75-100 mm (3-4 in) overall, centered about the crack as seen in Figure
3.4. The width of the excavation was approximately 50-75 mm (2-3 in), permitting preparation
of the rebar surface for bonding strain gages on the stirrup leg. The deformation pattern on the
stirrup was not removed to install the strain gages, as the strain gage size (Measurements Group
strain gage EA-06-062AQ-350, with a gage length of 1.5 mm (1/16 in) and gage factor of 2.105)

permitted installation within the deformation pattern. This strain gage was a bondable type gage
with a 350-Ohm resistance.
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Figure 3.4: Example installation of strain gage on stirrup at diagonal crack location

Strain gages were installed in 11 different locations on the bridge; the locations are illustrated
schematically in Figure 3.5. The holes were patched with rapid setting concrete mortar after
completion of testing prior to repair installation. At one location, the sensor failed to operate
properly during the first phase of testing (sensor #10). After installation of the supplemental
stirrups, sensor #6 did not operate properly. The west exterior girder was not instrumented,
because no significant diagonal cracking was observed on this girder (this girder was added in
1995).
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Figure 3.5: Schematic of locations instrumented stirrups on Clarks Branch Overcrossing

The strain gages and position sensors were connected to a Campbell Scientific CR9000 data
logger. This is a high-speed, multi-channel, 16-bit digital data acquisition system. Resolution
for the strain measurements was 5.84E-7 strain. In order to reduce noise and prevent aliasing in
the data, both analog and digital filters were employed. During the ambient monitoring period,
data were sampled at 100 Hz. A digital high-pass filter was utilized with a cut-off frequency of
40 Hz. The system recorded sensor readings and converted signals into corresponding rebar
stresses. Data from the sensors were archived for retrieval and post-processing.

3.1.3 Testing method

Testing was performed on the bridge in the original condition in December 2006 before any
work was done to the bridge. Then in December of 2007, after installation of supplemental
internal stirrups, the bridge was retested (using the original sensors installed for the 2006 tests).
In this report the 2006 tests are called “before repair,” and the 2007 tests are called ““after repair.
Two different types of live load data were collected: response under ambient traffic loading and
response under controlled truck loading.

2

3.1.3.1 Controlled truck tests

Controlled truck loading tests were conducted using a heavily loaded ODOT
maintenance truck with axle weights and spacing shown in Figure 3.6. As seen in this
figure, the test truck loads were similar for the tests in 2006 and 2007. Traffic was
temporarily slowed with the use two incident response vehicles to create a rolling
roadblock, so that the control truck would be the only vehicle on the bridge during data
collection. The control truck passed over the bridge at several designated speeds and
lane positions. Test speeds varied from 8 to 97 km/h (5 to 60 mph). Lane locations
included placing the truck centered over the truck lane fog line, placing the passenger-
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side tires on the truck fog line, placing the truck in the truck lane, straddling the truck
over the center-line stripe, placing the truck in the passing lane, and placing the driver-
side tires on the passing lane fog line.

Clarks Branch Test Truck 2006 Clarks Branch Test Truck 2007
GVW: 51.0 kips GVW:50.0 kips
Tandem: 35.75 kips Tandem: 35.0 kips
15,300 ij Tandem 35,750 Ib 15,000 Ib’/ Tandem 35,000 |b

W

84 iI 71 in. 84in. 71 in.
-«<——174in. <56 in. <—174in. l<—56 in.

Figure 3.6: Test truck configuration and axle loads

During each pass of the control truck, stirrup stresses were recorded for each of the
instrumented locations. For each of the test runs, peak stress values prior to installation
of supplemental stirrups are summarized in Table 3.1 and values after installation of
supplemental stirrups are summarized in Table 3.2. Example recorded strain histories for
two truck positions on the bridge before and after installation of the supplemental stirrups
are shown in Figures 3.7 and 3.8. Unfortunately, during the 2006 tests, sensor #10 did
not work properly. It was fixed prior to the 2007 tests, but then sensor #6 was damaged
during the repair installation. These two locations exhibited the larger strain histories,
and changes associated with the repair installation cannot be directly compared for these
two locations. For the other nine locations, which operated before and after repair
installation (as seen in Figures 3.7 and 3.8 and in Tables 3.1 and 3.2) the measured strains
for the cast-in-place stirrups were significantly reduced after installation of the
supplemental internal stirrups.
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Table 3.1: Stirrup strain peaks during controlled test truck loading before repair of Clarks Branch Overcrossing

Maximum Strain (microstrain)

Lane Position Speed Test # Ch_1 Ch_2 Ch_3 Ch_4 Ch_5 Ch_6 Ch_7 Ch_8 Ch_9 Ch_ 10 Ch_11
Straddle truck Fogline 5 mph 1 88 27 90 13 27 141 23 20 2 2 4
On Truck Fogline 5 mph 2 86 36 69 15 42 182 58 26 2 1 9
In Truck Lane 5 mph 3 44 45 47 18 51 202 81 31 2 1 9
Ovwer Centerline 5 mph 4 3 78 18 53 93 128 105 65 29 1 15
In Passing Lane 5 mph 5 3 81 9 81 107 27 78 82 62 1 22
On Passing Fogline 5 mph 6 1 68 9 73 81 14 54 80 76 1 33
In Truck Lane 53 mph 7 71 47 66 25 61 175 66 31 3 2 11
In Passing Lane 54 mph 8 3 87 8 82 105 26 79 82 51 2 23
In Truck Lane 68 mph 9 101 39 83 28 42 248 57 34 2 2 11
In Passing Lane 65 mph 10 7 95 11 81 106 32 86 78 63 1 24
Minimum Strain (microstrain)

Lane Position Speed Test # Ch_1 Ch_2 Ch_3 Ch_4 Ch_5 Ch_6 Ch_7 Ch_8 Ch_9 Ch_10 Ch_11
Straddle truck Fogline 5 mph 1 -24 -8 -2 -8 -17 -14 -5 -9 -4 -1 -6
On Truck Fogline 5 mph 2 -26 -8 -3 -8 -20 -8 -7 -7 -4 -2 -6
In Truck Lane 5 mph 3 -19 -7 -3 -5 -20 -7 -7 -5 -5 -2 -9
Ovwer Centerline 5 mph 4 -11 -5 -5 -2 -17 -2 -10 -2 -4 -2 -12
In Passing Lane 5 mph 5 -6 -2 -18 -1 -6 -4 -11 -3 -19 -2 -12
On Passing Fogline 5 mph 6 -4 -3 -17 -2 0 -5 -11 -4 -12 -1 -8
In Truck Lane 55 mph 7 -31 -11 -7 -8 -30 -10 -8 -8 -5 -1 -8
In Passing Lane 55 mph 8 -9 -4 -20 -2 -7 -7 -13 -4 -16 -1 -12
In Truck Lane 61 mph 9 -34 -15 -5 -13 -31 -16 -10 -10 -6 -1 -8
In Passing Lane 63 mph 10 -11 -4 -20 -3 -8 -13 -16 -5 -17 -1 -13

Note: CH 10 bad.
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Table 3.2: Stirrup strain peaks during controlled test truck loading after repair of Clarks Branch Overcrossing

Maximum Strain (microstrain)

Lane Position Speed Test # Ch_1 Ch_2 Ch_3 Ch_4 Ch_5 Ch_6 Ch_7 Ch_8 Ch_9 Ch_10 Ch_11
Straddle truck Fogline 5 mph 1 25 2 8 1 4 0 4 4 1 31 1
On Truck Fogline 5 mph 2 20 2 4 1 4 0 3 5 2 36 1
In Truck Lane 5 mph 3 15 3 5 1 5 0 2 6 1 37 1
Ower Centerline 5 mph 4 5 1 2 1 5 0 2 5 4 13 1
In Passing Lane 5 mph 5 6 1 2 2 6 0 2 3 1 8 2
On Passing Fogline 5 mph 6 4 2 2 2 6 0 3 2 1 7 4
In Truck Lane 53 mph 7 12 2 5 1 26 0 3 5 1 44 1
In Passing Lane 54 mph 8 3 1 2 2 44 0 2 3 2 8 3
In Truck Lane 68 mph 9 12 1 4 1 40 0 2 6 1 36 1
In Passing Lane 65 mph 10 2 1 2 2 57 0 2 3 2 9 3
Minimum Strain (microstrain)

Lane Position Speed Test # Ch_1 Ch_2 Ch_3 Ch_4 Ch_5 Ch_6 Ch_7 Ch_8 Ch 9 Ch_10 Ch_11
Straddle truck Fogline 5 mph 1 -8 -2 -1 -2 -4 0 -2 -5 -2 -4 -1
On Truck Fogline 5 mph 2 -12 -3 -3 -1 -5 0 -2 -5 -1 -6 -1
In Truck Lane 5 mph 3 -1 -3 -1 -2 -6 0 -4 -5 -2 -6 -1
Ovwer Centerline 5 mph 4 -3 -8 -2 -4 -8 0 -13 -7 -2 -5 -2
In Passing Lane 5 mph 5 -2 -5 -2 -5 -10 0 -10 -8 -10 -4 -2
On Passing Fogline 5 mph 6 -4 -5 -2 -4 -10 0 -7 -6 -7 -2 -1
In Truck Lane 55 mph 7 -1 -3 -2 -2 -26 0 -1 -5 -2 -6 -2
In Passing Lane 55 mph 8 -2 -4 -1 -4 -32 0 -8 -7 -8 -4 -1
In Truck Lane 61 mph 9 -2 -4 -2 -2 -41 0 -5 -5 -1 -6 -2
In Passing Lane 63 mph 10 -2 -4 -2 -5 -37 0 -9 -8 -6 -3 -1

Note: CH 6 bad after repair.
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Figure 3.7: Test Run #1 (truck straddling the driving lane fog line): (a) unrepaired, and (b) after supplemental
internal stirrups. Note vertical scales are different.
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Figure 3.8: Test Run #4 (truck over the centerline): (a) unrepaired, and (b) after supplemental internal stirrups. Note
vertical scales are different.
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3.1.3.2 Ambient traffic induced stirrup stress

The stirrup reinforcing stresses generated by normal traffic flow were recorded over a
period of 6.7 days during the period from December 7 to 18, 2006 and for a period of 2.4
days from November 29 to December 2, 2008. The system also recorded individual
event histories to ensure that large strain cycle counts could be verified as load induced
rather than due to instrument drift or noise. The stress-ranges and numbers of cycles
recorded at the instrumented locations are shown in Figures 3.9a and 3.9b for “before
repair” and “after repair,” respectively. Stress-ranges below 2.76 MPa (400 psi) were
discarded. The largest single strain-range measured at any location was approximately
340 microstrain (corresponding to approximately 10.0 ksi) at location CH_6, the girder
near the interior column (see Figure 3.5). Using Miner’s Rule (Miner 1945), the variable
amplitude stresses were described as an equivalent constant amplitude stress-range for
each of the instrumented locations:

n; 3
SRequ =3/ SR
tot (3-1)

where SR; is the i stress-range; n; is the number of cycles observed for the i" stress-
range; and Ny is the total number of cycles at all stress ranges.

The equivalent constant amplitude stress-ranges were below 4 ksi prior to repair at all
locations and below 2 ksi after repair at all locations as seen in Figures 3.10a and 3.10b.
These relatively small equivalent constant amplitude stress-ranges are consistent with
those measured in previous research on other 1950°s vintage RCDG bridges (Higgins, et
al. 2004a) and indicate that high-cycle fatigue of the embedded stirrups is unlikely.
Further installation of the supplemental internal stirrups reduced the demands on the cast-
in-place stirrups.
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Figure 3.9: Cast-in-place stirrup stress range-number of cycles (a) before repair (CH10 not working) and (b) after
installation of supplemental internal stirrups (CHS was noisy during ambient traffic monitoring; CH6 not working)
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Figure 3.10: Cast-in-place stirrup equivalent stress ranges after discarding lowest bin stress range data (a) before
and (b) after installation of supplemental internal stirrups
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3.2 WILLAMETTE RIVER BRIDGE

3.2.1 Description

The Willamette River Bridge (ODOT Bridge Inventory Number 08156) is located on Oregon
Highway 219, near Newberg, OR. The RCDG bridge was designed in 1954 and investigated
previously by Oregon State University (Higgins, et al. 2004a)." The original inspection of the
bridge, which occurred in late summer of 2001, indicated significant diagonal cracking in the
high-shear regions near the supports. Details of this prior work are reported in Higgins, et al.
(2004a). The bridge consists of ten spans: four steel plate girder spans over water and three
conventionally reinforced concrete approach spans at each end. The bridge has a regular layout
with rectangular prismatic girders, and the south approach spans were selected for
instrumentation.

The approach spans have three equal span lengths, 16.8 m (55 ft) each, and have a total width of
10.7 m (35 ft) as illustrated in Figure 3.11. The spans are comprised of one simple span having
five girders 368 x 1346 mm (14.5 x 53 in) and two continuous spans having four girders 330 x
1346 mm (13 x 53 in). Reinforced concrete diaphragms 229 x 1219 mm (9 x 48 in) are located
at quarter points of each span. The approach spans have three simple supports and are
continuous over one interior support with a transverse bent cap 419 x 1803 mm (16.5 x 71 in)
supported by two columns. The specified concrete compression strength was 22.75 MPa (3300
psi), and reinforcing steel consisted of ASTM A305 intermediate grade deformed square and
round bars with nominal yield stress of 276 MPa (40 ksi).

The bridge was repaired primarily for shear with CFRP in the fall of 2001. The material used
was CF130 unidirectional high-strength carbon fiber fabric, manufactured by MBrace. Prior to
application of the CFRP, the surface was prepared by diamond grinding, and the diagonal and
flexural cracks were epoxy-injected. An epoxy primer was then applied, followed by a high
viscosity epoxy paste. Individual 305 mm (12 in) wide strips of CFRP laminate were applied in
a U-shape to the prepared surface around the girder webs and soffit in varying plies with an
epoxy-encapsulated resin saturant. An open space of approximately 51 mm (2 in) was left
between strips. Additionally, CFRP strips were placed along the web soffit and along the top of
the web to provide supplemental flexural reinforcing. Typical CFRP repair of the main girders
and bent caps is shown in Figures 3.12a and b, respectively.

! Oregon Department of Transportation, Research Unit, Project SPR 341
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3.2.2 Inspection and instrumentation

In October 2004, three years after installation of the CFRP repairs, the bridge was re-inspected,
instrumented, and monitored under ambient traffic conditions to measure in-situ CFRP strain
ranges at high shear locations. The bent caps and longitudinal deck girders were re-inspected to
determine if cracking re-occurred and to identify the as-built locations of the CFRP strips. A
hand-held laser distance meter was used to rapidly locate cracks and CFRP strips relative to
support locations. Examples of stirrup locations, original cracks, and CFRP strips on the exterior
girder are shown in Figure 3.13. During the post-repair inspection, no new diagonal cracks were
observed in the bent caps or girders. Flexural cracking was observed at only one location near
midspan of the exterior girder.

Original Crack widths

05mm 1.0mm 0.8mm 1.0 mm 1.25mm 0.8 mm 08mm 06mm

- 4191 mm 4191 mm

CH.6 |Bent4]

Figure 3.13: Field measured cracking, embedded stirrups, and externally bonded CFRP on exterior girder

After inspection, strain gages were installed on individual CFRP strips at selected high-shear
locations. Strain gages were bonded to the surface of the CFRP at mid-depth of the girder and
oriented in the vertical (fiber) direction. The chosen strain gage length was 51 mm (2 in.),
permitting strain averaging over several transverse weave fibers that were spaced approximately
8 mm (0.31 in.). Instrumented locations are illustrated schematically in Figure 3.14. The strain
gages were connected to a high-speed, multi-channel, 16-bit digital data logger. To reduce noise
and prevent aliasing in the data, both analog and digital filters were employed. During the
ambient monitoring period, data were sampled at 100 Hz. The system recorded sensor readings
and converted signals into corresponding CFRP strains. Data from sensors were archived for
retrieval and post-processing.
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Figure 3.14: Schematic of instrumentation locations

The bridge was re-inspected in 2008, and the original sensors were checked to determine if they
were still operational. They were observed to be in good condition without a change in
resistance; thus they were wired into the same data logger system described previously, and
CFRP strains were collected during field testing using the same sensors at the same locations
used in 2004. During this re-inspection, diagonal cracking was observed in the concrete between
CFRP strips at a number of locations, with most being located on the exterior girders as seen in
Figure 3.15. These cracks appeared to be previous diagonal cracks that had reopened. No stress
induced CFRP debonding was observed at strip terminations or at locations adjacent to the newly
observed diagonal cracks. Additionally, there were locations that exhibited loss or flaking of the
protective coating that covers the CFRP matrix as seen in Figure 3.16.

Figure 3.15: Example diagonal cracks observed
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Figure 3.16: Example loss of surface protective coating

3.2.3 Testing method

Testing was performed on the bridge in December 2004 after installation of the CFRP (installed
in 2001). The bridge was retested as part of the present research study in May 2008. Two
different types of live load data were collected in both 2004 and 2008: response under ambient
traffic loading and response under controlled truck loading. The same sensors and locations

were used in both studies.

3.2.3.1 Controlled truck tests

Controlled truck loading tests were conducted using a heavily loaded ODOT
maintenance truck with axle weights and spacing shown in Figure 3.17.

Willamette River Test Truck 2004

GVW: 43.7 kips
Tandem: 29.25 kips

JOJ

Tandem 29,250 |b

_@_

Tandem: 35.0 kips
14,700 |b‘/E| T Tandem 35,000 Ib

Willamette River Test Truck 2008

GVW: 49.7 kips

82in. 72in. 82in. 72in.
l«——172in. l<—56 in. < 172in. >><—56in.
(a)

(b)

Figure 3.17: Controlled test truck configurations (a) 2004 and (b) 2008

% Oregon Department of Transportation, Research Unit, Project SPR 341
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As seen in this figure, the test truck loads were similar to the tests of Clarks Branch
Overcrossing in 2006 and 2007. Traffic was temporarily stopped using a flagging crew,
so that the control truck would be the only vehicle on the bridge during data collection.
This allowed the truck to be positioned in lanes that are sometimes opposite to the
direction of travel. The control truck passed over the bridge at several designated speeds
and lane positions. Test speeds varied from 8 to 97 km/h (5 to 60 mph). Lane locations
included placing the truck centered over the truck lane fog line, placing the passenger-
side tires on the truck fog line, placing the truck in the truck lane, straddling the truck
over the center-line stripe, placing the truck in the passing lane, and placing the driver-
side tires on the passing lane fog line.

During each pass of the control truck, CFRP strains were recorded for each of the
instrumented locations. For each of the test runs, peak stress values are summarized in
Table 3.3 for the 2004 tests and in Table 3.4 for the 2008 tests. Example recorded strain
histories for the test truck driving northbound over the center stripe at 8 km/h (5 mph) are
shown in Figure 3.18a and b for 2004 and 2008, respectively. For all locations, as seen
in Figure 3.18 and Tables 3.3 and 3.4, the measured CFRP strains were only slightly
larger and effectively similar. On average for all tests and all sensors, the difference
between the 2004 and 2008 results were less than 1 microstrain.
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Table 3.3: CFRP strip strain peaks during controlled test truck loading in 2004 of Willamette River Bridge near Newberg

2004
Maximum Strain

Lane Position Speed Test# | Ch .1 Ch2 Ch3 Ch4 Chb5 Che6 Ch7 Ch8 Ch9 Ch10 Ch11 CH_12
NbinNBLane 5 1 5 8 7 0 2 2 4 1 0 1 0 1
NBinSBLane 5 2 2 11 4 1 2 5 3 2 1 1 0] 0]
NBonNBFogline 5 3 7 8 8 0 0 0 3 1 1 1 1 0]
NBonSBFogline 5 4 2 10 3 1 1 5 1 0] 2 1 0] 0]
NBowverCL 5 5 1 13 6 3 2 4 4 3 0] 1 0] 0]
5mphSBinNBLane 5 6 5 10 9 2 2 2 2 3 2 1 1 1
5mphSBinSBLane 5 7 2 10 4 1 2 6 3 2 2 2 1 1
5mphSBonNBFogline 5 8 6 8 10 1 1 1 3 1 1 2 1 1
5mphSBonSBFogline 5 9 4 11 4 1 2 8 3 1 3 0 1 1
5mphSBoverCL 5 10 2 14 6 3 3 3 3 4 1 1 1 1
55mphNBinLane 55 11 5 9 9 1 1 2 4 2 1 0 1 1
55mphSBinLane 55 12 2 11 5 1 2 6 2 1 2 1 1 0
63mphNBinLane 63 13 8 12 12 1 1 2 5 3 1 2 1 1
63mphSBinLane 63 14 3 9 4 1 2 6 3 0 3 2 1 1
Minimum Strain

Lane Position Speed Test# | Ch_1 Ch_2 Ch.3 Ch4 Chb5 Ch6 Ch?7 Ch8 Ch9 Ch10 Ch_11 CH_12
NbinNBLane 5 1 -4 -2 -5 -6 -1 -1 -5 -3 0 -4 -3 -1
NBinSBLane 5 2 -3 -1 -3 -2 0 -1 -4 -1 -1 -4 -2 0]
NBonNBFogline 5 3 -1 -1 -2 -1 -1 0 0 0 -1 -1 -1 0
NBonSBFogline 5 4 -2 (0] -2 0 -1 -6 -1 1 -7 -1 0 0
NBoverCL 5 5 -2 0 -2 0 -4 -8 -1 -1 -9 -1 0 0
5mphSBinNBLane 5 6 -3 -1 -3 -1 0 -1 -5 -1 0 -4 -2 0
5mphSBinSBLane 5 7 -2 -1 -3 -1 -3 -6 -1 -1 -8 -1 -1 -1
5mphSBonNBFogline 5 8 -5 -1 -4 -4 -1 -1 -6 -4 -1 -5 -3 -1
5mphSBonSBFogline 5 9 -2 -1 -2 -1 -5 -5 -1 -1 -5 -1 -1 -1
5mphSBoverCL 5 10 -2 -1 -2 -1 -1 -1 -1 -1 -1 -1 -1 0]
55mphNBinLane 55 11 -3 -1 -3 -2 -1 -1 -4 -1 0 -5 -1 -1
55mphSBinLane 55 12 -2 -1 -2 -1 -1 -5 -2 0 -6 -1 -1 -1
63mphNBinLane 63 13 -4 -2 -3 -2 0 -1 -3 0 -1 -3 -1 -1
63mphSBinLane 63 14 -2 -2 -2 (0] -3 -5 -1 -1 -5 -1 -1 -1
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Table 3.4: CFRP strip strain peaks during controlled test truck loading in 2008 of Willamette River Bridge near Newberg

2008

Maximum Strain

Lane Position Speed Test# | Ch_1 Ch_2 Ch_3 Ch_4 Ch 5 Ch_6 Ch 7 Ch_8 Ch 9 Ch 10 Ch 11 CH 12
5mphNBinNBLane 5 mph 1 6 9 9 2 1 3 5 0 0 0 0 4
5mphNBinSBLane 5 mph 2 3 11 5 2 2 6 3 1 2 1 1 1
5mphNBonNBFogline 5 mph 3 8 7 10 0 0 0 4 1 1 0 1 3
5mphNBonSBFogline 5 mph 4 2 10 5 0 2 7 3 1 2 1 1 (0]
5mphNBoverCL 5 mph 5 3 14 8 6 3 5 5 3 2 1 0 0
5mphSBinNBLane 5 mph 6 5 11 10 1 2 4 5 2 1 1 2 3
5mphSBinSBLane 5 mph 7 2 9 5 1 3 8 4 1 2 1 1 1
5mphSBonNBFogline 5 mph 8 8 8 12 1 1 1 4 1 1 1 1 3
5mphSBonSBFogline 5 mph 9 3 10 4 1 1 9 2 1 2 1 1 1
5mphSBoverCL 5 mph 10 3 13 8 5 4 5 4 3 2 0 1 1
50mphNBinLane 50 mph 11 7 9 10 1 1 2 4 3 2 2 1 4
50mphSBinLane 50 mph 12 3 10 5 0 3 9 3 1 4 1 1 1
59mphNBinLane 59 mph 13 9 9 10 1 1 3 6 1 0 1 0 3
62mphSBinLane 62 mph 14 3 11 6 1 2 9 3 0 3 1 2 1
Minimum Strain

Lane Position Speed Test# | Ch_1 Ch_2 Ch_3 Ch_4 Ch_5 Ch_6 Ch_7 Ch_8 Ch 9 Ch_10 Ch_ 11 CH_12
5mphNBinNBLane 5 mph 1 -4 -1 -5 -2 -1 -1 -6 -4 -2 -7 -2 -2
5mphNBinSBLane 5 mph 2 -3 -1 -3 -1 -3 -6 -1 -1 -7 -1 -1 0
5mphNBonNBFogline 5 mph 3 -5 -2 -6 -7 -1 -2 -7 -6 -1 -7 -3 -2
5mphNBonSBFogline 5 mph 4 -3 -1 -2 -2 -7 -10 -2 0 -10 -1 0 -1
5mphNBoverCL 5 mph 5 -1 -1 -2 0 -1 -1 0 -2 -1 -2 -1 -2
5mphSBinNBLane 5 mph 6 -3 -1 -4 -1 -1 0 -4 -1 -1 -4 -1 -2
5mphSBinSBLane 5 mph 7 -3 -1 -3 0 -4 -7 -1 -1 -10 -1 -1 -1
5mphSBonNBFogline 5 mph 8 -5 -1 -3 -5 -1 -2 -8 -5 -1 -7 -3 -2
5mphSBonSBFogline 5 mph 9 -2 -4 -3 -1 -8 -7 -2 -1 -8 -1 -1 -1
5mphSBoverCL 5 mph 10 -1 -2 -2 -1 -1 -1 -1 -1 -1 -1 -1 -1
50mphNBinLane 50 mph 11 -4 -1 -4 -3 -2 -1 -7 -2 0 -5 -2 -2
50mphSBinLane 50 mph 12 -3 -2 -3 -2 -5 -7 -2 -1 -9 -1 -1 -1
59mphNBinLane 59 mph 13 -4 -2 -6 -4 -1 -2 -5 -3 -2 -5 -3 -1
62mphSBinLane 62 mph 14 -3 0 -2 -1 -5 -6 -2 -2 -9 -2 0 -1
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Figure 3.18: Example of measured CFRP strip strains from controlled test trucks located northbound driving over
the center stripe (a) 2004 and (b) 2008
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3.2.3.2 Ambient traffic-induced CFRP strains

Ambient traffic-induced CFRP strains at mid-depth of the girders and bent cap were
monitored over a period of 32.6 days from September 16 to October 19, 2004 and for a
period of 6.1 days from May 15 to May 22, 2008. The strain ranges and numbers of
cycles recorded at the instrumented locations are shown in Figure 3.19a and b for the
2004 and 2008 monitoring, respectively. The largest single strain range was measured at
approximately 34 pe in 2004 and 42 pe in 2008, both at location #2 on the bent cap.
Miner’s Rule (Miner 1945), was used to express the variable amplitude strains as an
equivalent constant amplitude strain range for each of the instrumented locations:

’Z n; k
SRqu =k N_SRI
tot (3-2)

where SR; is the i™ strain range; n; is the number of cycles observed for the i™ strain
range; Ny 1s the total number of cycles at all strain ranges; and k is the fatigue exponent
or slope of the S-N curve.

Steel is generally regarded as having a relatively low fatigue exponent of 3 (as used for
Clarks Branch Overcrossing previously), compared with composite materials having
higher fatigue exponents of 10 or above (Mandell, et al. 1993). For materials with higher
fatigue exponents, fatigue damage is not particularly sensitive to the low strain-range
cycles. However, the few cycles that occur at higher strain ranges contribute
disproportionately to fatigue damage as compared with low fatigue exponent materials.
Thus, there is a higher degree of uncertainty related to events that occur in the upper tails
of the distribution when using short data collection windows.

Considering a high fatigue exponent of 10 and using the field data collected over the
relatively long time frame relative to the in-service life of the CFRP installation,
equivalent constant amplitude strain ranges were computed at all instrumented locations
as shown in Figure 3.20. The single highest equivalent constant amplitude strain range
was 15 pe for location #2 in 2004 and was 18 pe for location #11 in 2008. There were
small increases in the equivalent strain ranges, but the general trends for all sensor
locations were similar in 2008 and 2004. These observed changes would not
significantly reduce the expected fatigue life of the materials or impact results of the

laboratory calibrated fatigue tests conducted previously at Oregon State University
(Williams and Higgins 2008).
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4.0 EXPERIMENTAL MATERIALS AND METHODS

An experimental research program was implemented which included design of full-scale beam
and bent cap specimens, instrumentation, construction, and application of each repair type.
Repair for the beam specimens included epoxy injection, surface bonded carbon fiber reinforced
polymer (CFRP) strips, external supplemental steel stirrups, internal supplemental steel stirrups,
and carbon fiber tape in a near surface mount (NSM) application. The bent cap specimens were
repaired with surface bonded CFRP strips and longitudinal post-tensioning. Once cast, both the
beam and bent cap specimens were loaded to produce initial diagonal cracking, unloaded,
repaired by the previously mentioned methods, and then tested to failure. The specimen
descriptions, design, construction, and material property designations for base specimens are
presented in this section. Specific details of each repair method — including repair installation
procedures, testing protocol, and instrumentation for the test beams and bent caps — are given in
Chapter 5.

4.1 SPECIMEN IDENTIFICATION

To readily identify the specimens used in the current study, the following convention is used:

the first letter identifies the repair specimen as either a beam (B) (girder) or a deep beam (D)
(bent cap). The second term indicates if the specimen is tested such that the deck is placed in
flexural compression (T) or in flexural tension (IT). In this notation, T stands for T beam (flange
is on top to represent positive moment regions) and IT stands for inverted-T beam (flange is on
bottom to represent negative moment regions). Although the bent cap specimens do not include
the deck portion, the orientation of these specimens is denoted as “T,” since the deck would be in
flexural compression if included. The third term differentiates beams that have flexural tension
cutoff details located within the shear span (C) from specimens which have fully developed
flexural bars within the shear span (NC). The final term designates the repair medium for each
specimen, as given in Table 4.1.
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Table 4.1: Specimen test matrix

Specimen Specimen .
Identification Repair Method
B.IT.NC.C No repair, control specimen

B.IT.NC.EC Epoxy injection with no applied loads

B.IT.NC.ED Epoxy injection with simulated dead load
B.IT.NC.EL Epoxy injection with varying live load plus dead load
B.IT.NC.EA Epoxy injection with axial tension

B.IT.NC.ES Supplemental External stirrups

B.IT.C.ES Supplemental External stirrups
B.T.NC.ES Supplemental External stirrups
B.IT.NC.IS Supplemental Internal stirrups
B.IT.C.IS Supplemental Internal stirrups
B.T.NC.IS Supplemental Internal stirrups

B.IT.NC.CF CFRP

B.IT.NC.NS Near Surface Mount
D.T.C.CF CFRP

D.T.C.PT Longitudinal Post-tensioning

i Iy e I = = e BN [ [V N E AR L SR B

4.2 SPECIMEN DESIGN

4.2.1 Beam specimen design

Beam specimens were designed to reflect the anchorage details and relative specimen sizes
indicative of 1950s vintage highway bridges (Higgins, et al. 2004a). Beams used in the study
were full-scale, designed to place the deck in either flexural compression — denoted as a T beam
— or in flexural tension — denoted as an inverted T (IT) beam. These conditions replicate shear in
the presence of positive moment, typical of a bridge girder near an abutment, or shear in the
presence of negative moment, typical of a bridge girder near an interior support. The T beams
were designed with stirrups spaced at 607 mm (24 in.), or h/2, while the IT beams were designed
with either 305 mm (12 in.) or 457 mm (18 in.) stirrup spacing. In each case, the repaired beams
were designed to fail in a shear dominated mode.

Specimens with the NC designation contained fully developed flexural steel within the shear
span. Specimens B.IT.C.ES and B.IT.C.IS, representing external and internal supplemental steel
stirrup repairs, were cast with two flexural cutoff bars cutoff within the shear span to investigate
the performance of the repair method in the presence of an abrupt decrease in flexural steel, as is
typically encountered for older bridge girders. The specimens had a 1219 mm (48 in.) overall
height, with a flange width of 914 mm (36 in.), a web width of 356 mm (14 in.), and a flange
thickness of 152 mm (6 in.). Beam specimens were cast to a total length of 7925 mm (312 in.);
the shear span of the T beams was 2896 mm (114 in.), while the IT beams had a shear span of
2997 mm (118 in.), corresponding to a shear span-to-depth (a/d) ratio of 2.5 and 2.6 respectively.
Typical T and IT beam elevations are shown in Figure 4.1, with typical sections shown in Figure
4.2.
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Figure 4.2: T and IT beam typical sections for (a) epoxy injection specimens, (b) other repair specimens

Support conditions for the beam specimens were similar for both T and IT specimens. Both
specimen types were supported on reaction beams with 102 mm (4 in.) wide plates, 51 mm (2
in.) diameter high strength steel rollers supporting the beams on 25 mm (1 in.) thick by 102 mm
(4 in.) wide steel plates extending across the appropriate flange/web width. The T beam
specimens were supported laterally at the support locations by steel column sections attached to
the reaction beams and rollers that permitted end rotations under positive moment but prevented
out of plane movement. Load was applied by a single actuator at midspan, by way of a spreader
beam, with loading points offset 305 mm (12 in.) from midspan of the beam. Capture plates
were welded to the underside of the spreader beam, which was in turn supported on 51 mm (2
in.) diameter high-strength steel rollers and 102 mm (4 in.) wide steel plates in contact with the
specimen. In order to assure a level bearing surface at the junction of the final steel plate and the
concrete, Hydrostone — a quick-setting gypsum cement with a dry compressive strength of 69
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MPa (10 ksi) — was applied between the concrete surfaces and steel plates. The loading frame
and support conditions are shown in Figure 4.3.

L]

|

[ []]
:I: =2 :I;‘/r— Reaction Frame

Hydraulic

Actuator [~

L Load Cell

o L Spreader Beam

Specimen ‘\ |-
3

<
-

610 mm (24 in.)

St fl

‘ L = 6604 mm (260 in.) IT ]
| |

L=7315mm (288in) T

-l .
-

Figure 4.3: Typical beam loading setup (IT section shown)

4.2.2 Bent cap specimen design

Full-scale bent cap specimen design was based on previous work at Oregon State University
(OSU); specimen dimensions, span lengths, flexural and transverse steel details, and utility hole
opening locations were based on a review of existing bent caps within the Oregon Department of
Transportation’s (ODOT) bridge inventory. The bent cap specimens were designed as single
span beams with four girders framing into the bent. The two exterior girder loads were assumed
to be transmitted directly into the columns and were not included in the experimental setup,
while the two interior girders provided load into the cap from the adjacent longitudinal spans.
Thus, the cap beam was loaded indirectly from the two interior girders in the form of a shortened
stub section, not directly loaded on the cap beam itself. The specimen dimensions were as
follows, with reference to Figures 4.4 and 4.5: columns were 610 mm (24 in.) square, the cap
beam was 1829 mm (72 in.) deep by 406 mm (16 in.) wide, with a span-to-overall height ratio of
1.33. The overall specimen length was 7925 mm (312 in.) with a 6706 mm (264 in.) length
excluding the columns. The stub girders were 1219 mm (48 in.) deep with a 357 mm (14 in.) by
406 mm (16 in.) cross sectional area.
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Figure 4.4: Bent cap elevation view of reinforcing details and geometry
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Figure 4.5: Bent cap section at midspan and at stub girder

Support conditions for the bent cap simulated those of an externally determinant rigid frame.
The square concrete columns, which extended a distance of 610 mm (24 in.) down from the
bottom of the cap beam, were cast onto single 25 mm (1 in.) thick steel plates with identical
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cross sectional area. One column was supported by a 51 mm (2 in.) diameter high-strength steel
roller placed on a slightly curved 38 mm (1.5 in.) steel plate. The steel plate for the second
column was welded to a series of slightly larger perimeter steel plates such that the column bases
could translate relative to one another and also rotate. The stub girders were supported laterally
with vertical rollers to restrict out of plane motion. The columns were also supported laterally at
the same elevation as the stub girders, as shown in Figure 4.6. Also, the loading frame was
braced laterally out of plane with steel channel sections anchored to the strong floor.
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Figure 4.6: Bent cap indirect loading at stub girder location

Since the bent cap was loaded through each individual stub girder, two actuators and associated
reaction beams were required. A capture plate mounted to the underside of the actuator was
supported by a single 51 mm (2 in.) diameter high-strength steel roller and 102 mm (4 in.) wide
by 25 mm (1 in.) thick plate bearing on the top midpoint of the reaction beams. This was to
ensure free rotation of the reaction beam within the plane of the stub girders. A second set of
capture plates, similar to those used for the beam specimens, was welded to the underside of the
reaction beams at the location of the stub girders, supported on 51 mm (2 in.) diameter high-
strength steel rollers, and corresponding 102 mm (4 in.) wide by 25 mm (1 in.) thick steel plates
in bearing with the top of the stub girders. As with the beam specimens, the plates in contact
with the top of the stub girders were leveled utilizing Hydro-stone gypsum cement.
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The column reinforcing cage consisted of Grade 420 MPa (60 ksi) #36 (#11) corner bars with
Grade 420 MPa (60 ksi) #10 (#4) ties at 102 mm (4 in.) within the isolated column section, with
203 mm (8 in.) spacing throughout the beam height, as shown in Figure 4.4. The longitudinal
column bars were welded to the base plates.

The flexural steel configuration followed the work of previous bent cap specimens, consisting of
three cutoff locations within the shear span. The flexural steel was placed in three layers, with a
4-4-2 bar configuration, from the bottom of the cap beam. Previous test results showed the
specimen with two bottom bars extending into the column provided the lowest overall strength
(Senturk and Higgins in press). Thus, the two outer bars within the bottom layer extending into
the column were selected for the repair specimens. For this scenario, the remaining two bars
within the bottom layer terminated at the face of the column. The second layer of reinforcing
included two outer bars terminating at the face of the column, while the two inner bars were
placed at 2679.5 mm (105.5 in.) from the centerline of the bent. The top layer of flexural steel
included two outer bars at 2146.5 mm (84.5 in.) from the centerline of the bent.

In addition to flexural details, the repaired bent caps reflected similar stirrup details to the
previous work at OSU. In the previous study, the stirrup size and grade varied from Grade 280
MPa (40 ksi) #13 (#4) to Grade 420 MPa (60 ksi) #16 (#5) with a consistent 222 mm (8.75 in.)
average spacing. Thus, to replicate the weakest specimen from the previous work, Grade 280
MPa (40 ksi) #13 (#4) stirrups at 222 mm (8.75 in.) spacing were used in the current study.

The indirect loading of the bent cap required heavily reinforced stub girders to ensure failure
occurred within the shear span. As such, the stub girders consisted of Grade 420 MPa (60 ksi)
16 (#5) horizontal and #19 (#6) vertical closed ties.

4.3 MATERIALS AND REPAIR SCHEMES

The materials selected for each repair method were based on products that were readily
available, representative of similar products, and pre-approved by state transportation agencies.
Application of each individual repair method followed the manufacturer’s recommendations
and/or the advice of suppliers and approved contractors. Material tests of the repair media as
well as traditional steel and concrete materials were included for each specimen.

4.3.1 Concrete

Concrete was provided by a local ready-mix supplier for both beam and bent cap specimens.

The mix design was based on 1950’s AASHO “Class A” concrete (AASHO 1953) used in
previous research at OSU with a specified minimum compressive strength of 21 MPa (3000 psi)
— similar to the design strength of the original in-service bridges (Higgins, et al. 2004a). Actual
concrete compressive strengths varied across the test matrix. Tensile and compressive strengths
were based on ASTM C39/C39M-05 (2005) and ASTM C617-05 (2005) completed on 152 mm
(6 in.) diameter, 305 mm (12 in.) deep cylinders. Compressive concrete strength calculations for
the beam specimens were completed at 7, 14, and 28 days after casting. Bent cap concrete
strength was documented at a closer interval in order to complete repaired testing at a strength
close to the 21 MPa (3000 psi) compressive strength — which occurred at an average of 20-25

93



days after casting. Tensile and compressive concrete strengths were also determined on the day
of test for both precrack and failure tests. Results of the concrete compressive and tensile
strengths as previously described are shown in Table 4.2.

Table 4.2: Concrete properties

T | S| i

£, ft fo ft
1 B.IT.NC.C NA | NA 3;122) ?4260)
2 B.IT.NC.EC N/A | N/A (3562'39) ?4?)6)
3 B.IT.NC.ED N/A | NA fj 1’% 4) (23'27)
4 B.IT.NC.EL N/A - | N/A (24?2'578) ?égz)
5 B.IT.NC.EA N/A | NA 355 iis) (24%6)
6 B.IT.NC.ES 5357‘962) ?3'793) (236£3) ?3%9)
7 B.IT.CES 5209'25) (12'36) 5209'25) (1236)
8 B.T.NC.ES 557‘27) ?3'329) (34;15?4) ?328)
9 BIT.NC.IS 5345';6) ?3'330) 536 5;24) (2224)
10 B.IT.C.IS 5345‘15) ?3'})3) (2;‘6?)5) (léEO)
" B.T.NC.IS 5379'33) ?3'333) ?36338) (23564)
12 B.IT.NC.CF 5368';2) ?3'310) (2379'4;0) 53329)
13 B.IT.NC.NS 535761 8) ?3'329) 333 3'28) (23'224)
14 D.T.C.CF ?549) (11";9) (1252'553) (lézl6)
15 D.T.C.PT 5323'34) éjg) ?32334) (2318)

The aggregate composition for the mix was reported by the supplier as: 97% passing the 19 mm
sieve (3/4 in.), 82% passing 16 mm (5/8 in.), 57% passing 12.5 mm (1/2 in.), 33% passing 9.5
mm (3/8 in.), 21% passing 8 mm (5/16 in.), 9.3% passing 6.3 mm (1/4 in.), 3.0% passing 4.75
mm (#4), 0.6% passing 2.36 mm (#8) and 0.3% passing the 0.075 mm (#200) sieve. The sand
composition of the mix was also reported as: 99.7% passing the 6.3 mm sieve (1/4 in.), 96.8%
passing 2.36 mm (#8), 59.4% passing 1.18 mm (#16), 44.9% passing 0.600 mm (#30), 17.9%
passing 0.300 mm (#50), 3.7% passing 0.150 mm (#100) and 1.7% passing the 0.075 mm (#200)
sieve. The coarse aggregate was from Willamette River bed deposits consisting of smooth
rounded basaltic rock.
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4.3.2 Mild steel

All mild reinforcing steel used in the experimental program met the spacing and deformation
requirements of ASTM 615/615M-05a (ASTM International 2005), while selection of the steel
was based on an intermediate — 280 MPa (40 ksi) — grade used in the original beams. The lower
grade steel posed a problem, since the steel industry has since migrated to a 420 MPa (60 ksi)
standard grade bar. A solution was devised by permitting only the stirrup steel to be designated
Grade 280 (40 ksi), with the remainder of the mild steel designated Grade 420 (60 ksi). A local
steel producer provided a single heat of the Grade 280 (40 ksi), #13 (#4) for all of the stirrups
used in the beams and bent caps.

Flexural steel consisted of Grade 420 (60 ksi) #36 (#11). The actual tensile properties of the
steel bars were based on testing outlined in ASTM A370-97a (1997) utilizing a 489 kN (110 kip)
capacity hydraulically controlled universal testing machine under displacement control of 0.0169
mm/sec (0.000667 in./sec). The large diameter #36 (#11) bars exceeded the capacity of the
testing frame; thus they were machined down to 13 mm (0.5 in.) diameter coupons with threaded
ends and tested in accordance with ASTM E8-00 (2000) Strain in the bar was measured with a
class B1 extensometer with a 50 mm (2 in.) gage length. Tensile properties for beam and bent
cap reinforcing steel are shown in Table 4.3.

Table 4.3: Reinforcing steel properties

Reinforcing Steel
Speci #13 (#4) Grade 280 #36 (#11) Grade 420
i pecimen 40 ksi 60 Kksi
Specimen # Identification ( ) ( )
fy fu fy fll
MPa (ksi) | MPa (ksi) MPa (ksi) MPa (ksi)

1 B.IT.NC.C 350 (50.8) |544 (78.9) |477 (69.2) 712 (103)
2 B.IT.NC.EC 492 (71.3) 741 (108)
3 B.IT.NC.ED 484 (70.2 728 (106

357 (51.8)  |570 (82.7) (79.2) (106)
4 B.IT.NC.EL 473 (68.6) 694 (101)
5 B.IT.NC.EA 492 (71.3) 741 (107)
6 B.IT.NC.ES
7 B.IT.C.ES
8 B.T.NC.ES
9 B.IT.NC.IS

343 (49.8) [542(78.6) 468 (67.9) 711 (103)
10 B.IT.C.IS
11 B.T.NC.IS
12 B.IT.NC.CF
13 B.IT.NC.NS
14 D.T.C.CF

343 (49.8) 542 (78.6) |458 (66.4) 706 (102)
15 D.T.C.PT
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4.4 SPECIMEN CONSTRUCTION AND INSTRUMENTATION

4.4.1 Beam specimen construction and instrumentation

All beam specimen construction and instrumentation was performed in Oregon State
University’s Structural Engineering Laboratory. Prior to casting, general purpose quarter bridge
foil strain gages were placed at mid-height of the stirrups within the shear span and along the
tensile flexural steel bars at midspan, as shown in Figures 4.7 and 4.8. In addition, strain gages
were placed at the cut off locations for specimen B.IT.C.ES and B.IT.C.IS to indicate the relative
increase in strain in the remaining flexural bars at the cutoff locations.
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Figure 4.7: Typical strain gage locations along flexural steel
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Figure 4.8: Typical strain gage locations along stirrups

Once instrumentation of individual reinforcing bars was complete, the reinforcing cage was
assembled adjacent to the formwork, as denoted in Figure 4.9. Three free-standing support
sections composed of tube steel were placed at third points along the reinforcing cage in order to
support the reinforcing steel as it was assembled. Standard reinforcing ties were used to secure
the reinforcing bars to one another. The formwork for the beam specimens consisted of two
adjacent T beams such that two specimens were poured at one time.
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After assembly of the first reinforcing cage, it was temporarily moved into the formwork and a
second reinforcing cage was assembled with the previously mentioned support sections. The
first reinforcing cage was then removed from the formwork so that a form release agent could be
applied to the surfaces in order to ease removal of the final cast specimens. After application of
the release agent, the reinforcing cages were placed within the formwork and concrete was
placed in three equal height lifts. Due to the size of the specimens, one concrete truck per beam
was used for placement. A concrete vibrator was used to ensure proper consolidation of the
concrete for each individual lift.

Concrete for test cylinders was obtained midway through the placement process for each beam in
order to ensure a representative sample of concrete. After placement, the top surface of each
beam was troweled to a smooth surface. Approximately one hour after pouring, a saturated
burlap mesh and a thin plastic sheet was placed over the length of the beams and the specimens
cured for a minimum of 28 days prior to removal from the forms.

Figure 4.9: Assembly of completed reinforcing cage adjacent to formwork (IT specimen shown)

Once cured, the beam specimens were removed from the formwork and prepared for testing.
External sensors were placed along the beam as indicated schematically in Figure 4.10. Mid-
span displacements along both sides of the beam were recorded with 127 mm (5 in.) range string
potentiometers, while support settlements at four corners were recorded with 13 mm (0.5 in.)
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range displacement sensors. Support settlements were then averaged and subtracted from the
mid-span displacement to reveal the true specimen deformation. Diagonal displacements were
measured with 51 mm (2 in.) range string potentiometers. Load was measured through a 2450
kN (550 kip) load cell integrated with the hydraulically controlled actuator. Data was recorded
on a 16 bit data acquisition system with multiple channel assignments to include strain,
displacement, and load. Crack widths for the specimens were recorded by visual inspection with
a hand held crack comparator.
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Figure 4.10: Schematic view of sensors for IT and T beams
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4.4.2 Bent cap specimen construction and instrumentation

Construction of the bent cap specimen was similar to that of the beam specimen in terms of steel
instrumentation and assembly. General use quarter bridge foil strain gages were attached to the
stirrup and flexural steel. Based on prior tests, the location of the failure crack within the shear
span was known a priori to testing; thus the stirrups were instrumented along the projected
failure crack, not at mid-height as they were for the beam specimens.

Within each layer of flexural steel, one bar of each cutoff length was instrumented. For example,
the first layer included two fully developed bars into the column and two bars terminating at the
face of the column. In this example, one of the fully developed bars and one of the cut off bars
were instrumented at midspan.

The distribution of strain for the anchorage bars into the column was of interest; thus three strain
gages were attached to each anchorage bar, one at the inside face of the column, a second 152
mm (6 in.) further into the column, and a third located at the centroid of the column at a distance
of 305 mm (12 in.) from the inside face.

Once the individual reinforcing bars were instrumented, assembly of the reinforcing cage and
subsequent pouring began. Unlike the beam specimens, the size and relative weight of the bent
cap precluded casting near the testing bay. As a result, the reinforcing cage and associated
formwork were assembled within the testing bay as outlined below.

Assembly of the bent cap reinforcing steel began with the column sections, followed by
compression steel, stirrups, tension steel, and stub girders. The column sections, as noted
previously, were cast on 25 mm (1 in.) thick steel plates. The reinforcing steel consisting of four
#36 (#11), 420 MPa (60 ksi) bars were welded to the corners of the steel plates. Closed #13
(#4), 420 MPa (60 ksi) reinforcing bars were secured with standard wire ties at 102 mm (4 in)
for the isolated column section, and 203 mm (8 in.) spacing within the height of the beam.

In order to support the wet concrete and reinforcing cage during curing, 9 mm (0.375 in.) thick
steel plates, supported on a combination of adjustable height inverted steel channels and tube
sections, were placed at fifth points between the columns. Next, the compression steel was
supported from above the testing bay by two braided steel wires, turnbuckles, and several small
clevises.

The stirrups were attached to the compression steel at 222 mm (8.75 in.) spacing within the shear
span with wire ties, as shown in Figure 4.11. Once in place, the tension steel was placed within
the stirrups and secured with wire ties. The stub girders were then attached to the stirrup
sections, as shown in Figure 4.12.
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Figure 4.11: Typical bent cap stirrup assembly
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Figure 4.12: Typical bent cap stub girder assembly

Formwork assembly and concrete placement followed after completion of the reinforcing cage.
A custom built formwork system consisting of a combination of NDM fiberboard and common
construction lumber was assembled around the reinforcing cage with assorted nuts, bolts and
washers. The height of the bent prohibited pouring directly from a typical concrete truck; thus a
pump truck was used to place concrete in three lifts. A concrete vibrator was used to ensure
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concrete consolidation in the forms. After pouring was complete, the top surface of the concrete
was troweled smooth. Approximately one hour after pouring, a saturated burlap material and
thin plastic sheet were placed over the top surface of the concrete.

After curing, the formwork for the bent cap was removed and the specimen was prepared for
testing. External sensors were placed along the bent as indicated schematically in Figure 4.13.
Mid-span and stub girder displacements along both sides of the beam were recorded with 254
mm (10 in.) and 127 mm (5 in.) range string potentiometers respectively, while support
settlements at four corners were recorded with 38 mm (1.5 in.) range displacement sensors.
Support settlements were then averaged and subtracted from the mid-span and stub girder
displacements to reveal the specimen deformation.

The two anchorage bars within the column were monitored for slip at the free end with a single
102 mm (4 in.) range string potentiometer mounted to the outside face of the columns.
Elongation between the column sections was measured at mid-height of the isolated columns.
The absolute movement of the column supported on the roller end was measured by a 102 mm (4
in.) string potentiometer. Diagonal displacements within the two shear spans were measured with
51 mm (2 in.) range string potentiometers. Load was measured through a 2450 kN (550 kip)
load cell integrated with the two hydraulically controlled actuators. Data was recorded on a 16
bit data acquisition system with multiple channel assignments including strain, displacement,
and load. Crack widths for the specimens were visually inspected and measured with a hand
held crack comparator.
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Figure 4.13: Schematic view of sensors for bent cap
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4.5 TESTING PROTOCOL

4.5.1 Beam specimen testing

The testing protocol for beam specimens included incremental loading to produce initial
diagonal cracking of the specimens. The maximum applied load during precracking was
determined as a percentage of the ultimate capacity of the base specimen. The base beam
specimen capacity was determined using the computer program Response 2000 (Bentz 2000).
The program estimates capacity of traditionally reinforced and post-tensioned concrete sections
based on a sectional analysis (all steel specified in the analysis is assumed developed at the point
of interest) utilizing Modified Compression Field Theory.

Force was applied at 222 kN (50 kip) increments through a hydraulically controlled 2224 kN
(500 kip) capacity actuator under force control at a quasi-static rate of 9 kN/sec. (2 kip/sec.).
The initial IT beam was loaded up to 1112 kN (250 kip), representing approximately 70% of the
base specimen capacity. Due to loss of internal foil strain gages at this level, the remainder of
the IT and T beams were loaded up to 890 kN (200 kip). This represents 55% of the ultimate
strength of the T and IT specimens respectively. At each load increment, the maximum force
was reduced by 10% in order to take crack width measurements, map crack lengths, and reduce
the effect of creep. After the maximum load was reached, the specimen was unloaded, the
sensors were zeroed and a second test was conducted to obtain the new post-cracked baseline
response of the beam.

4.5.2 Bent cap specimen testing

The testing protocol for the bent cap specimens mirrored that of the beam specimens, with a
slight modification for the use of two actuators. Estimation of the base specimen capacity
followed from the results of previous work at OSU for specimens with comparable concrete
strength. Force was again applied at 222 kN (50 kip) increments through a hydraulically
controlled 2224 kN (500 kip) capacity actuator under force control at a quasi-static rate of 9
kN/sec. (2 kip/sec.).

Initially one actuator was loaded to the first load point of 1112 kN (50 kips), then reduced by
10% in order to reduce the effects of creep while taking crack width and length measurements.
Then the specimen was unloaded, and the second actuator was loaded to the first load point,
measurements were taken, and load released. Next, the two actuators were loaded together, the
first followed by the second, measurements were taken, and load released in the reverse order it
was applied. This sequence was repeated until a combined load of 8896 kN (400 kip) was
applied to the base specimen. As with the beam specimens, once the bent cap was unloaded, the
sensors were zeroed and a second test was conducted to obtain the new post-cracked baseline
response of the bent cap.
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5.0 REPAIR METHODS

This chapter describes experimental and analytical findings for each of the repair methods
considered. Each method, specific material properties, installation, test variables, and unique
responses are described for each type separately in this chapter. Comprehensive details of the
measurement data collected for the experiments are contained in Appendix A.

5.1 EPOXY INJECTION FOR GIRDERS

5.1.1 Material and application details

The epoxy selected was SCB Concresive 1360 produced by Chemrex. This particular resin is a
two-part, ultra low-viscosity liquid epoxy. The specified material tensile strength for SCB
Concresive 1360 is 55.2 MPa (8000 psi). The surface sealant used was Concresive SPL Paste,
which is a two-part, 100% solids epoxy. These two materials are commonly used, are pre-
approved for use by several State DOTs, and they are representative of similar epoxy materials.
All injection materials were provided by local suppliers. Additional installation guidance was
provided by qualified contractors to establish a repair protocol that satisfied the manufacturer’s
installation recommendations. The procedure that was established is summarized below.

The concrete surfaces around the diagonal cracks were cleaned with a wire brush to remove
loose particles and dirt. Vacuuming was performed to assure a clean surface area. The crack
perimeter was sealed, and injection ports were surface mounted every 356 mm (14 in.) or
roughly equal to the width of the girder web. The surface epoxy cured for 24 hours before the
injection process was initiated. Diagonal cracks were injected starting from the lowest port
working up, which allowed for release of entrapped air. “Window” ports were placed on the
backside of the beam to serve as a visual aid for assurance of epoxy penetration through the
beam web. A specialized injection machine was used to mix the two-part liquid epoxy in the
manufacturer’s recommended proportions and deliver the mixture into the beam under pressure.
This machine is commonly used by contractors performing this work.

Each port was injected to a maximum pressure of 690 kPa (100 psi). As liquid epoxy began to
seep from the next higher tube, the lower port was capped and the injection nipple moved to the
next higher position. Near the top of each diagonal crack, the injection pressure climbed more
quickly to 690 kPa (100 psi), and it would take longer to dissipate, signaling that there was little
available space to pump additional epoxy resin. When the maximum pressure could be
maintained, the final port was capped. After injection, all specimens were allowed to cure for at
least seven days. A heated plastic enclosure was placed around the specimen to ensure that
temperatures were maintained above 4.5° Celsius (40° Fahrenheit). Thermocouples outfitted
with data loggers were placed into a small void cast into the end of the specimens and on the
exterior to record temperatures and ensure the specified curing conditions.
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5.1.2 Experimental results

Five specimens were tested to investigate the effect of epoxy injection on member behavior. A
simply-supported four-point loading configuration was used with an overall span length of 6604
mm (260 in.) from centerline of supports. Force was applied with a hydraulic actuator at a
constant rate of 8.9 kN/sec (2.0 kips/sec) and was measured by a 2224 kN (500 kip) capacity
load-cell. A spreader beam distributed the applied actuator force to 102 mm (4 in.) wide plates
spaced 610 mm (24 in.) symmetrically about midspan. Loading was applied in steps with
incrementally increasing load followed by unloading. Load magnitudes increased each cycle by
an amount of 222 kN (50 kips). At each load peak, the load was reduced by 10% to minimize
creep effects, and visible cracks were measured and marked.

Three tests were performed on each specimen with the exception of the control specimen —
B.IT.NC.C — which was loaded to failure in a single test. An initial loading sequence, or
precrack test, was performed to produce diagonal cracks similar to those observed in field
inspections of RCDG bridges and of sufficient size for epoxy injection. A target diagonal crack
range of 0.65 mm - 1.25 mm (0.025 in.- 0.05 in.) was selected based upon the prior work of
Higgins et al. (2004b). When diagonal cracks reached suitable size, the precrack loading cycle
was terminated, and a baseline test was performed to establish a reference for the specimens in
the cracked condition for comparison to the post-injection response. In the final test, all
specimens were loaded incrementally to failure.

To simulate the effects of different stress conditions, each specimen was subjected to a distinct
loading scenario during the injection and curing phases. Specimen B.IT.NC.EC was injected
and cured with no applied loads other than specimen self-weight.

Simulated superstructure dead load was applied to specimen B.IT.NC.ED before epoxy injection.
A total load of 356 kN (80 kip) was applied to induce a service level dead load shear of 178 kN
(40 kip). This shear magnitude is representative of an interior girder for a typical 1950’s vintage
3-span continuous CRC deck-girder bridge having 15.2 m (50 ft) spans and a uniform dead load
of 23.3 kN/m/girder (1.6 kip/ft/girder).

Varying live load stress was applied to specimen B.IT.NC.EL in addition to the simulated
superstructure dead load. The live loading was representative of average shear magnitudes
produced by ambient traffic and a fully-loaded Type 3-3 unit truck having 5 axles and a gross
vehicular weight of 356 kN (80 kip) moving across a similar bridge as that for specimen
B.IT.NC.ED using realistic shear distribution factors developed by Potisuk and Higgins (2007)
from field studies. Force was applied at 0.3 Hz with an amplitude of 160 kN (36 kips) and a
mean of 463 kN (104 kips). This loading represents the maximum girder shear caused by the
dead load of the bridge and the truck live load with impact, as well as a minimum force resulting
from hogging due to live load moving onto an adjacent span.

The fifth specimen, B.IT.NC.EA, had simulated locked in drying and thermal shrinkage strains
induced by applying a uniform tension load to the specimen. The axial load was applied to a
level of approximately 890 kN (200 kip) before the initial precrack transverse loading cycles
began. The axial load was held at a constant magnitude of 645 kN (145 kip) during the injection
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and curing phases, and then returned to 890 kN (200 kip) for the post-injection failure loading.
Midspan shear-displacement responses are shown in Figure 5.1 and display the overall specimen
behavior of the initial, baseline, and post-injection tests.
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Figure 5.1: Shear-midspan displacement response
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The post-injection response of each injected specimen showed decreased residual deformations
and greater stiffness during the initial two or three load steps. As the applied shear magnitudes
increased, the specimens began to soften due to new cracking, and residual deformations
increased. This behavior was especially pronounced in specimen B.IT.NC.EL. Specimens
B.IT.NC.ED and B.IT.NC.EL were similar, especially in the service load range indicated in the
figures, and both had greater stiffness than specimen B.IT.NC.EC. The axially loaded specimen
exhibited a unique shear-midspan deformation response unlike the other four. The curve has a
slender “S” shape as the specimen stiffens and then softens during each load cycle.

Figure 5.2 displays the axial load as a function of the applied shear for specimen B.IT.NC.EA.
As the applied shear magnitude increased, the specimen length increased at the level of the axial
apparatus, thereby reducing the hydraulic pressure in the axial load actuators, thus reducing the
applied axial tension. As the applied shear decreased, the specimen shortened along the axial
loading apparatus, and the axial tension increased again. Like specimen B.IT.NC.EL, specimen
B.IT.NC.EA had decreased residual deformations for many of the load cycles and did not begin
to soften until near failure. Conversely, the control and precrack tests were softer, showing
greater permanent deformation at each higher load step.
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Figure 5.2: Shear-axial load variability of specimen 5-EA

Similar behavior to the shear-midspan displacement responses was evident in the post-injection
diagonal displacement data shown in Figure 5.3. All of the post-injection tests for the epoxy
specimens had smaller permanent deformations during the initial load steps than did the control
specimen in addition to having a greater stiffness. Specimens B.IT.NC.ED and B.IT.NC.EL
were stiffer than specimen B.IT.NC.EC, with specimen B.IT.NC.EL performing slightly better
than B.IT.NC.ED. The largest impacts were again seen in specimen B.IT.NC.EA, which showed
significantly improved stiffness and a reduced permanent deformation response. For all the
specimens except B.IT.NC.EL and B.IT.NC.EA, the north and south diagonal deformations were
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essentially identical, showing similar stiffness and exhibiting significant diagonal deformation at
approximately the same shear magnitude. For the remaining two specimens, however, one side
had a substantially larger load at the point where the diagonal deformation first changed slope.
This may be a result of the uneven distribution of shear cracks and epoxy resin. For specimen
B.IT.NC.EL, the side with the lower crack re-initiation load contained fewer diagonal cracks that
were epoxy injected. Specimen B.IT.NC.EA had more active diagonal cracks on the side with
the lower cracking shear.

The largest relative influences of epoxy injection were seen in the individual rebar strain, but
these effects were highly influenced by the proximity of injected diagonal cracks to instrument
locations. The orientation and location of the diagonal cracks produced during precrack and
post-injection loading sequences are shown in Figure 5.4. The location of diagonal cracks that
were epoxy-injected is also shown. Diagonal cracks that were injected did not reopen during
post-injection tests. Instead, new cracks formed adjacent to the injected cracks and propagated at
similar angles. Non-repaired cracks tended to propagate along the original paths.

Stirrups located near diagonal cracks that were injected had lower strains after injection at
otherwise similar shear load. Stirrups located between diagonal cracks or far from cracks that
were not injected displayed relatively little change. This behavior was observed for all injected
specimens. Diagonal cracks were considered to be “near” the stirrup strain gage if the vertical
distance that the crack crossed the stirrup was within the AASHTO calculated development
length of the #13 (#4) stirrup. Figure 5.5 shows an example of strains measured for a stirrup
located near a diagonal crack and a stirrup located at a distance greater than the development
length from a diagonal crack.

109



1250

1000

~
3
3

Applied Shear (kN)
@
g
8

250

1250

1000

~
o
3

Applied Shear (kN)
@
8

250

Shear-Diagonal Displacement

Shear-Diagonal Displacement

Diagdisp N 5 (mm)

2
Diagdisp N 5 (mm)

Shear-Diagonal Displacement

Specimen 5-EA

Displacement Sensor N5

(in)
0 0.04 0.08 012 0.16
1250 T T T T T
5-EA
{250
1000
4 200

z
< 7s0f
g 4150 —~
= =
o =
- =
2
s 500
4
< 4 200

250 1so

o . . . . o
1 0 1 3 4 5

2
Diagdisp N 5 (mm)

Specimen 1-C Specimen 2-EC
Displacement Sensor N5 Displacement Sensor N5
(in) (in)
0.04 0.08 0.12 0.16 o 0.04 0.08 0.12 0.16
T T T T 1250
1-c 2-EC
+ 250 250
F 1000 |
4 200
z
- < ol
4150 §
2
2}
o
k54
o S 500
H100 £
L 150 250 -
. . . . o o .
1 1 2 3 4 5 1 0 1 2 3 4 5
Diagdisp N 5 (mm) Diagdisp N 5 (mm)
Shear-DiagonaI Displacement Shear-Diagonal Displacement
~ Specimen 3-ED Specimen 4-EL
Displacement Sensor N5 Displacement Sensor N5
(in) (in)
0.04 0.08 012 0.16 0 0.04 0.08 0.12 0.16
T T T T 1250
3-ED AEL T T T T T
J 250 250
L 1000 |-
1200 200
z
- < 750 [
4150 8 4150
=
n
o
3]
L ‘2 500
q100 < 100
I 50 sor 50
. o 0 . . . . o
1 1 2 3 4 5 1 0 1 3 4 5

(kip)

(kip)

Figure 5.3: Shear-diagonal displacement response. Values were recorded near centerline of specimens on north side.

110




B.ITNC.C

7T

t-=F=-9--
1

>

-

-

4
1
]
I
1
]
]
1
5

il

il

I

s

1

(N

it

1 )
1L 4
i

1 %
L 4
I 1,1
1 |
1+ —— =3 —— =\
1 |
11 N
T T (BNl
1 o
Lo = [H
(N [N B
Q_\.‘ (R
ey [N )
(N [N B
IT=—===== [ il

B.ITNC.EC

B.IT.NC.ED

|

Il

T
i

=T

RERREA

=

B

B.IT.NC.EL

=

=

B.ITNC.EA

E
5 8§
2 5 =
mmw
E 3 5
E 3
E P 5
N
bl g
_ [=]
[
.
nm}
s o %
E s 3
£ 8 2
r & E
& &
& &3
. (=]
E
]

il

Figure 5.4: Crack pattern locations on east face of specimens. Figure includes precracking, epoxy injected cracks,

and final failure crack.

post-injection cracks,
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Figure 5.5: Applied shear-stirrup strain behavior for specimen 3-ED. Strain gages located near (a) injected diagonal
cracks and (b) un-injected diagonal cracks.

The strain behavior depicted in Figure 5.6 shows the baseline and post-injection stirrup strains at
the maximum service load level. In the figure, the baseline strains serving as the abscissa are
plotted against the post injection strains operating as the ordinate. Solid symbols represent
stirrup strain gages located near injected diagonal cracks as defined above, while hollow symbols
represent stirrup strain gages located away from injected diagonal cracks. The dashed reference
line marks the boundary between improved and un-improved behavior. Points above the line
had higher strains at the same service load after injection, while the points below the line had
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lower strains after injection. Most stirrup strains near injected diagonal cracks showed
significantly reduced strains after injection, whereas un-injected regions were generally
unaffected.

Stirrup Strain at Maximum Service Load
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Figure 5.6: Stirrup strains at maximum service level shear (311 kN (70 kip)) before and after injection. (Solid
symbol: sensor located near injected diagonal crack; hollow symbol: sensor located far from injected diagonal
crack.)

The applied loads required to re-initiate diagonal cracking are portrayed in a similar fashion as
seen in Figure 5.7. The load required to re-initiate diagonal cracking was determined from the
applied shear magnitude at the moment the stirrup strain showed an abrupt increase. The pre-
and post-injection diagonal cracking shears were compared, with the precrack diagonal cracking
shear as the abscissa and the post-injection cracking shear serving as the ordinate. Injected
diagonal cracks required higher applied shear than the original specimen to produce new
diagonal cracking. Data above the reference line show that larger shear loads were required,
while points below the line required smaller loads to propagate or re-initiate diagonal cracking.
Non-injected cracks typically behaved similar to the baseline tests, where stirrup strains began
increasing upon application of applied shear.
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Figure 5.7: Applied shear at diagonal cracking initiation before and after injection. (Solid symbol: sensor located
near injected diagonal crack; hollow symbol: sensor located far from injected diagonal crack.)

An additional test was performed on specimen B.IT.NC.EL to collect data while the specimen
was curing and the cyclic service level live loading was being applied. Figure 5.8 shows the
deformation range of a representative displacement sensor, while Figure 5.9 shows an example
of the stirrup strain throughout the curing period. Also shown in Figure 5.9 are the internal and
external temperature recordings. The curing time reported by the epoxy manufacturer is seven
days at 4 °C (40 °F) and 2 days at 25 °C (77 °F). The average curing temperature for specimen
B.IT.NC.EL was 10 °C (50 °F), which correlates to a curing time of approximately six days. The
diagonal deformations for the region containing epoxy-injected diagonal cracks showed marked
decrease in deformation within 12 hours of injection. Over the next three days, the deformation
range decreased by nearly 75%. For a stirrup located in the same section as the example
diagonal deformation, the strain range decreased by over 50% within the first 18 hours, but little
additional effects were observed for the remainder of the curing process. The stirrup strain was
also observed to fluctuate with the external temperature. Diagonal displacement measurements
also tended to fluctuate with time, but the mean deformation did not alter significantly.
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Figure 5.8: Diagonal deformation range during curing of specimen B.IT.NC.EL
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Figure 5.9: Stirrup strain during curing of specimen B.IT.NC.EL
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5.1.3 Analytical methods

The material properties for concrete and steel varied from specimen to specimen, preventing
direct comparisons between test specimens. In a previous study, a computer program called
Response 2000 (R2K), which utilizes Modified Compression Field Theory (MCFT), was used to
predict shear capacity for a series of 31 otherwise similar full-size CRC specimens (Bentz 2000).
The program predicted capacity within 0.98 of actual with a coefficient of variation under 8%
(Higgins, et al. 2004b). R2K was used to estimate the inherent capacities of the epoxy-injected
specimens in their unaltered state (strength of specimen without injection) as well as the strength
of the control specimen. The predicted shear strengths are summarized in Table 5.1.

Table 5.1: Specimen experimental summary

. Vintia Vex \Y% V., A% Vapo/V .

Specimen (klil)l (kNp) (kllilL) (kl%l; (k]I\ZJI; lEi)(N)RZK Failure Mode
B.IT.NC.C N/A 902 16.9 919 954 0.96| Shear-Comp.
B.IT.NC.EC 723 983 20.3 1003 982 1.02| Shear-Comp.
B.IT.NC.ED 778 992 17.2 1009 967 1.04| Shear-Comp.
B.IT.NC.EL 778 1046 16.7| 1063 949 1.12| Shear-Comp.
B.IT.NC.EA 778 1112 184 1130 943 1.20| Shear-Comp.

Vinitiat = shear to produce diagonal cracking before injection.

Ve = experimentally applied actuator load.

Vp = specimen self weight induced shear at critical section

Vapp = Total shear capacity of specimen

Vrok = Analytically predicted shear strength using Response 2000.

On average, the epoxy-injected specimens provided slightly larger shear capacities than
predicted, ranging from 1.02 to 1.20 for specimens B.IT.NC.EC and B.IT.NC.EA, respectively.
The total applied shear is a combination of the experimental load applied by the actuator and the
specimen dead load comprised of the self-weight associated with the failure section. All
specimens exhibited shear-compression failures. The specimens with the largest improvement
over predicted unaltered shear capacity were specimens B.IT.NC.EL and B.IT.NC.EA. These
two specimens received the least amount of epoxy injection in comparison to the other two
specimens. Several of the diagonal cracks on B.IT.NC.EL and B.IT.NC.EA were too small to
inject; consequently, only three major diagonal crack systems were injected on each of these
specimens. Specimens B.IT.NC.EC and B.IT.NC.ED had more numerous diagonal cracks of
sufficient size to inject. Axial load was accounted for in the R2K capacity prediction of
specimen B.IT.NC.EA. In summary, specimen B.IT.NC.EA exhibited significantly greater
strength than predicted, and generally had superior response over similarly epoxy-injected
specimens.

5.1.4 Discussion and design recommendations
The results of this study indicate that epoxy injection affected the structural behavior of CRC

girders to some degree. Overall, the more substantial effects were observed for specimens
B.IT.NC.ED, B.IT.NC.EL and B.IT.NC.EA. Specimen B.IT.NC.ED exhibited a slightly higher
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capacity compared to the predicted baseline capacity. Specimen B.IT.NC.ED also achieved
higher loads prior to re-initiation of nonlinear response as compared to the epoxy-injected
control specimen, B.IT.NC.EC.

The dead load serves to prop the diagonal cracks open, allowing for deeper penetration of the
epoxy into the cracks. It further allows the epoxy to only carry superimposed live loads and
leaves dead load stresses locked into the rebar and concrete. This tends to delay crack re-
initiation and forces new cracks to form adjacent to the previously cracked location. This was
observed by the reduced stirrup steel demand at injected diagonal cracks for otherwise similar
load levels and the formation of new cracks alongside or in-between epoxy injected diagonal
cracks.

The live load magnitudes, rates, and curing conditions considered in this program for specimen
B.IT.NC.EL did not reduce the effectiveness of the epoxy injection as compared to the specimen
with dead load alone. The performance of both specimens was very similar. The cyclic service
level live loading acted as an internal pumping mechanism that enabled the epoxy to enter and
fill finer cracks than either specimen B.IT.NC.ED or specimen B.IT.NC.EC. It was observed
during the injection process of specimen B.IT.NC.EL that the epoxy pump pressures built and
dissipated in-phase with the actuator loading cycle. The pulsing was also observed when the
surface sealant cracked and leaks developed which were then sealed with paraffin wax. The
epoxy would be pushed out of the diagonal cracks as the cracks closed upon unloading.

Concrete cores measuring 102 mm (4 in.) in diameter were taken from epoxy injected diagonal
cracks for both specimens B.IT.NC.ED and B.IT.NC.EL. Both cores showed epoxy was well
distributed through the cracks and even filled hairline sub-cracks. The core from specimen
B.IT.NC.EL had small visible pores which were evidence of bubble formations likely caused by
the internal pumping action due to the working diagonal cracks. Figure 5.10 shows examples of
the porous epoxy matrix observed in specimen B.IT.NC.EL compared to the solid epoxy matrix
observed in specimen B.IT.NC.ED.

The development of fine bubbles within the epoxy were not sufficient to diminish the
performance of specimen B.IT.NC.EL compared to specimen B.IT.NC.ED. It is important to
note that the cyclic live loading was representative of loads moving across a typical 15.2 m (50
ft.) span continuous bridge at an approximate speed of 32 kph (20 mph). Additional research
may be needed to study the effects of highway speeds and load magnitudes simultaneously
applied during epoxy injection, and possible lower-range curing temperatures.

The axially loaded specimen, B.IT.NC.EA, exhibited the most dramatic change between the pre-
injection and post-injection response compared to the other specimens. The specimen was
injected when an externally applied axial tension was held constant at 645 kN (145 kip), the load
magnitude at the end of the of the precrack test. This axial force held the diagonal and vertical
cracks open, allowing for better penetration of the epoxy similar to specimens B.IT.NC.ED and
B.IT.NC.EL. Additionally, as the transverse loading was applied, the axial force decreased
during testing to a magnitude of 267 kN (60 kip) at failure, resulting in a tension force of 267 kN
(60 kip) in the flexural steel and a net compressive force of 378 kN (85 kip) induced into the
epoxy-injected section. Had the axial load not diminished with increasing transverse load, the
specimen may have failed at lower load levels.
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Response 2000 predicted a capacity of 853 kN (192 kip) for a similar specimen with 890 kN
(200 kip) total axial tension force. Reducing the steel yield stress by an amount equivalent to the
267 kN (60 kip) axial tension and applying a 378 kN (85 kip) axial compression force on the
section, Response 2000 estimates a shear capacity of 987 kN (222 kip) which is closer to the
observed shear capacity. This situation of loading and curing is representative of a structure
with shrinkage or differential temperature strains that are recovered after epoxy injection. The
stress recovery (release of restraints at supports for example) produces a post-tensioning effect
for the injected specimen, but this beneficial effect could not be relied upon in the field.

(b)

Figure 5.10: Photographs of cores taken from specimens 3-ED and 4-EL: (a) core taken from specimen 3-ED; (b)
core taken from specimen 5-EL with small voids
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Basunbul, et al. noticed during their experiments that the cracking loads for their epoxy-injected
specimens increased in comparison to the control specimens (Basunbul, et al. 1990). They
presented an hypothesis that the steel stresses at the location of un-injected cracks will be larger
relative to the steel stress at the injected cracks upon reloading. As load is applied, unaltered
cracks will have a higher propensity to grow than the injected but the higher steel stresses will
help to limit the growth of the fine cracks, thus increasing the cracking load.

Based on the experimental observations, the following conclusions are presented:

e Capacity was not significantly increased by epoxy injection. The largest capacity increases
were observed for specimens with continuous cyclical live load applied during injection and
with externally applied axial tension (which was due principally to an unintended post-
tensioning effect).

e Live loading during injection and curing of epoxy produced dynamic pressure fluctuations
during the injection process and pumping of the epoxy within the diagonal cracks. Fine
bubbles were identified in the epoxy matrix for cores taken after testing for the specimen
with applied live loads, but these bubbles were not sufficient to diminish performance.

e Stiffness was improved and development of residual deformations was delayed by epoxy
injection.

e Epoxy injection increased the load level required to reform diagonal cracks in the stem.

e Injected diagonal cracks did not reopen; instead new cracks formed adjacent to the original
injected cracks.

e Epoxy injection reduced service-level stirrup strains compared to un-injected diagonal
cracks. This may reduce bond fatigue thereby slowing or preventing additional crack growth.

5.2 EXTERNAL SUPPLEMENTAL STIRRUP REPAIR FOR GIRDERS

5.2.1 Material and application details

The materials used for the external stirrup steel threaded rod repair were based on a repair of a
bent cap on an in-service bridge located in Salem, Oregon. The repair consisted of two C152 X
16 (C6 X 13) sections anchored by steel threaded rod meeting the requirements of ASTM A449.
The superstructure of the bridge consisted of steel girders supported on bearing assemblies atop
the reinforced concrete cap beam; thus there was no interference with an integral concrete
diaphragm at the pier location. The aim of the current study was to assess the performance of
this repair technique within the laboratory environment. Thus, ASTM A449, 13 mm (0.5 in.)
diameter threaded rod was chosen to anchor the previously described channel sections on a
typical beam repair specimen. The remainder of the apparatus consisted of ASTM A36 Smm (2
in.) square by 6 mm (0.25 in.) thick plate washers, ASTM F436-1 25 mm (1 in.) outer diameter
(OD) round washers, and ASTM A194-2H heavy hex nuts, as shown in Figure 5.11.
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Heavy hex nut

27 mm (1in.) OD washer
51 mm (2 in.) square washer

C152X 16 (CHX13)

25 mm (1in.) typical
gap between specimen
and external stirrup

13 mm (0.51in.)
diameter threaded
steel rod

19 mm (0.75in)
diameter hole
through flange

Figure 5.11: External stirrup typical section: channel repair

During the analysis phase of the repair method, the stiffness of the supporting steel sections was
considered important to performance. Thus, both the channel sections and a W6X20 section

in Figure 5.12, was under weak axis bending
of the channel section. However, the initial
test setup for the W section placed the steel web in local bending between the flanges, resulting

were investigated. The W6X20 section, as shown
with a moment of inertia 13 times stiffer than that

in a similar performance compared to the channel section.

Heavy hex nut

27 mm (1in.) OD washer

51 mm (2 in.) square washer

/— WeEX20

™~356 mm (14 in) x
152 mm (6 in) x
25mm (1 in) steel
plate

25 mm (1 in.) typical
gap between specimen
and external stirrup

13 mm (0.5in.)
diameter threaded
steel rod

19 mm (0.75 in)
diameter hole
through flange

1
T C150X19 (CEX13)

Figure 5.12: External stirrup typical section: W Beam repair
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A third test setup for the external stirrup repair was then used, as shown in Figure 5.13, resulting

in a significantly stiffer section. Material tests for the threaded rod were performed and the
results are presented in Table 5.2.

Heavy hex nut
27 mm (1in.) OD washer
51 mm (2 in.) square washer

178 mm (7 in) x
& /152 mm (6 in) x
25 mm (1 in) plate
WBX20

| ™~-356 mm (14 in) x

152 mm (6 in) x
25mm (1 in) steel
plate

25 mm (1 in.) typical

gap between specimen
and external stirrup

13 mm (0.5in)
/diameter threaded

steel rod

19 mm (0.75 in)
diameter hole
through flange

—

|
\C150X19 (CBX13)

Figure 5.13: External stirrup typical section: strengthened W Beam repair

Table 5.2: External stirrup reinforcing steel
properties from tensile tests

Yield Ultimate |% Strain
External
_ Strength Strength at
Stirrup

Failure
Steel | Mpa | ksi | Mpa | ksi

581.2| 84.2|621.9| 90,2 4.3

Elevation views of the repair schemes for beams B.IT.NC.ES, B.IT.C.ES, and B.T.NC.ES are
shown in Figures 5.14 through 5.16 respectively.
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Figure 5.15: Specimen B.IT.C.ES repair
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122




The process used for repairing the specimens with external stirrups is outlined below with
reference to Figure 5.17.

e Identify external stirrup spacing along shear span.

Locate flexural and deck steel locations on specimen with a rebar locator.

Mark hole locations such that they fall outside the width of the web.

Drill holes with a rotary hammer drill with caution if steel is encountered.

Place threaded rod through holes in the flange.

Connect reaction sections to the threaded rod and tighten to predetermined force.

Figure 5.17: External stirrup installation

5.2.2 Experimental results
5.2.2.1 Investigation on repair scheme efficiency for IT beams

The first external stirrup repair specimen, B.IT.NC.ES was investigated to optimize the
repair scheme, based on varying several subsequently described parameters. The initial
test specimen included application of the external stirrups at two load levels — the beam
self weight or no dead load condition, and a second superimposed service condition dead
load level. Comparable tests performed in the available literature negated the use of a
superimposed dead load on the repair method. However, superimposed dead load force
was included in the current investigation to document the effects on the clamping action
related to the repair method. Crack widths due to the self weight of the beam were small
in comparison to those at the first or second load step. Therefore, a superimposed shear
force of 178 kN (40 kip) — representative of the weight of the deck, intermediate
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diaphragms, superficial wearing surface, and traffic barrier — was applied prior to
attachment of the external supplemental stirrups. This value was determined from a
typical interior girder of a three span continuous deck girder bridge with 15.2 m (50 ft)
spans and a uniform dead load of 23.3 kN/m (1.6 kip/ft).

In addition to the two different initial loading conditions for the external stirrups, the
initial clamping force and resulting stress in each individual external supplemental stirrup
leg was varied. The first loading case, denoted as the snug condition, was chosen to
overcome any seating losses associated with uneven bearing surfaces and to apply strain
in the threaded rods just upon application of additional shear. Each of the two threaded
rods required for the repair method was instrumented with common foil quarter bridge
strain gages such that the two bars were stressed equally at the start of each test. The
snug condition resulted in a 200 pe value corresponding to a 34 MPa (5 ksi) stress in each
external stirrup leg.

The second post-tensioned stress condition was determined based on an assumed
common failure strain between the external and internal stirrups. Uniaxial tension tests
on the integrally cast stirrups resulted in a yield strength of about 345 MPa (51 ksi).
Similar tests on the external stirrups resulted in a yield strength of about 586 MPa (85
ksi); thus the external stirrups were post-tensioned to 207 MPa (30 ksi), corresponding to
1034 pe, to provide essentially the same stress range prior to yielding between the two
bars at failure, assuming compatibility among the internal cast-in-place and the
supplemental external stirrups.

The first external stirrup specimen initially utilized two different steel support sections at
the base of the web, as shown in Figure 5.18a and b. Recall the external stirrup repair
was chosen to investigate a current repair of an in-service bridge within Oregon’s bridge
inventory utilizing channel sections which react about the top surface of the deck and the
bottom of the web. For this loading condition, the channel section at the base of the web
is placed in weak axis bending due to edge bearing at the corners of the stem. Thus, the
strain in the external stirrups was dependent upon the relative flexural stiffness of the
reaction section and the moment arm from the corner of the stem to the external stirrup
axial stiffness.

To reduce the effect of the reaction section on the repair scheme (enable more strain to
occur in the stirrup legs), a W section in weak axis bending with mounting hardware
reacting against the web of the section was placed at the base of the concrete stem,
providing approximately 13 times the stiffness of the channel section. Also, the external
stirrups were positioned as close to the stem as possible (typically 12 mm (0.5 in.)) in
order to minimize the effect of the moment arm on the steel sections.

Initial testing of the W section indicated local bending of the web, as shown in Figure
5.18b. The W section apparatus was modified, as shown in Figure 5.18c, by placing a 25
mm (1 in.) thick steel plate atop the W section. For this loading condition, the top steel
plates extend from the outside of the W section toward the centerline of the beam, which
in turn increases the bending stiffness of the system significantly. A testing matrix for
specimen B.IT.NC.ES is shown in Table 5.3, taking into account the three steel support
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sections, the two specimen initial loading conditions, and the two initial stress levels in
the supplemental external stirrups prior to testing.

W,
\vw i

(a)

Figure 5.18: External stirrup repair: (a) channel section; (b) W Beam; (c) Strengthened W Beam

Table 5.3: External stirrup specimen B.IT.NC.ES testing matrix

Channel Strengthened Post- Snug Dead | Mo Dead
Test:| Section: W Beam: W Beam: Tensioned | Tightened | Load | Load
1 X X X
2 X X X
3 X X X
q X X X
5 X b X
] X X X
7 X X X
3 X X X
9 x X X
10 X X X
11 X X X
12 X X b

Applied shear force versus midspan displacement graphs (Figure 5.19) illustrate the
effects of changes in stiffness for the three steel reaction sections, taken for the case of no
dead load, including snug and post-tensioned stresses in the external stirrups. The global
member stiffness improved slightly for the strengthened W Beam case; the remaining
repair sections did not show appreciable change. However, for slender beams the overall
deformations come principally from flexural strains and thus local diagonal deformations
are more descriptive of the response characteristic impacted by the repair alternatives.
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Figure 5.19: Maximum shear force versus centerline displacement

To more clearly identify the impact of the repair alternatives, the diagonal sensors along
the west face of the specimen were used to measure the average vertical strain over the
height of the stem. This data can then be used to investigate strain compatibility between
the external stirrups and the specimen. Diagonal displacement sensors were placed
within the shear span, resulting in three “panels” which measured the elongation and/or
contraction of each sensor depending on its orientation with respect to a diagonal crack.

In order to define the total average vertical strain over each panel, a third direction must
be measured, analogous to a strain rosette, which utilizes three strain gages at defined
angles to determine principle strain values. In the case of a cracked concrete beam, the
proposed failure crack indicates the orientation of principle strain in the concrete within
the panel of interest. From this orientation, the average vertical strain over the panel
length can be calculated using Mohr’s circle for strain, following the procedure outlined
below. It should be noted that Mohr’s Circle for strain is similar to Mohr’s Circle for
stress, with the variation of the inclusive angle between the axis and the point of interest
is taken as 20, not 0, as indicated in Figure 5.20.
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Figure 5.20: Mohr’s circle for strain

The conversion of diagonal sensor data to average vertical strain in a specific panel is
dependent on five known quantities, as identified in Figure 5.21 (Dawson 2008):
diagonal tension displacement (L;), diagonal compression displacement (L.), diagonal
displacement gage length (L), diagonal displacement gage orientation (Ogiagonat), and
crack angle (Orack). Variation in the orientation of the diagonal sensors was assumed to
be negligible.

o

diagonal Qﬂ'ia igonal

Qdiugonuf (_)(fmgonu[

QL'J'(Ick
X

crack

Qdf agonal

<
=

Figure 5.21: Diagonal displacement geometry

Once the quantities of interest are known, conversion to average vertical strain follows
from the equations noted below, taken from Mohr’s circle for strain. The diagonal
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displacements were converted to strains g and & from Equation 5-1 and Equation 5-2
below.

& =—
b (5-1)

LC

& =—
b (5-2)

The center of the circle is then denoted by Equation 5-3.
& +E&,
gcenter =

2 (5-3)

Next, the orientation of the principle strain was calculated, as shown in Equation 5-4,
assuming the crack angle was orthogonal to the principle strain. Recall from Figure 5.21,
this value was measured with respect to the crack angle and the diagonal displacement
gage orientation.

0 0,

=90°— ed crack (5_4)

principal jagonal
Utilizing the angle of principal strain, the center of the circle, and the tensile strain, the

radius of the circle can be found, as shown in Equation 5-5.

& —&

cos 2Hprincipal (5_5)

center

All quantities for Mohr’s circle were calculated; thus the principal strains, €; and &;, as
well as the vertical and horizontal strains, & and €, could be calculated, as shown in
Equation 5-6 to Equation 5-9.

E 1= Epmer TR

~ oenter (5-6)

&) = Egner — R (5-7)

E, = Eggpter — RCOS20,, (5-8)
Ey = Eener + Rcos26,,,.. (5-9)

The average vertical strains were determined for panel 2S, corresponding to the center
panel along the eventual failure diagonal crack. As a starting point for comparison of the
three reaction sections, the change in average vertical strain due to post-tensioning with
and without dead load were compared for the static condition prior to application of
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additional load on the specimen. The results are shown in Figure 5.22 with the no dead
load condition on the left and the dead load condition on the right for the channel,

W Beam and SW beam, respectively. For the no dead load condition, each reaction
section provides essentially the same reduction in average vertical strain. This is a result
of the small diagonal crack widths when only the self weight of the specimen is used.

For the superimposed bridge dead load condition, the more flexible channel section
appears to be less capable of compressing the cracks over the depth of the stem compared
to the other two methods.

Change in Average Vertical Strain for Post Tensioned Specimens

4.00E-04
3.50E-04 -
3.00E-04 -

2.50E-04
B Channel No DL
B WBeam No DL
2.00E-04 - OSWBeam No DL
O Channel with DL
B WBeam with DL
1.50E-04 7 O SWBeam with DL

Average Vertical Strain

1.00E-04 -

5.00E-05 -

0.00E+00
Panel 28

Figure 5.22: Average vertical strain comparison between different dead load and external stirrup support
conditions at installation of external stirrups due to post-tensioning condition

Comparison of the average vertical strain for the no dead load snug and post-tensioned
conditions throughout the service loading range is presented in Figure 5.23. A best fit
curve for each repair section is shown. For the no dead load case, the channel section
appears to provide a higher reduction in average vertical strain compared to the other
sections. However, for the post-tensioned case, the channel section and strengthened W
beam provide a slightly higher reduction than the W beam alone (due to local bending of
the W section web).
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Figure 5.23: Best fit curve of shear versus average vertical strain for panel 2S: beam self weight

Turning toward local behavior, the interaction of the integrally cast stirrups and strain
compatibility of the section was investigated. The static reduction in strain for the
integrally cast stirrups, due to the clamping force applied by the supplemental external
stirrups, was investigated for the three reaction sections. For both the self weight and the
dead load case, the snug loading had a negligible effect on the internal stirrup strain, as
the small initial force in the external stirrups was unable to produce a measurable
reduction in strain for the internal stirrups. However, the post-tensioning case resulted in
a reduction in internal stirrup stress for both the self weight and dead load cases.

In both instances, the reduction in strain was similar for each of the three reaction
sections (as each pair of external stirrups was tightened to the same force, even as the
deformations were different). For the self weight case, the internal stirrups were placed
into compression, while the dead load case resulted in a reduction of strain but was not
sufficient to place the stirrups into a compressive state.

Comparing the reduction in strain for the dead load and self weight cases resulted in a
slight contradiction. For stirrups N1 and S2, the data indicated that the self weight case
resulted in a higher strain reduction than the dead load case, but the opposite held true for
stirrups N3 and N4, as shown in Figure 5.24. The reason for the discrepancy was from
exposure of the steel stirrup legs from the surrounding concrete at stirrups N1 and S2 due
to strain gage failure after the initial precrack load was applied. A rotary hammer was
used to expose the stirrup steel at the location of the existing strain gage as shown in
Figure 5.25, a new gage was mounted, and the baseline loading cycle was repeated. Due
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to the additional exposed length of stirrup leg, larger reductions in strains occurred at the
no dead load condition.

For stirrups N3 and N4, which functioned successfully throughout the series of tests, the
exposed length of steel was only equal to the width of the diagonal cracks crossing the
stirrup over the height of the specimen. Therefore, they were subjected to a smaller
length reduction at the self weight condition, since the existing crack widths were small
compared to the loaded condition. Figure 5.24 also indicates that reductions in internal
stirrup strains just after post-tensioning were essentially equal across the three reaction
sections.

B.IT.NC.ES Internal Strain Reduction
for Dead Load and No Dead Load
Condition

600

500

400
® Channel without DL

m Channel with DT.

m Wheamn without DL
mWBeam with DL

= SWBeam without DL
m 8WBReam with DL

300

Strain (me)

200

100

N1-Chipped S$2-Chipped N3-Not N4-Not
Chipped Chipped

Internal Stirrup

Figure 5.24: Integrally cast stirrup absolute strain reduction due to post-tensioning

Figure 5.25: Exposure of integrally cast stirrup leg to replace failed strain gage
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The strain measurements for internal gage 3N are shown for the dead load snug and post-
tensioned cases in Figure 5.26, in order to investigate the behavior of the integrally cast
stirrups for each reaction section over the service loading range. In each case, the shape
and strain range was identical, but the initial strain value varied depending on the post-
tensioning force applied. The reduction in the starting internal stirrup strain was
proportional to the applied post-tensioning force in the supplemental external stirrups.

Baseline — = WBeam snug
—— - Channel PT ——--— SWBeam PT -1 800
Channel Snug —=----= SWBeam snug
WBeam PT
150
-1 600
o =3
< =3
= 100 |- <
g 400 g
> >
50 200
0 L 0
-400 -200 0 200 400 600 800 1000 1200 1400
strain (ueg)

Figure 5.26: Shear force versus internal stirrup 3N strain range for three reaction sections: service loading

The investigation considered the external stirrup strain and corresponding strain
compatibility with the girder average vertical strains previously described. External
stirrup 3S (along the eventual failure crack) was chosen due to its location directly in the
center of panel 2S, which was used to measure average vertical strains in the specimen.
The strain range for this stirrup for the four loading conditions and three reaction sections
is shown in Figure 5.27. The figure indicates that a stiffer reaction section results in a
higher strain range for the external stirrups. For the realistic installation case of
superimposed dead load for a typical bridge, the snug condition results in no advantage
for the higher resistance sections. However, for the post-tensioned dead load case, it is
clear that the higher strain range in the external stirrup is affected by the stiffness of the
supporting reaction sections.
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Figure 5.27: External stirrup 3S strain range for various initial conditions at service level loading

The external stirrup strain values indicate that strain compatibility of the external stirrups
with the average vertical strain should be similar. For the realistic case of superimposed
dead load with post-tensioning, the applied shear versus average vertical strain in panel
28 and the external stirrup 3S is shown in Figure 5.28a. By focusing on the slope of the
average vertical strain and external stirrup strain values, it is clear that the efficiency
increases as the stiffness of the reaction section increases. This is evident for the case of
no dead load snug and post-tensioned cases shown in Figure 5.28b.

The external stirrup repair scheme can be idealized as elastic springs in series, as shown
in Figure 5.29. In this figure, there are three primary springs, the first, K1, relates to the
elastic properties of the external threaded rod only. The second spring, K2, relates to the
reaction section at the base of the stem — which has been the focus of the current
investigation — while the third spring, K3, provides any additional inefficiency to seating
of the reaction sections. Nonlinear elastic response associated with the third spring are
assumed to be negligible for the current investigation, since the snug loading case
induced a minor stress in the stirrups thereby minimizing the effect of seating which is a
principle source of nonlinear elastic response.

An indication of the efficiency of each anchorage section can be shown by focusing on
K2 with respect to strain compatibility of the section. A graph of the ratio of the external
stirrup strain to average vertical strain (as the values approach 100%, there is strain
compatibility) versus reaction section stiffness, K2 is shown in Figure 5.30 for all but the
dead load snug condition, as sensor malfunction resulted in insufficient data. The figure
indicates what was shown previously for the external stirrup strain and strain
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compatibility figures — the higher the flexural stiffness of the anchorage section, the
higher the strain compatibility (vertical strains in the base section equal the strain in the
external stirrups). The figure also indicates the snug condition is inferior to the post-
tensioning for all three sections.

Note: data offset by 0.0005
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Figure 5.28: Shear versus external stirrup 3S and average vertical strain in panel 2S (a) with dead load, and (b)
without dead load
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Figure 5.29: External stirrup and supports idealized as springs
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Figure 5.30: Repair section efficiency versus repair section stiffness
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Returning to the remaining spring coefficients, an equivalent spring stiffness can be
shown for each repair scheme, taking K3 as essentially infinitely stiff, as shown in
Equation 5-10.

K 1

equivalent = 1
Kk
(N (5-10)
The equivalent spring stiffness for each section is calculated below. For each case, the
stiffness of the external threaded rod is identical; the value is shown in Equation 5-11.

AE

ext _stirrup = L

K
(5-11)

In the above equation, the L is the height of the section — 1219 mm (48 in.); A is the area
of the external stirrup — 129 mm? (0.2 in®); and E is the modulus of elasticity of the rods.
For ASTM A449 threaded rod, the modulus value is 199955 MPa (29000 ksi). The
stiffness contribution for the second spring comes from the weak axis bending of the
anchorage section. For the channel section, the loading is as shown in Figure 5.31.

o]

Figure 5.31: Weak axis bending of reaction section

The resulting deflection term is shown below in Equation 5-12.

Tpar+ Lpat
A oure = 2

flexure
Elweak_axis (5_12)

where P is the applied load; a is the distance from the edge of the web to the location of
the external stirrup; L is the width of the web; E is the modulus of elasticity of the
section; and I is the moment of inertia about the weak axis of the channel.
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The width of the web was held constant such that L was equal to 356 mm (14 in.); the
distance from the edge of the web to the external stirrup was 13 mm (0.5 in.). The
modulus of elasticity was taken to be 199948 MPa (29000 ksi); and the moment of inertia
of the channel section was 437043 mm” (1.05 in*). Comparison of the deflection
estimate from Equation 5-12 with a commercially available finite element program
indicated larger deformations then those from hand calculations. The finite element
solution took into account the shear deformations of the section under weak axis bending,
whereas the hand calculation did not. Thus, the hand calculation was modified to
account for the shear deformations, as shown in Equation 5-13.

Ashear = i
GAshear (5_13)

where Aghear 1S the shear area in the weak axis direction; and G is the shear modulus,
defined in Equation 5-14.

(5-14)

The total stiffness of the system is then the summation of the two equations, rearranged
to indicate the stiffness term, as shown in Equation 5-15.

EI weak _axis + G&hear

—§+1¥L a
32 (5-15)

K

weak _axis —

A similar scenario is presented for the W beam section, neglecting local web
deformations, in order to estimate the stiffness term. For the strengthened W beam, the
location of the top reaction plates changes the deformation of the system from bending to
axial bearing (carrying the external stirrup load through the steel flanges into the girder
web); thus the stiffness term is as shown in Equation 5-16.

AE
K eam
SWB L (5-16)

where A is taken as the length of the length of the section times the two flange
thicknesses; and L is taken as the flange height.

From these comparisons, the stiffness term is dominated by the external stirrup, with the
three reaction sections providing significantly higher values. The data does illustrate
effectively that the strengthened W beam is the most efficient repair scheme for each of
the loading conditions, and thus it was used for the remaining IT and T specimen external
stirrup repair schemes.
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To ensure that the external stirrups are effectively mobilized, the supporting steel
sections should contribute only 5% to 2% of the deformation in the system (the axial
deformation of the stirrups comprise 95% to 98 % of deformation).

5.2.2.2 Investigation on repair scheme efficiency for the T beam

A sequence of tests was performed on specimen B.T.NC.ES prior to the failure loading
event. After a baseline loading of the external stirrup repair beam, as the failure loading
sequence was applied, large midspan displacements, indicative of a flexural failure were
observed and so the test was halted. Further investigation indicated that the shear force
required to initiate flexural failure of the strengthened beam was lower than the
anticipated shear failure load; thus the test setup was modified to decrease the length of
the shear span by moving the outer bearings and reaction sections inward 457 mm (18
in.) for each shear span as shown in Figure 5.32. After this modification, a second
baseline loading sequence was completed due to the changes in the moment-shear
interaction due to the decreased shear span.
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Figure 5.32: B.T.NC.ES revised test setup B

The specimen was retested, and as the theoretical failure load was achieved, the specimen
did not exhibit imminent shear failure. Additional shear force would have resulted in a
flexural failure; thus the specimen was unloaded a second time. A third baseline test was
completed due to any accumulated damage and/or permanent deformations associated
with the previous testing sequence. The contribution of the external stirrups was higher
than anticipated for the given shear span; therefore a shear failure mode was only
possible if the contribution from the external stirrups was reduced. Thus, every other
external stirrup was removed as shown in Figure 5.33, and the remaining rods were post-
tensioned for the third and final loading sequence, which resulted in shear failure of the
specimen. The sequence of three tests performed on the T beam were unintended, but
they provide data for two different shear span-to-depth ratios and two different external
stirrup spacings.
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Figure 5.33: B.T.NC.ES revised test setup C

The reduction in internal stirrup strain due to post-tensioning for the external stirrup
repair for the T specimen is shown in Figure 5.34. The plot includes the three tests
performed on the external stirrup specimen. The graph indicates that several of the gages
were placed into compression after post-tensioning (there was no superimposed bridge
dead load on the girder). Figure 5.34 also illustrates that the reduction in strain for case
C was less than that of case B, since the number of external stirrups was reduced by two.

A comparison of the absolute reduction in strain for the three external stirrup repair
specimens is shown in Figure 5.35. The graph is interesting because the three specimens
had different cracking patterns, stirrup spacing, and concrete strengths, but the reduction
in strain varied consistently between 100 pe to 300 pe among all three specimens.

Global behavior is shown in Figure 5.36 for applied shear versus centerline displacement.
The plot is noteworthy, as it displays an improvement for test A for the repaired
condition as well as an overall reduction in displacement between test A and B baseline
values as would be expected with a shorter shear span. Comparing the baseline and
repaired conditions of tests B and C indicates that test C provides less reduction, which is
proportional to the number of active external stirrups used for the final condition.

Local behavior of the integrally cast and external stirrup strain ranges is shown for the
sequence of three tests in Figure 5.37 and Figure 5.38. The integrally cast strain ranges
follow a similar trend to the centerline displacement. Comparison of the baseline curves
for tests A and B indicate essentially the same strain range for the two cases as well as
reduction in strain due to the repair. The second observation relates to the reduction in
strain for tests B and C which again is related to the number of post-tensioned stirrups
used in each test. External stirrup strain for each test is shown in Figure 5.38. Each
curve displays an ‘S’ shape with a higher strain range for each subsequent test. This is
consistent with the testing sequence, as test B resulted in the same shear force but
different moment-shear interaction; and test C differed from test B with fewer external
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stirrups, indicating the same load shared by fewer elements results in higher strain for the
remaining external stirrups. Strain compatibility among the three external stirrup tests
are shown in Figure 5.39 with similar shape and slope for each case.
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Figure 5.34: Specimen B.T.NC.ES integrally cast stirrup strain: (a) before and after post-tensioning; (b)
strain reduction due to post-tensioning. Note: asterisk denotes stirrups that were instrumented by chipping
into the concrete to expose the stirrup leg at the diagonal crack locations.
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Figure 5.36: B.T.NC.ES shear force versus centerline displacement for tests A, B, and C
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Figure 5.37: B.T.NC.ES shear versus internal stirrup 1N strain range for tests A, B, and C
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Figure 5.38: B.T.NC.ES shear versus external stirrup 5N strain for tests A, B, and C
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Figure 5.39: Specimen B.T.NC.ES shear versus external stirrup SN and average vertical strain in panel 2N
for tests A, B, and C, offset for clarity

5.2.2.3 Experimental results

Behavior of the external stirrup repair specimens is presented in the following section,
with reference to the SPR 350 beams (Higgins, et al. 2004b). Shear load — midspan
displacement plots for each external stirrup repair specimen — is shown in Figure 5.40.
Shear load — diagonal displacement and shear load — average vertical strain plots are
provided in Figures 5.41 and 5.42, respectively. Lastly, shear load — typical integrally
cast stirrup strains are shown in Figure 5.43. Crack map data for all the repaired beam
specimens are shown in Figure 5.44, including crack formation for each load increment.
The crack map data is replicated in Figure 5.45 for all the beam specimens with the
cracks identified as precrack and repair. Strain compatibility for the external stirrup
repair beam B.IT.C.ES is shown in Figure 5.46 as an example of external stirrup strain
and average vertical panel strain. Compatibility between the two responses is consistent
throughout the loading history, even when strain is beyond the limits of the foil strain
gages, denoted by the vertical line on the curve.
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Figure 5.40: External stirrup repair specimens shear force versus centerline displacement
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5.2.3 Analytical methods
5.2.3.1 External stirrup repair: comparison with literature

Recall from Chapter 2, there were four primary investigations dealing with external
strengthening of traditionally reinforced concrete beams. The first, published by Minh, et
al., included one external stirrup repair specimen as one of the several repair techniques
(Minh, et al. 2001). The specimens had realistic shear span-to-depth ratios for slender
beams, but lacked integrally cast stirrups. The lone repair specimen was over-reinforced
for shear, resulting in a flexural failure. The investigation provided no clear indication of
the efficiency of the repair, as the exact shear contribution was not measured. Still, a plot
of the interaction for this specimen is shown in Figure 5.47. Note that the shear span was
cast devoid of stirrups; however, stirrups were used outside of the shear span in order to
construct the specimens. The stirrups noted in this area were used for constructing the
interaction graphs. As the specimen failed in flexure, the interaction curve provides little
indication of the effectiveness of the method.
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Figure 5.47: Predicted Minh, et al. shear interaction diagram using Response 2000™

The second investigation, by Altin, et al., consisted of 13-half scale T specimens with
varying integrally cast steel and externally applied shear reinforcement ratios (Altin, et al.
2003). The paper provides sufficient information for reproduction of the beam specimens
in R2K; a sample of a typical beam interaction graph is shown in Figure 5.48. However,
the specimens in the study were over-reinforced for shear, resulting in flexural failures in
each case. Therefore, comparison of the additional shear “pressure” term is not possible
in this case.
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Figure 5.48: Predicted Altin, et al. shear interaction diagram using Response 2000™

The third investigation, by Kim, et al., utilized flexible high strength wire rope units in
lieu of mild or high strength steel as an external stirrup repair (Kim, et al. 2007). The
beam specimens included three shear span-to-depth ratios, covering deep and slender
specimens. The orientation of the wire rope units varied from 45 to 90 degrees to the
longitudinal axis of the members, as did the pre-stressing force in the wire rope units.
The specimens were cast devoid of integrally cast stirrups within the shear span, loaded
to failure, repaired with the wire rope units, then tested to failure a second time. Similar
to the specimens constructed by Minh, et al., the integrally cast stirrups were provided
outside of the shear span. However, they were not identified in the paper, which negates
creation of interaction plots, as numerous combinations of steel size and grade would
lead to quite different interaction plots, which may or may not be consistent with the final
failure load.

The final investigation for the external stirrup repair, by Shamsai, et al., included mild
steel external stirrups attached by channel sections and associated hardware (Shamsai, et
al. 2007). However, the channel sections also included an elastomeric bearing pad and
associated steel plate intended to distribute the post-tensioning force of the external
stirrups equally throughout the shear span. This is not a feasible option for a full scale
specimen and allows significant loss of efficiency upon loading; thus the data for this
experimental program is not included here.

No consensus is reached in the literature for estimating the strength gain from external
stirrups. Three of the four researchers provided extensions of the existing ACI shear
capacity equation by taking the area of steel/wire rope times the yield strength. Two
researchers distributed the reinforcement over a ratio of d/s, while the third investigator
provided a ratio of h/s. Another point that is not agreed upon by two of the researchers is
the influence of post-tensioning on the ultimate capacity of the member. Shamsai, et al.
contend that the increase in post-tensioning force had no affect on the resulting shear.
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Kim, et al. suggest the contrary. Based on the results of the current experiment, post-
tensioning does not change the strain range for the internal stirrups; it simply changes the
initial strain value. Although no direct comparison can be made for a specimen with a
snug post-tensioning condition at failure, the evidence at the service load provides insight
into the advantage of post-tensioning beyond the snug position to ensure efficient use of
the external stirrups.

Another issue raised by Shamsai, et al. relates to the reduction in crack widths due to
post-tensioning. The authors conclude that post-tensioning is sufficient to close existing
cracks in concrete components. The current investigation provided evidence that, while
this may be possible for small-scale specimens, crack openings are much more difficult
to close under the large self weight of realistic full-sized specimens. Also, static crack
width reduction is a function of the stiffness of the reaction sections used.

Another item that was investigated in the current study related to the deformation of the
steel reaction section due to weak axis bending. The stiffness ratio of the reaction section
to that of the entire repair setup for each of the researchers is shown in Table 5.4. The
results indicate that the reaction section is sufficiently stiff with regard to the external
stirrup or rod used in each case. However, the stiffness is highly dependent on the ‘a’
distance from the edge of the specimen to the centroid of the stiffening element. Also,
the results for the OSU specimens were taken from the channel section. Data presented
indicate that for the service level loading, the stiffer reaction section was superior to the
channel section. Similar results would be expected at ultimate load.

Table 5.4: External stirrup reaction section efficiency

Investigator: a5y Altinet. al. | Kim et al. | Mihn et. al.*
Keq Keatstirp | 0.9893 0.9700 0.9923 0.9403

*Investigator did not list 'a’ distance; 12 mm (0.5 in} assumed

5.2.3.2 External stirrup repair: comparison with national/international codes

Comparison of the experimentally measured shear strength of the external stirrup repair
specimens with those predicted by the national codes reviewed previously is shown in
Table 5.5. The table provides estimates of the base specimen capacity, differentiated
between steel and concrete contribution where applicable. The table also indicates the
R2K predicted base specimen capacity. The additional shear contribution follows the
appropriate code equations noted in Chapter 2 but utilizes the external stirrup area of
steel, yield strength, and spacing. The values are taken over the entire height of the
beam, not restricted to the effective depth ‘d.” Also of note, the AASHTO and Canadian
code provide simple and alternative methods to calculate the capacity of a specimen,
based on MCFT from a series of tables of beams meeting the minimum area requirements
noted in Chapter 2. The comparisons are shown graphically in Figure 5.49, including
international codes.
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The final external stirrup repair beam exhibited fully developed flexural steel but was

tested in the ‘T’ position. For this beam, the AASHTO requirement for minimum area of

steel was not met; therefore the second table within AASHTO was used for the base

strength estimate. In the repaired condition, the beam has more than minimum stirrups
and the method reasonably predicted strength. The Canadian code, however, indicates
that the area of steel provided is above minimum.

Table 5.5: External stirru strength estimates based on international codes

Base Capacity Repalrled
. Capacity Vesp Vep/
SpeClmen MEthOd Vc Vs Vbase Vtotal Vtotal
kN | kip | kN | kip | kN | kip | kN | kip | kN | kip
R2K - - - - | 747 | 168 - - -
‘;?HSI;TO 349 78 [ 223 | 50 | 572 | 129 | 899 | 202 1.05
B.IT.NC.ES AAé’HTO 943 | 212 ——
MCFT - - - - | 690 | 155 | 988 | 222 0.96
ACI 318-05 349 78 [ 223 | 50 | 572 | 129 | 899 | 202 1.05
R2K - - - - | 676 | 152 - - -
‘;?HSI;TO 307 69 [ 223 | 50 | 530 | 119 | 857 | 193 1.15
B.IT.C.ES AAé’HTO 983 | 221 ——
MCFT - - - - | 619] 139 | 886 | 199 1.11
ACI 318-05 307 69 [ 223 | 50 | 530 | 119 | 857 | 193 1.15
R2K - - - - | 672 ] 151 - - -
‘;?HSI;TO 375 84 | 164 | 37 | 539 | 121 | 739 | 166 1.21
B.T.NC.EIS AAé’HTO 890 | 200 ——
MCET - - - - 139 | 89 672 | 181 1.10
ACI 318-05 375 84 | 164 | 37 | 539 | 121 | 739 | 166 1.21
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Figure 5.49: Code Comparison for (a) B.IT.NC.ES, (b) B.IT.C.ES, & (¢) B.T.NC.ES
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5.2.3.3 External stirrup repair: comparison with R2K

Comparison of the external stirrup repair with R2K was used in conjunction with the
previously noted interaction plots. The difference in shear pressure from the R2K
calculated unrepaired specimen capacity to the experimental failure shear was recorded
for each specimen. The corresponding shear pressure term taken from the measured
material properties of the external stirrup repair was then compared to the experimental
results. Table 5.6 indicates the efficiency of each repair beam with respect to an
equivalent internal stirrup repair by a ratio of experimental to calculated delta shear
pressure.

Table 5.6: R2K shear pressure
comparison for different repair

methods
F2K Prediction
Specimen: Pxpep F B
BT MC ES 034
B.IT.C.ES -
B.T.NC.ES 121
BIT.NC.IS 1.34
BIT.C.IS -
BT.NCIS 101
B.T MC.CF 085
BIT.MC.MNS 073

For a value of 1.0, the repair was equivalent to adding integrally cast stirrups to the
specimen. For a value greater than 1.0, the experimental repair performed better than the
experimental data suggested. The converse, for a value less than 1.0, implies the repair
was not fully effective. A comparison of the cutoff specimen is not provided, as it failed
due to anchorage within the shear span. The external stirrup repair exhibited an
efficiency rating of 0.84 and 1.21 for the fully developed IT and T specimens,
respectively. This implies the IT repair performed below expectations, while the T beam
performed better than expected.

5.2.3.4 External stirrup repair: comparison with VecTor2

All specimens in the current study were modeled with the previously mentioned VecTor2
nonlinear finite element package. A few notes about the location of elements and
idealized boundary conditions are warranted prior to explanation of results. First, the
analysis package provides an upper limit on the number of elements in a particular
model. Therefore, the use of rectangular, quadrilateral, or triangular elements as well as
the smallest mesh size resulted in the maximum number of elements the program would
permit. Therefore a mesh size for the concrete elements ranging from 80 mm (3.14 in.)
to 120 mm (4.72 in.) was used. Next, the program was run in SI units, with locations
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rounded to the nearest 10 mm (0.39 in.), which corresponds to a maximum error of + 5
mm (+ 0.20 in.).

The truss elements representing the flexural steel reinforcing bars were extended to the
limits of the specimen longitudinally, when in reality concrete cover was provided in the
experimental beams. Also, the location of the repair media on some beam and/or bent
cap specimens exceeded the minimum mesh size required by the program. Furthermore,
the presence of the repair media resulted in concentrated mesh regions near the repair
media, so that the limit on the maximum number of elements was exceeded. As such, the
integrally cast stirrup and/or repair media were moved laterally a nominal distance to
permit the mesh size of interest.

Support conditions were modeled as one roller and one pin, in order to provide the
required number of known degrees of freedom for the models to run. Recall that the
boundary conditions for the beam specimen were rollers on each end, and the bent cap
was treated as fixed at one end with a roller at the adjacent end. However, the bent cap
specimen at the fixed end did not provide ultimate fixity, as there was limited rotation
between the steel plates. Still, the plates provided a larger degree of fixity when
compared to the roller section. Senturk indicated that modeling the bent cap specimens
in VecTor2 with a pin/roller combination provided a good indicator of cracking with the

laboratory specimen; thus this assumption was used for the current investigation (Senturk
2008).

The external stirrup specimens were modeled as unbonded reinforcement within
VecTor2. The meshing schemes for the external stirrups are shown in Figure 5.50. The
load-deflection curves for the external stirrup beams are shown in Figure 5.51, whereas
the capacity estimations are shown in Table 5.7. The load deflection curves
approximated the experimental data quite well. The fully developed IT beam exhibited
the uncracked response of the VecTor2 model, whereas the remaining plots accounted for
the baseline loading.

The table comparisons indicate VecTor2 consistently underestimated the strength of each
specimen. Therefore, modeling of unbonded steel within VecTor2 is generally
acceptable and conservative. It is worth noting no reduction was taken into account
within the model to account for weak axis bending of the supporting steel sections that
anchor the supplemental external stirrups.

Table 5.7: External stirrup VecTor2 comparison

Specimen: hi: WEETWE_) Ver . Vaxp /¥
ki kip kI kip

BIT.NCES 878 197 943 212 1.07

BIT.CES g3z 187 953 221 1.18

B.T.MCES g10 182 77 173 1.10
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5.2.4 Discussion and design recommendations

The design recommendations for the external stirrup repair are based on laboratory tests,
previous work, and comparisons with the various international codes. For service level
performance, the following design recommendations are provided:

Selection of the appropriate steel reaction section has a direct effect on strain compatibility
between the specimen and the external stirrups.

Post-tensioning of external stirrups provides better strain compatibility over the service level
loading.

The long unbonded lengths of the external stirrups will likely result in larger diagonal crack
motions than other repair methods (even with the post-tensioning effects). This point should
be articulated to field inspectors of structures repaired using this method.

For strength design with supplemental external stirrups, the following design recommendations
are proposed.

The amount of post-tensioning should be chosen based on a combination of the yield strength
of the external stirrups and the expected dead load strain in the internal stirrups (estimated as
a fraction yield stress in the stirrup from of the service level applied shear on the section to
the shear strength of the section). A projected stress range to go from the initial post-
tensioning stress to yield for the external stirrups should match that available from the
internal integral stirrups so that both achieve yield at failure.

From evidence found in the literature, a higher post-tensioned force results in higher
specimen capacity. The above suggested post-tensioning level, combined with stiff
supporting steel sections suggested above should be adequate to achieve design strengths.

From the available literature, the predicted shear strengths of each external stirrup specimen
were quite variable. The current investigation provided a wide range of strength estimates
based on either a simple 45-degree truss analogy or an approach following MCFT.
AASHTO MCFT is proposed as the analysis method.

The effectiveness of the repair is dependent on the reaction section used; however, if the
external stirrup is positioned close to the web, this effect can be minimized with a typical
external stirrup efficiency reduction due to weak axis bending of supporting steel sections on
the order of 0.95 to 0.98.
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5.3 INTERNAL SUPPLEMENTAL STIRRUP REPAIR FOR GIRDERS

5.3.1 Material and application details

Materials for the supplemental internal stirrup repair were chosen with the assistance of a
contractor who successfully installed the repair method on several Oregon bridges. This
approach was beneficial because it replicated the repair method both in terms of materials used
and installation technique. The primary obstacle regarding the use of this method was the
insertion point of the steel — either from the deck down or from the bottom of the girder up. The
former method has the drawback of restricting traffic on a bridge, which may be prohibitive on a
heavily traveled truck route; but it has the advantage of epoxy flowing into the hole with the
assistance of gravity. The latter method is more attractive in terms of lane closures; but it may
require temporary supports below the bridge to support the workers and equipment. In addition,
the problem of injecting a crack against gravity poses an installation issue.

The solution proposed by the contractor was to use a high strength steel reinforcing bar with a
void through the center such that epoxy could be injected through the center hole, eventually
exiting through the void space between the bar and the concrete. Thus, the steel initially used for
the internal stirrup repair was high strength hollow steel rod meeting the height and deformation
requirements of ASTM 615/615M-05a (ASTM International 2005) with an outer diameter of 25
mm (1 in.) and 484 mm? (0.75 in.?) cross sectional area. The typical section for the IT internal
stirrup repair is shown in Figure 5.52.

After subsequent use in the two IT specimens, it was apparent that the large diameter, high
strength bars would not be suitable for the T beam repair (i.e., possibly forcing a flexural
failure). Therefore, traditional ASTM A615 deformed grade 420 (60 ksi) size #19 (#6) steel
rebar was used for the T beam repair. Elevation views of the repair schemes for beams
B.IT.NC.IS, B.IT.C.EI and B.T.NC.IS are shown in Figure 5.53 through Figure 5.55,
respectively.
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Figure 5.52: Internal stirrup typical section
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Figure 5.55: Specimen B.T.NC.IS repair

The high strength and mild steel bars were subjected to uniaxial tensile tests as well as pullout
tests with the same installation epoxy to determine the pullout strength of the bars for different
embedment lengths. Tension tests on the hollow bar and grade 420 (60 ksi) mild steel specimens

were performed, and the results are shown in Table 5.8.

Table 5.8: Internal stirrup reinforcing steel properties

Speci Yield Strength Ultimate Strength % Strain at
pecimen " : .
Mpa ksi Mpa ksi Failure
B.IT.NC.IS
BIT.CIS 710 103 924 134 19.3
B.T.NC.IS 489 70.9 814 118 19.6
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The pull-out tests were performed to indicate the embedment length required to reach yield. The
process entailed coring a vertical hole within the beam, placing a premeasured amount of epoxy
within the hole, placing the reinforcing bar in the hole, and anchoring it in a vertical orientation.
The epoxy was allowed to cure for one week. After curing, a center hole actuator, load cell, and
reaction plates were mounted concentrically with the bar. Then a mechanical splice was placed
around the bar and individual screws along the splice were torqued to the splice manufacturer’s
specifications. The test setup is shown in Figure 5.56. Three embedment lengths were used, the
largest representing the distance from a 45-degree diagonal crack to the limit of the cross section
(762 mm (30 in.)). The remaining two embedment lengths — 254 mm (10 in.) and 508 mm (20
in.) — were chosen to represent typical bond lengths available at different positions along a
diagonal crack.

h _-Mechanical
" Splice

Hydraulic center
/hole actuator

1334 kN (300 kip)
load cell

25 mm (1 in.) thick
reaction plates

S Section

Embedment -
Length

Internal Stirrup Pullouts

Figure 5.56: Internal stirrup pullout test setup

Results from the pullout tests provided anchorage performance estimates for the steel-epoxy-
concrete system. Bar stress versus relative displacement for each of the three embedment
lengths are shown Figures 5.57 and 5.58 for the high strength bar and 413 MPa (60 ksi) bar,
respectively.
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Figure 5.57: Internal stirrup 627 MPa (91 ksi): bar stress versus displacement
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Figure 5.58: Internal stirrup 413 MPa (60 ksi): bar stress versus displacement

The shallowest embedment for the high strength rods resulted in a maximum bar stress of 374
MPa (54 ksi) prior to first slip. Slip continued until a shallow cone failure occurred prior to yield
strength of the bar. The 508 mm (20 in.) embedment depth resulted in a bar stress of 528 MPa
(77 ksi) prior to first slip, again failing to reach the yield strength of the internal stirrup. The
final 762 mm (30 in.) embedment length achieved a bar stress of 737 MPa (107 ksi) and resulted
in eventual fracture of the hollow bar after strain hardening.
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For the lower strength ASTM A615 grade 60 bars, the bar diameter and yield stress were
reduced; thus the 508 mm (20 in.) and 762 mm (30 in.) bars both achieved yield and strain
hardening, although they were very ductile, and the test was halted prior to achieving ultimate
strength. The shallowest embedment did not reach yield, with a maximum bar stress of 268 MPa
(39 ksi) prior to first slip.

The results of the pull-out tests are presented in Table 5.9, although it is noted that the state of
stress produced by the pull-out specimens does not represent the true state of stress within an
actual girder, nor does it account for any possible beneficial dowel action that may help anchor
the bars across a diagonal crack.

Table 5.9: Internal stirrup pullout tests data

Specimen Max bar stress Yield Stress
embedment depth MPa ksi MPa ksi
. 254 mm (10 in.) 434 63
bH;rgh strength 15 e om (20 in.) 618 90 828 120
762 mm (30 in.) 743 108
254 mm (10 in.) 366 53
Mild steel bar | 508 mm (20 in.) 765 111 489 70.9
762 mm (30 in.) 638 93

The installation process for internal stirrup repair is outlined below, with reference to Figure
5.59.

e Identify internal stirrup locations along the span of the beam.

e Locate flexural and deck reinforcing within the specimen using a rebar detector where holes
must be cored.

e Mark the location of the bars and orient coring machine to avoid bars.

e Drill the holes with either a water-required concrete coring machine or a dry system with
vacuum attachment.

e For traditional reinforcement:

0 Pour epoxy into hole such that it will fill the void space around the bar and concrete once
the bar is inserted.

0 Insert reinforcing bar and add additional epoxy as needed until seepage is minimized.
e For center hole reinforcement:

0 Place reinforcement into hole.
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0 Pump epoxy through the center of the reinforcement until it fills the void space
surrounding the top of the bar.

0 Continue to add additional epoxy as needed until seepage has been minimized.

Figure 5.59: Internal stirrup installation

5.3.2 Experimental results

Behavior of the internal stirrup repair specimens is presented in the following section, with
reference to the SPR 350 beams (Higgins, et al. 2004b). Shear load versus midspan
displacement plots for each internal stirrup repair specimen are presented in Figure 5.60. Shear
load versus diagonal displacement plots and shear load versus average vertical strain plots are
shown in Figures 5.61 and 5.62, respectively. Lastly, shear load versus cast-in-place stirrup
strains are shown in Figure 5.63. Crack map data for all the repaired beam specimens are shown
in Figure 5.64, including crack formation for each load increment. The crack map data is
replicated in Figure 5.65 for all the beam specimens with the cracks identified as precrack and
repair.

A review of the integrally cast and supplemental stirrup strain data is presented in Figure 5.66 as
an example for specimen B.IT. NC.IS. The integrally cast stirrups continue a similar slope from
the service loading, with an increased slope at the higher load steps. This occurs as the strain in
the supplemental stirrups begins to increase in both bars, which indicates the integrally cast
stirrups are taking more load as the beam approaches failure.
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Figure 5.60: Internal stirrup repair specimens shear force versus centerline displacement
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Figure 5.61: Internal stirrup repair specimens shear force versus diagonal displacement
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Figure 5.62: Internal stirrup repair specimens shear force versus average vertical strain
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Figure 5.63: Internal stirrup repair specimens shear force versus typical internal stirrup strain
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Figure 5.64: Internal supplemental stirrup repair specimens crack maps: individual load steps indicated
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Figure 5.66: B.IT.NC.IS shear force versus internal and supplemental internal stirrup strain: strength loading
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It should also be noted that one of the internal stirrup repair IT beams (B.IT.C.IS) was damaged
during handling, which produced a large spall to the flange. However, the damage was
contained within the outer portion of the flange at the terminal end of one of the flexural cutoff
bars and did not continue through the depth of the stem, as shown in Figure 5.67. The beam was
tested such that the damaged south end was loaded only through the stem. Also, the beam was
repaired with four supplemental stirrup bars at the south end and only two at the north end
(Figure 5.68), so as to try to force the failure on the north end of the beam where the bearing
condition was identical to the previous IT beams.

The beam however failed on the south side, and therefore the pertinent strain data is presented
for this condition. The failure was an anchorage failure of the flexural steel. Based on the
observed failure location relative to the initial handling damage, the initial damage was not
believed to have contributed to the failure mode. However, this failure mode serves as a
reminder to designers to consider flexural anchorages when designing shear strengthening
schemes. It is possible to encounter alternative failure modes if shear strengths are increased and
higher loads permitted, based solely on the increased shear strength provided by the repair.
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Figure 5.67: B.IT.C.IS flange damage: (a) top of flange and (b) side of flange
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Figure 5.68: B.IT.C.IS revised repair

5.3.3 Analytical methods

Recall from Chapter 2 that the available literature for supplemental internal stirrup repair was
limited for shear repair. The major work was performed by Stratton, et al. through Kansas DOT,
and the remainder of the literature review was based on the various bond models for anchorage
of attachments and doweling into existing structures. The work from Kansas lacked any
laboratory specimens in order to verify the expected increase in shear capacity.

5.3.3.1 Internal stirrup repair: comparison with national codes

Comparison of the supplemental internal stirrup repair with the national codes is shown
in Table 5.10 and graphically in Figure 5.69, including international codes. The internal
steel was treated as equivalent to cast-in-place stirrups using the material tested tensile
yield stress and the 45-degree installation orientation. The table is presented in similar
format to the external stirrup table shown previously. The comparison of the second
repair specimen is included, even though it was initially damaged and repaired with
double the shear reinforcement along the south end (analysis performed on the south end
conditions). This specimen failed due to anchorage, and the capacity estimates are off by
as much as a factor of two, because the ACI prediction methodologies do not directly
consider flexural performance on shear strength.

173



Table 5.10:

Supplemental internal stirrup strength estimates based on national codes

Base Capacity Repalr.ed

. Capacity Vesp Ve !
SpeCImen MethOd Vc Vs Vbase thtal Vtotal

KN | kip | KN | kip | kN | kip | kN | kip | kN | kip

R2K ] - hse o - -
‘;’;SII{TO 350 179 P23 |so [s75 (129 |1163 |6l 0.93
B.IT.NC.IS AAgHeTo 1082 43 ——
Aok ] bk e90 155 214 P73 0.89
ACI318-05 351 |19 |23 |50 |s74 |120 |1163 ]261 0.93

R2K ] - o fies - i
‘;’;SII{TO 330 176 P23 |50 |se2 |16 |2323 522 0.46
B.IT.C.IS AAgHeTo 1075 42 ——
Aok ] b lesa 147 1015 |28 1.06
ACI318-05 338 |76 23 |50 |s61 126 [2322 |s22 0.46

R2K ] - oo e - i
‘;’;SII{TO 342 177 llea P71 506 |14 |37 |66 1.20
B.T.NC.IS AAgHeTO 890 00 ——
A ] - b Bos 89 he1 hmi 1.17
ACI318-05 [342 |77 164 37 |s06 114 [737 |166 120
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Figure 5.69: Code Comparison for (a) B.IT.NC.IS, (b) B.IT.C.IS, and (c) B.T.NC.IS
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5.3.3.2 Internal stirrup repair: comparison with R2K

Comparison of the supplemental internal stirrup repair with R2K follows that of the
supplemental external stirrup specimens, as previously noted in Table 5.6. The
additional shear pressure term for the IT with flexural cutoffs is not included in the table,
as the specimen failed due to anchorage pullout of the flexural steel. Specimen
B.IT.NC.IS exhibited an efficiency ratio greater than 1.0, indicating the repaired strength
is greater than the estimated using the shear pressure coefficients. Specimen B.T.NC.IS
also exhibits an efficiency ratio slightly greater than 1.0, indicating the repaired strength
is equivalent to treating the supplemental stirrups as equivalent integrally cast stirrups.

5.3.3.3 Internal stirrup repair: comparison with VecTor2

The internal stirrup repair was modeled within VecTor2, utilizing perfect bond between
the concrete, epoxy, and steel, as shown in Figure 5.70. The objective was to obtain an
ultimate strength value. If the program over-estimated the strength, a reduction or
different bond model would be considered, based on the literature review noted in
Chapter 2. The results of the VecTor2 models are shown in Table 5.11. For the fully
developed IT and T beams, the program provided a slightly conservative strength
estimation that was within 3%-9% of the repaired strengths. These estimations are closer
than the code comparisons, except for the Canadian code estimation of the T beam. The
predicted strength of specimen B.IT.C.IS (which was initially damaged) was lower than
the experimental strength by 26%. While this is a large margin, it is only half of the
value estimated by the available codes.
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Figure 5.70: VecTor2 meshing schemes for (a) B.IT.NC.IS, (b) B.IT.C.IS, and (c) B.T.NC.IS
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Table 5.11: Internal stirrup VecTor2 comparison

Specimen: hi: WECTDQ}I Vew . W £ V0
kM kip kM kip

BAT.MCIS 1052 237 1052 243 1.03

B.AT.C.IS 854 192 10745 242 1.26

B.T.MCIS g17 1684 g50 200 1.04

Load-displacement graphs from VecTor2 are shown in Figure 5.71. The behavior of all
specimens matches the backbone curve of the experimental data well. The initial
precrack loading on two of the specimens indicates the relative change in stiffness of the
base specimen. The base specimen loading cycle was completed with the area of the
supplemental stirrups set to a minimal value; then the analysis was run with the full

supplemental area till failure. The cutoff specimen illustrates a slight offset from the
experimental results.

177



Centerline Displacement (mm)
0.0 5.1 10.2 15.2 20.3 25.4 305 35.6
250 1112
Repair =
—— = VecTor2 —
200 - — 890
0 150 / 668 =
=z =3
: / :
£ 100 445 >
50 / 222
0 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Centerline Displacement (in)
(a)
Centerline Displacement (mm)
0.0 5.1 10.2 15.2 20.3 25.4 305 35.6
250 1112
Repair
—— = VecTor2
890
B 668 S
= =3
S 445 >
222
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Centerline Displacement (in)
Centerline Displacement (mm)
0.0 51 10.2 15.2 20.3 25.4 305 35.6
250 1112
Repair
—— = VecTor2
200 890
@ 1 =
9 150 668 =
=z =3
3 3
g £
£ 100 445 >
50 222
0 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Centerline Displacement (in)

(©)

Figure 5.71: VecTor2 internal stirrup load deflection estimate for (a) B.IT.NC.IS, (b) B.IT.C.IS, and (c¢) B.T.NC.IS
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5.3.4 Discussion and design recommendations

As with the external stirrup repair, design recommendations are based on the experimental data
and information from the literature review. For the service level performance, the following
recommendations are provided:

Quality control of supplemental internal stirrup installation is paramount for success.

Knowledge of existing flexural steel and stirrups is required for coring purposes in order to
avoid severing critical steel components.

The exterior faces of the web should be patched at the location of the cracks, as seepage of
the epoxy will eventually penetrate from the cored hole location to the exterior fiber of the
beam. Alternatively, the beam could be cored after epoxy injecting diagonal cracks.

Once a hole is created without interference with the surrounding steel, the interior concrete
surface must be clean to allow proper bonding of the epoxy. Also, seepage of epoxy through
the web of the section reduces the epoxy within the cored hole. Providing additional epoxy
throughout the installation due to seepage ensures complete encapsulation of the steel rebar.
Alternatively, epoxy injection of the cracks prior to coring would minimize seepage.

Selection of epoxy and size/grade of steel is important in the repair. Both larger and higher
strength bar with fewer holes or more common mild steel with more holes were effectively
used in the current study. Relative cost and installation configuration (top down or bottom
up) will provide an indication of the optimal repair combination. For a top down installation,
the use of mild steel may be more economical, as specifications limit the use of higher
strength steels to stresses below 80 ksi. Further, for shallower beams with less anchorage
length, the lower grade steel allows development of yield over shorter bond lengths. For a
bottom up installation, the use of a hollow rod though which epoxy is pumped may provide
the best quality control.

For ultimate loading the following items are noteworthy:

Post failure investigation of the internal stirrup specimens indicate a horizontal offset of the
previous vertical grid lines on the specimen. Dowel action — the resistance of a reinforcing
bar against forces acting perpendicular to its longitudinal axis — is likely the cause of this
phenomenon. Dowel action may also increase bond efficiency and provide an additional
source of shear resistance.

Crack widths at ultimate were smaller than those of the external stirrup repair.

Providing supplemental stirrups close to the principle strain axis of the member provides the
best use of materials.

The efficiency factors based on R2K analysis indicate the method performs better than

predicted (attributed to the efficient orientation of rebar with respect to the principle tensile
strains and the influence of dowel action acting on the bars).
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5.4 SURFACE BONDED CFRP REPAIR FOR GIRDERS

5.4.1 Material and application details

Material used for the CFRP repair (provided by the Watson Bowman Acme Corporation
(BASF)) consisted of the Wabo® MBrace CF130 unidirectional carbon fiber fabric (Watson
Bowman 2002). In addition to the fabric, the manufacturer provided several additional products
as part of the application procedure, including a low viscosity epoxy primer, high viscosity
epoxy paste, and an epoxy resin (saturant) (Watson Bowman 2002).

A three-sided U-wrap repair scheme was selected with a wet lay up installation procedure for
both the beam and bent cap specimen. For the IT beam in the current study, the three-sided U-
wrap was placed such that the CFRP terminated at the stem-flange interface, which was under
flexural tensile stresses, as shown in Figure 5.72. CFRP strips came from the manufacturer at
508 mm (20 in.) widths. The strips were reduced to 254 mm (10 in.) widths and placed on the
beams with 51 mm (2 in.) wide gaps between strips, resulting in a 305 mm (12 in.) center-to-
center spacing between strips, as shown in Figure 5.73.

CF 130 CFRP
/254 mm (10 in.)
ki Gicith @ 305 mm
) | (12in.) center-to-center
strip spacing

CFRP Strip Repair:
Typical Section

Figure 5.72: CFRP beam typical section
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Figure 5.73: Specimen B.IT.NC.CF repair

Material testing of the CFRP system consisted of direct tensile tests of CFRP fabric embedded
with saturant as well as pull-off tests to indicate the level of bond between the resin and concrete
in the repaired specimen. Preparation of the CFRP tensile coupons coincided with application of
the CFRP for the beam and bent cap respectively. During CFRP application, a 610 mm (24 in.)
square sheet of CFRP was cut and placed on a larger perimeter non-stick Teflon plate, previously
coated with saturant. Once the sheet was placed, it was impregnated with the use of a plastic
putty knife, and a second coat of saturant was applied to the CFRP. A second Teflon plate was
placed over the sample, and the process was repeated until several CFRP sheets were assembled.
After completion of the samples, a large weight was placed atop the Teflon sheets, and the
apparatus was placed adjacent to the repaired specimen, thus replicating the curing conditions of
the CFRP.

The CFRP was permitted to cure for seven days, after which time the sheets were removed and
prepared for testing. The 610 mm (24 in.) square sheet was reduced to an individual coupon size
of 25 mm (1 in.) by 305 mm (12 in.), using a wet tile saw in order to conform to the testing
requirements of ASTM D 3039/D 3039M. While great care was taken to trim the specimens to
the correct size, cutting along the primary fiber direction resulted in slight variations among the
individual coupons. As a result, the coupons with the best alignment of the cut edge to the fiber
orientation were used for testing purposes. Fiberglass electronic boards measuring 25 mm (1 in.)
wide by 57 mm (2.25 in.) long were cut and attached to the ends of the coupons with a
cyanoacrylate adhesive to reduce the chance of failure at the anchorage locations. Once
completed, the coupons were tested utilizing a 89 kN (20 kip) hydraulically controlled universal
testing machine under displacement control of 1.25 mm/min (0.05 in./min). Strain in the CFRP
was measured with a class B extensometer with a 25 mm (1 in.) gage length. Results of the
CFRP coupon tests, with comparison to the manufacturer’s specifications, for the beam and bent
cap repair are shown in Table 5.12.
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Table 5.12: CFRP tensile test data

BITHC.CF LITC.CF
Property: Wabo® Design| Test |TestStandard | Test |Test Standard
Mean Diesnation Iean Diesnation
Coupon Thickness Na-1.0 1.14 0.024 1.26 0.05a
rarm (in.) [0.02-004] |[0.045]| [0.00095] | [0.05] | [0.00227]
Tensile Strength: 625 - 1042 TOTS 36.5 5387 11.1
Mpa (ksi) [29-179] | [103] [5.3] [72] [1.6]
Unit Strength: 0.625 1.3 0.063 1.1 0.03%8
LMimrfply (kip/inply) [3.57] [4.62] [0.232] [3.89] [0.14]
Elastic Modulus: 374624 36,7 4.6 32.9 1.1
CGpa (ksi) [5300-10700] | [5325] [667] [4775] [155]
Rupture Strain %: 1.67 1.94 0.147 1.6 0.046
Nominal Fabric 0.165 0.165 nfa 0.165 t'a
rorm (in) [0.0065] |[0.0063] nfa [0.0065] na
Tensile Strength*: 3800 4397 246 4125 149
Gpa (ksi) [550] [710] [35.7] [598] [21.5]
Elastic Modulus*: 227 254 30.3 252 13.9
Gpa (ksi) [33000]  |[36846] | [4402] |[36577]| [2019]

*Based on nominal fabric dimensions

Direct tension pull-off tests were performed after failure testing of the beam (and later bent cap)
specimen in accordance with ASTM D 4541-93: Standard Test Method for Pull-off Strength of
Coatings Using Portable Adhesion Tester. Three pull-off locations were chosen at random,
lightly sanded, then chemically treated to provide a clean dry surface to attach a 51 mm (2 in.)
square steel dolly with a high strength two-part epoxy. After curing of the epoxy, the CFRP
around the dolly was removed with a circular disc grinder, thus providing an equal surface area
of the CFRP to the attached dolly. Next, a 1.6 kN (3000 1b) capacity manually operated portable
testing machine was attached to the dolly and the test conducted to failure. The portable
machine recorded the maximum load at failure, and the process was repeated at the remaining
two locations. The average bond stress of the CFRP to the concrete was calculated based on the
area of the dolly. All direct pull-off tests showed failure occurred within the concrete substrate
and not within the epoxy resin. Results of the direct pull-off tests are shown in Table 5.13.

Table 5.13: CFRP pull-off test results

Specimen: BITHC CF|DIT.CCF
Mean 2137 3546
K Pa (psi) [310] [514]
Standard Deviation 461 547
K Pa (psi) [67] [79]

The CFRP strips were applied according to the manufacturer’s instructions. For the beam (and
later bent cap specimen), the manufacturer recommended a working time to complete application
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of the CFRP system (not including epoxy injection) of approximately 12 hours; in each case, the
process was completed in approximately six hours. The first step in the process was to epoxy
inject cracks wider than 0.25 mm (0.010 in.). This involved the use of a wire brush to clean the
cracks and adjacent surface of any loose debris. Injection ports were then mounted to one side of
the specimen using a two-part 100% solids Concresive SPL epoxy paste at roughly the thickness
of the specimen (355 mm (14 in.) for both the beam and bent cap repairs), as shown above in
Figure 5.73. On the opposite face of the member, two or three ports were applied, equally
spaced along the crack, as so called “window ports” for quality control measures to ensure full
penetration through the width of the stem.

Once the surface paste cured for 24 hours, the epoxy injection began. The epoxy used was
Chemrex SCB Concresive 1360, which is a two-part, ultra-low viscosity liquid epoxy with a
manufacturer specified tensile strength of 55.2 MPa (8.0 ksi). A specialized injection machine
was used to mix the two-part epoxy to the manufacturer’s specifications (2.5 Part A to 1.0 Part
B). The epoxy was injected starting at the lowest port, with care given not to exceed a pressure
of 690 kPa (100 psi) while injecting the cracks. As epoxy became visible at the next highest
port, the lower port was sealed and the injection nozzle moved to the next highest port. The
process was repeated until the last port was encountered, at which point the dissipation of
pressure within the crack slowed significantly as the void space within the crack decreased.
Occasionally, a leak near a port or along a crack would form. Repairs to the crack were made
with paraffin wax, which tended to seal most small to moderate sized cracks. Once complete,
the epoxy was left to cure for a period of seven days. Temperature data was recorded during this
time, to ensure ambient air temperature above 4.5 °C (40 °F) as required by the manufacturer.

The next step in the process involved application of the CFRP itself, as denoted in Figures 5.74
and 5.75. First, the paste on the outside of the beam was removed by heating the paste with a
propane torch and scraping off the surface. The outer surface of the beam was ground using a
diamond dressed masonry disc to expose the aggregate and then vacuum brushed to remove any
dust that may have accumulated during the process. Once the surface was prepared, a two-part
MBrace Primer was mixed for three minutes according to the manufacturer specifications with a
hand held drill and applied to the surface using short nap paint rollers. The pot life of the primer
component was 30 minutes; the product was applied prior to this threshold.

A two-part putty, each part mixed separately for three minutes, then mixed combined for three
minutes — as per the manufacturer’s specifications — was then applied to the surface using hand
trowels, intended to fill small voids on the surface of the beam. The manufacturer permitted
application of the putty while the primer coat was still wet; however, the primer was left to set
up for a period of 30-45 minutes prior to mixing of the putty. The putty was also permitted to set
up for 30-45 minutes prior to the next step, although the manufacturer did not place any
restrictions on placing the saturant directly on the wet putty.

A two-part saturant, which included a three-minute Part A premix followed by a three-minute
combined mix, was then applied with common paint rollers. Precut 25 mm (10 in.) wide CF130
carbon fiber strips were then applied to the beam using a plastic putty knife to impregnate the
fibers with the saturant beneath. A second coat of saturant was applied to the CF130 carbon
strips to complete the process.
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The manufacturer recommended curing for seven days at an ambient air temperature of at least
4.5 °C (40 °F). When colder temperatures were anticipated, enclosures with space heaters were
provided to raise the ambient temperature during curing above the specified minimum. Results
of the ambient air temperature for specimens B.IT.NC.CF and D.IT.C.CF are included in Table
5.14 for both epoxy injection and CFRP application.

Figure 5.74: CFRP beam installation: epoxy injection

Figure 5.75: CFRP installation: ground surface (left) and primer application (right)
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Table 5.14: Curing temperatures for
B.IT.NC.CF and D.IT.C.CF

0 a
Spectmen; Temperaturﬁ 1]
Awerage | High | Low
BIT NC.CF 2. 150, 0.
[46.3] [[50.3]|[40.4]
DIT.C.CF 8.2 102 47
[47.6] ([654]| [45]

5.4.2 Experimental results

Behavior of the CFRP repair specimens is presented in the following section, with reference to
the SPR 350 beams (Higgins, et al. 2004b). Shear load versus midspan displacement plots for
each external stirrup repair specimen is shown in Figure 5.76. Shear load versus diagonal
displacement and shear load versus average vertical strain plots are provided in Figures 5.77 and
5.78, respectively. Lastly, shear load versus typical integrally cast stirrup strains are shown in
Figure 5.79. Crack map data for all the repaired beam specimens are shown in Figure 5.80,
including crack formation for each load increment. The crack map data is replicated in Figure

5.81 for all the beam specimens with the cracks identified as precrack and repair.
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Figure 5.76: CFRP girder repair specimen shear force versus centerline displacement

185




SPR350 B.IT.NC.CF
250 1112
457 mm (18 in.) Baseline
—— = 305mm (12in.) —— — Repair
NG -~ - 890 — \/ -~ ‘
- i
2 667 2 4 /!
r HI
~ a5 5 ’“ / /
L
222 / / /
|/
N
0 0.2 0.4 0.6 0.8 1 1.2
Strain
Figure 5.77: CFRP girder repair specimens shear force versus diagonal displacement
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Figure 5.78: CFRP girder repair specimens shear force versus average vertical strain
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Figure 5.79: CFRP girder repair specimens shear force versus typical internal stirrup strain
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Figure 5.80: CFRP repair specimen crack map: individual load steps indicated
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Figure 5.81: CFRP repair specimen crack map: precrack versus repair

Comparison of the carbon fiber repair specimen for the strength loading condition is shown in
Figure 5.82 in terms of average vertical strain and CFRP strain. The data indeed shows a similar
behavior between the CFRP and panel strain throughout the strength loading.

Local behavior of the CFRP repair during the strength loading is shown in Figure 5.83 as
integrally cast stirrup and carbon fiber strain data. The stiffness of CFRP gage 3N changes at a
shear force of 396 kN (89 kip), which is evident for the final load step over the service range but
emerges distinctly during the following two load steps. Afterward, the stiffness changes two
additional times between load steps, accompanied by ever larger permanent deformations until
failure. The internal stirrup exhibits a slight decrease in stiffness before changing to a higher
slope for the final load steps. The failure was due to a shear compression failure after debonding
of the CFRP strips.
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Figure 5.83: B.IT.NC.CF shear force - integral stirrup strain and CFRP strain

5.4.3 Analytical methods
5.4.3.1 CFRP stirrup repair: comparison with literature review

Using CFRP in repair for shear began to gain prominence in the mid 1990s; the evolution
of the current design recommendations from ACI 440 were documented previously in
Chapter 2. More comprehensive review of CFRP shear design, including environmental
durability, is covered in Higgins, et al. (2009). The analysis method recommended is
ACI 440 with supplemental check of environmental exposure and bond demands based
on shear-moment interaction.
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5.4.3.2 CFRP stirrup repair: comparison with international codes

The contribution from CFRP to shear is shown in Table 5.15. Recall from Chapter 2 that
ACI 318 is used for design and construction of concrete members and must be used with
the recommendations from ACI 440 to include strengthening guidelines for CFRP.
Therefore, the strength contribution includes the base specimen capacity from R2K,
adjusted for bias from the previous SPR 350 data and ACI 318. Utilizing the ACI 440
approach outlined in Chapter 2, the shear contribution from CFRP was limited by bond
and thus the strain in the CFRP was limited to 0.0038 in/in. Results indicate the base
specimen capacity is underestimated using ACI 318, but the composite capacity with ACI
440 results in a conservative strength estimate. On the other hand, the base specimen
capacity from R2K coupled with the ACI 440 strength estimate is unconservative, by
overestimating the shear contribution of the CFRP by approximately 10%. This again
highlights the need to use base strength predictions with ACI 318 combined with the
CFRP contribution from ACI 440.

Table 5.15: CFRP beam code comparison

ACI 440
Specimen: Method: Vbaseline Vs‘:\en thenad Vs tot VEXF’ VEKPN“‘D
kN | kip | kN | kip | kN | kip | kN | kip
0.98*"R2K | 761 171 1071 | 241 0.90
BIT.NC.CF 310 70 960 216 ————
ACI 318 | 579 130 889 | 200 1.08

5.4.3.3 CFRP stirrup repair: comparison with R2K

As with the previous beam analysis, a shear design curve utilizing R2K was produced for
the CFRP beam with varying stirrup spacing. The results are noted previously, as shown
in Table 5.4. The results indicate the repair is 85% efficient compared to the expected
CFREP stress determined from ACI 440. Coincidentally, the reduction factor from ACI
440 is set to 0.85 as well.

5.4.3.4 CFRP stirrup repair: comparison with VecTor?2

The CFRP specimen was modeled in VecTor2, as shown in Figure 5.84. Initially, the
specimen was modeled utilizing the bond strength parameters from ACI 440, with limited
success. Within VecTor2, bond elements can be modeled as link or one-dimensional
contact elements. In the current study, the elements are connected with link elements.
As outlined in a previous paper by Wong and Vecchio, to accurately model the behavior,
two sets of nodes are assigned for each bond element; one node is assigned to the
concrete and the other is assigned to the repair media (Wong and Vecchio 2003). The
bond between the two nodes is assigned based on constitutive relationships. The link
elements have no dimensions but are represented by two orthogonal springs, which are
independent of each other. Movement in the two directions represent the shear and
normal stresses for the bond material. Internally, selecting the bond material model for
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externally applied carbon fiber strips places a significantly higher stiffness value to the
normal direction, as a shear dominated failure within the epoxy-concrete substrate is
most common in shear repair with CFRP. This limits the link element to displace in
shear direction.

7.1 BALEEY EARRLII IRLE INEEE BN AN
EEEESSCAEETsEEEETL SSESLEE R REEE: . I T L 7. A 0 A T L B T WL s v

Figure 5.84: VecTor2 meshing scheme for B.IT.NC.CF

The constitutive relationship for bond-slip of CFRP strip is noted in the initial paper by
Kim and Vecchio (2008). VecTor2 requires three unique points in order to model the
bond-slip relationship accurately, as shown in Figure 5.85 (Vecchio and Wong 2002).
The relationship utilizes a bilinear approximation of the bond-slip behavior, taking into
account the compressive strength of the concrete and the carbon fiber material.

Figure 5.85: Bond-slip relationship for VecTor2 modeling of CFRP sheets

For CFRP the following equations are presented, based on the fracture energy Gy of the
concrete.

Tory = ( 54. fc' )0'19 Kim & Vecchio 2008 (5-17)
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r 2
G, = (%] Kim & Vecchio 2008

(5-18)
S, = 0.057 -G Kim & Vecchio 2008 (5-19)
2-G, . .
S, = Kim & Vecchio 2008
Fory (5-20)

where 1,py in Equation 5-17 is the maximum bond shear stress (MPa); f.' (MPa) is the
compressive strength of the concrete; spy in Equation 5-19 is the bond slip at maximum
shear stress; and sg, in Equation 5-20 is the ultimate bond slip. Utilizing these
parameters, the bond stress parameters 1; and 1, were assigned the value of Tyry, and 13
was set to zero. The corresponding slip values A; and A, were assigned the value of sgy,
and Az was set to Sgy.

Modeling FRP within VecTor2 requires entering the area of FRP corresponding to a
particular model. It is not noted explicitly in the manual, but the two modeling papers
indicate the area is based on the tributary height of the truss element. Thus, it is
dependent on the mesh size. The width per vertical height of CFRP based on the mesh
size was used in the current investigation. Also, modeling a U-wrapped scheme as
opposed to a side-wrapped specimen presented an initial challenge in VecTor2.
However, as bond failure originates at the free end, or in some cases from an existing
crack toward a free end, the bottom of the U shape rarely governs the initial debonding
that results in failure. As such, the lower portion of the U shape was modeled with a
higher bond strength when entering the constitutive models.

Results of this modeling method are shown Table 5.16. The results are more consistent
with the ACI 318 and ACI 440 combined strength, with a conservative strength estimate
15% below the experimental failure shear. The load-deformation behavior taken from
VecTor2 is shown in Figure 5.86. The initial stiffness is taken as that of the uncracked
beam; thus the initial slope for the VecTor2 graph would be closer to the experimental
data for this case. The ultimate load is below that of the experimental data, and the load-
deflection curve deviates from the experimental data for the latter load steps.

Table 5.16: CFRP beam VecTor2 comparison

Specimen: ki3 WEETDQ_:I Vo : W
kil kip kM kip
BAT.MC.CF 334 188 S9E0 216 1.15
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Figure 5.86: VecTor2 load-deflection response for B.IT.NC.CF

5.4.3.5 CFRP stirrup repair: design recommendations

No modifications to the existing design codes are recommended for CFRP beam repair.
However, to estimate the repaired specimen capacity, ACI 318 in conjunction with ACI
440 provided a conservative strength estimate. Estimation of repaired capacity using
ACI 440 and R2K is not recommended, as the base specimen capacity is overestimated,
resulting in an unconservative design. VecTor2 provided a more conservative strength
estimate than that of ACI 318 combined with ACI 440. Thus, using the current ACI
design methods is recommended.

5.4.4 Discussion and design recommendations

No modifications to the existing ACI design approach are recommended, based on this single
specimen. However, based on this and previous research to estimate the repaired specimen
capacity, ACI 318 in conjunction with ACI 440 can be used (Higgins, et al. 2004; 2009).
Readers are referred to Higgins, et al. for additional detail on environmental durability (Higgins,
et al. 2009). Estimation of repaired capacity using ACI 440 and R2K is not recommended, as
the base specimen capacity is overestimated and can result in an unconservative design.
VecTor2 provided a more conservative strength estimate than that of ACI 318 and ACI 440
combined and could be used as a tool to verify designs.

5.5 NEAR SURFACE MOUNT (NSM) REPAIR FOR GIRDERS

5.5.1 Material and application details

The materials used for the NSM repair method were based on two criteria: limiting the bond
thickness of the epoxy between the concrete and FRP, and maximizing the surface area of FRP
relative to the concrete. Within these requirements, a rectangular saw-cut groove placed
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vertically along the web of the beams precluded the use of round NSM in favor of rectangular
tape. Consequently, Aslan 500 rectangular tape manufactured by Hughes Brothers was chosen
as the FRP material, with a 3M DP460NS epoxy, based on the work of Shield, et al. from the
literature review (Shield, et al. 2005). A typical section of the NSM repair is shown in Figure
5.87. Spacing of the NSM relative to the anticipated failure crack resulted in three strips per side
of the beam within the shear span, as shown in Figure 5.88. This ensured the two outer strips
would participate with a partial development while the center strip, located equidistant from the
anticipated failure crack, would be fully developed at failure.

16 mm (0.63 in.) x

2 mm (0.079in.) x
1067 mm (42 in.)
Aslan 500 FRP Tape

Adhesive: 3M
DP4B0ONS

Groove dimensions:
6.4 mm (0.25 in.) X
19 mm (0.75in.)

Figure 5.87: NSM FRP typical section
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Figure 5.88: Specimen B.IT.NC.NS repair
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In tensile tests on the FRP, failures typically occurred from splitting longitudinal to the specimen
at or within the grip. Consequently, the tensile strength was a bit lower than that reported by the
manufacturer. However, the modulus values and corresponding % strain at failure were within
the range of values shown. If a gripping failure would have been prevented, it is possible that
the ultimate strength values would be more in line with the manufacturer’s reported values.
Results of the tensile tests are shown in Table 5.17 with comparison to the manufacturer’s design
values. Direct pull-off tests of the epoxy were performed on the concrete, similar to that of the
CFRP specimens, with failure occurring within the concrete substrate.

Table 5.17: NSM tensile test data

B.IT.MC.HM3
Hughes Bros. Test
Property. Eeported Drata Test Standard
Iean i
Dewation
Coupon Thickness 2 2 0.00
trtn (i) [0.079] [0.079] [0.000]
Tensile Strength: 2068 1491 139
Iipa (kesi) [300] [216] [16]
Elastic Modulus: 124 138.5 39
Gpa (lest) [1&000] [20082] [568]
Rupture Strain %o: 1.7 1.08 0.1

In addition to pull-off tests of the epoxy, direct tension pull-out tests were performed at depths of
51 mm (2 in.), 102 mm (4 in.), and 152 mm (6 in.) to qualitatively show the strain in the FRP at
different embedment depths. Two issues made the test setup more complex than the
corresponding internal stirrup pullout test. The first obstacle involved loading a single
embedded NSM tape eccentrically from the center line of the beam. The second condition
related to gripping of the FRP, as a mechanical splice used in the internal stirrup pull-out tests
was not feasible. Therefore, a test setup was created to resolve the previously mentioned
obstacles, as shown in Figure 5.89.

Loading of the FRP came from the center hole actuator used previously in the internal stirrup
pull-out tests, with a reaction section modified from the external stirrup apparatus. The 51 mm
(2 in.) and 102 mm (4 in.) embedment depths were located on the same end of the beam, such
that reacting on the W beam induced equal stress in the two embedment depths. Gripping of the
specimen was resolved by bonding two angle sections to the FRP with the same 3M DP460NS
epoxy and reacting against the angle sections to induce stress in the FRP. The goal was to fail
the 51 mm (2 in.) embedment first, then anchor the failed end with a threaded rod anchor. Next,
the 102 mm (4 in.) side would be loaded to failure. The remaining 152 mm (6 in.) embedment
was placed at another location along the beam, with the NSM located on one side and the
threaded rod anchor on the opposite face.
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Figure 5.89: NSM pullout test setup

The goals of the initial test for the 51 mm (2 in.) and 102 mm (4 in.) embedment lengths led to
unintended results. During the test, failure of the 51 mm (2 in.) embedment resulted in a rapid
release of energy that sent the reaction section in a clockwise motion in the direction of the 102
mm (4 in.) embedment depth, resulting in fracture of the 102 mm (4 in.) embedment FRP.
Therefore, additional testing of the 102 mm (4 in.) embedment was not possible. The strain data
from the first test indicate a slight eccentricity of the load, resulting in a higher force in the 102
mm (4 in.) embedment length.

Testing of the single 152 mm (6 in.) side resulted in a similar failure mode to the previous
embedment lengths. The NSM was anchored on one side of the beam and the opposite side was
anchored by a threaded rod. A wedge type failure in the concrete resulted in a rapid release of
energy, thereby permanently deforming the threaded rod anchor. A plot of the bar stress versus
displacement is shown in Figure 5.90 for all three embedment lengths. For the 152 mm (6 in.)
embedment, the sensor for recording the displacement of the NSM reached its maximum value
prior to failure of the wedge; therefore the plot in Figure 5.90, which indicates a higher stress for
a fixed displacement, does not fully represent the test outcome. Results of both the pull-off and
pull-out tests are presented in Table 5.18.
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Figure 5.90: Specimen B.IT.NC.NS repair
Table 5.18: NSM pull-off and pull-out test results
Spectmen: BIT.NC N3
Mean 3076
Fulloff K Pa (psi) [446]
Tests Standard Deviation 264
K Pa (psi) [3E]
Embedement Depth Max Stress
Pullout 51mm (2m) 462 MPa |[67 ksi]
Tests 102 mum (4 i) 565 MPa [[82 ksi]
152 mm (6 i) 1193 Mpa|[173 ksi]

The process for installation of the NSM FRP stirrup repair is outlined below, with reference to

Figures 5.91 and 5.92:

specimen.

Determine spacing and location of the NSM FRP reinforcement along the span of the

Locate the integral steel stirrups with a rebar locator such that the NSM locations do not

coincide with the integral stirrups (due to variations in the concrete cover).

196

Saw cut grooves in the beam at the locations for the NSM FRP.

Remove any remaining slurry residue or debris from the grooves.



e Apply the epoxy two-thirds the depth of the hole.
e Insert the FRP rod or tape.

e Ifneeded, apply additional epoxy to ensure complete penetration around the FRP.

Figure 5.91: NSM installation: cut grooves (left) and initial epoxy application (right)

Figure 5.92: NSM installation: final product
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5.5.2 Experimental results

Behavior of the NSM repair specimens is presented in the following section, with reference to
the SPR 350 beams (Higgins, et al. 2004b). Shear load versus midspan displacement plots for
each external stirrup repair specimen are presented in Figure 5.93. Shear load versus diagonal
displacement and shear load versus average vertical strain plots are provided in Figure 5.94 and
5.95, respectively. Lastly, shear load versus typical integrally cast stirrup strains are shown in
Figure 5.96. Crack map data for all the repaired beam specimens are shown in Figure 5.97
including crack formation for each load increment. The crack map data is replicated in Figure
5.98 for all the beam specimens with the cracks identified as precrack and repair.

SPR350 B.IT.NC.NS
Centerline Displacement (mm)
0.0 5.1 10.2 15.2 20.3 25.4 30.5 35.6
250 1112 250 1112
305 mm (12") Spacing Baseline
—— = 457 mm (18") Spacing —— = Repair
200 890
g 150 7/ 2\ o8 2
= =2
3 7 | 3
£ 100 /& /7 a5 =
50 / 7 222
//
0 — 0
0.4 0.6 0.8 1 1.2 1.4
Centerline Displacement (in)

Figure 5.93: NSM repair specimen shear force versus centerline displacement

SPR350 B.IT.NC.NS
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TS N 890 200 890
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222 50 // /// l 222
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0 0.2 0.4 06 038 1 12
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Figure 5.94: NSM repair specimen shear force versus diagonal displacement
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Figure 5.95: NSM repair specimen shear force versus average vertical strain
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Figure 5.96: NSM repair specimen shear force versus typical internal stirrup strain
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Figure 5.98: NSM repair specimens crack maps: precrack versus repair

The strength loading condition for the near surface mount beam illustrates the following: 1)
strain throughout the depth of the member; 2) load sharing with integrally cast stirrups; 3)
comparison of average vertical strain to carbon fiber strain; and 4) the distribution of strain
within the carbon fiber at a fixed distance from a crack for the strength loading condition. The
first comparison, shown in Figure 5.99 illustrates the strain data for two NSM strips at the same
crack location. Figure 5.99 indicates the two curves begin to diverge from each other after the
service level strains are exceeded, with a maximum deviation of approximately 1200pe for the
gage located on the west side of the specimen. Comparison of the integrally cast stirrup strain
with that of the carbon fiber is shown in Figure 5.100. The service level range of data indicates
consistent strain readings for internal stirrup 2N and the carbon fiber gages. However, as the
applied shear increases, the carbon fiber begins to behave in a nonlinear fashion. At failure, only
two of the NSM CFRP strips (one on each face) were effective in providing shear resistance to
the section. The other strips crossed the diagonal crack at the compression zone and at the crack
tip and thus could not constrain the crack. Failure was a shear-compression failure.
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Figure 5.99: B.IT.NC.NS shear force versus NSM strain: strength loading
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Figure 5.100: B.IT.NC.NS shear force versus NSM and integrally cast stirrup strain

5.5.3 Analytical methods
5.5.3.1 NSM stirrup repair: comparison with literature review

The bulk of the information for NSM repair has come from the available literature
documented in Chapter 2. The issue related to the capacity estimates for NSM is focused
on the local bond properties of the specific type of carbon fiber and epoxy. In the current
investigation, the results from the work of Shield, et al., which investigated the bond
properties of several epoxy products, produced a clear frontrunner with the 3M DP460NS
epoxy (Shield, et al. 2005). The problem of relating the bond properties to the repair is
outside the scope of work in the current project. However, work of De Lorenzis and that
of Parretti and Nanni provide two differing values for the bond strength parameter used
in design (DeLorenzis 2004; Parretti and Nanni 2004). As research outcomes continue
to populate the literature, a better indication of the actual bond strength parameters and
limits may be better established.

5.5.3.2 NSM stirrup repair: comparison with codes

The use of CFRP as a near surface mount application is a new and emerging technology.
ACI 440, in conjunction with ACI 318 or R2K, similar to that of the CFRP repair
specimen, was used as the primary comparison for the repair, as there is no additional
guidance among the available international codes. The shear contribution from ACI 440
coupled with R2K and ACI 318 is shown in Table 5.19. As per ACI 440 guidelines, the
FRP contribution to shear was dominated by bond strength and thus related to strain on
the carbon fiber. The reduction in strain was based on the repair scheme — the NSM was
discretely repaired on two sides as opposed to the three-sided U-wrap of the CFRP beam.
The resulting increase in shear strength accounted for approximately 12 kN (3 kip) of
shear. The R2K and ACI 440 strength estimate was close to the failure shear, although
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the base specimen estimated by R2K was only 7 kN (1.5 kip) from the repair. The ACI
318 and ACI 440 strength estimate was very conservative, based substantially on the
conservative base specimen capacity. As seen in this table, the contribution from the
NSM CFPR is small in comparison to the base capacity, and future work must consider
different alternative configurations (lower base strength with more NSM CFRP material)
to clearly identify the supplemental shear contribution of the NSM CFRP.

Table 5.19: NSM beam code comparison

ACI 440
Spe{:imen: Method: Vbaseline l""‘sl.r\en thened Vs tot VEXP VEXPND&'D
KN | kip | kN | kip | kN | kip | kN | kip
0.98*R2K | 733 165 744 | 167 0.99
selkotei ACI 318 | 509 115 2 A 521 117 e s 142

5.5.3.3 NSM stirrup repair: comparison with R2K

Comparison of the strength gain utilizing R2K design curves was provided, similar to the
previous specimens, as shown in Table 5.6. The additional shear pressure term from the
baseline to failure curve resulted in a 73% efficiency rating. The result is lower than the
85% provided in the CFRP model; but again the small increase in load can result in
varied results depending on the assumed intersection on the design curves.

5.5.3.4 NSM stirrup repair: comparison with VecTor2

The NSM beam was modeled with VecTor2 following the method outlined for CFRP.
The meshing scheme for the NSM beam is shown in Figure 5.101. The primary
difference between modeling the NSM and the CFRP was based on the effective width of
NSM per unit height. The dimension for this value was taken as the three inside faces of
the rectangular groove. Also, no increase in bond strength was provide at the bottom of
the FRP strips, as the NSM repair scheme resulted in discrete strips, not ‘U’ shaped
repairs.

=) E=rr)

0 Y0 A D A I W O 0 B KR 9 7 e L e e 2 P 2 i L B S P B 1

Figure 5.101: VecTor2 meshing scheme for B.IT.NC.NS
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Results of the VecTor2 comparison for the NSM repair are shown in Table 5.20. The
analysis resulted in a slight under-estimate of the beam strength (3%). Load-deformation
response is shown in Figure 5.102. Similar to previous graphs, the initial stiffness of the
VecTor2 graph is higher than the experimental data to account for lack of precracking.
However, after this initial phase of the graph, the program corresponds well with the
experimental data until premature softening occurs. The identical response was noted for
the CFRP beam in which the VecTor2 response does not match that of the experimental
data as slip becomes more prevalent, although ultimate load is comparable to the
experimental work.

Table 5.20: NSM VecTor2 comparison

; W WecTord) W,
= : B &xp Wawp £
i i kip kTl kip G
B.AT.NC.MS 720 162 740 166 1.03
Centerline Displacement (mm)
0.0 5.1 10.2 15.2 20.3 25.4 30.5 35.6
250 1112
Repair
—— = VecTor2
200 890

668

H
g
Vimax (kN)

445

Vinax (kips)
8

50 222

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Centerline Displacement (in)

Figure 5.102: VecTor2 load-deformation response for B.IT.NC.NS

5.5.4 Discussion and design recommendations

The single specimen considered here provided a proof of concept, and more data are needed to
further validate use of NSM FPR for shear strengthening. Thus no specific design
recommendations are provided at this time for the NSM repair method. As of the publication of
this document, additional work has been funded by the Oregon Department of Transportation to
further investigate the use of NSM CFRP for shear strengthening. The limited test data available
within the literature, coupled with this future work, may allow further design modifications to
ACI 440 for NSM retrofits. However, at the present time, there is a lack of a consensus for use

of NSM.
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Based on the available test result, the observed behavior of the NSM repaired beam showed
excellent crack restraint at the NSM locations. Figure 5.103 illustrates the specimen under load
with cracks reducing in size in the vicinity of the NSM. Also, the epoxy used in the program
bonded well to the surrounding concrete and may serve effectively for future applications.
Failure photographs indicate failure occurred in the concrete section around the NSM CFRP
strips.

Figure 5.103: B.IT.NC.NS restraint of cracks under load

5.6 REPAIR METHODS FOR BENT CAPS: CFRP AND
LONGITUDINAL POST-TENSIONING

The bent caps have behavior quite different from slender beams, and two specimens were
investigated. One was repaired with surface-bonded CFRP strips and one with longitudinal post-
tensioning. These are described in the subsequent sections.

5.6.1 Material and application details
Surface bonded CFRP

The material properties and the process for CFRP installation on the bent cap specimen
were similar to that of the beam specimens, and the bent cap CFPR and bond component
properties were reported previously in Tables 5.12 and 5.13. Installation of CFRP on the
bent cap specimen is shown in Figures 5.104 through 5.106.
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Figure 5.104: CFRP bent cap installation: epoxy injection

Figure 5.105: CFRP bent cap installation: primer (left) and putty (right)
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Figure 5.106: CFRP bent cap installation: strip installation

Longitudinal post-tensioning

Longitudinal post-tensioning for the bent cap specimen required few materials. For an
in-service repair, two reaction beams and post-tensioning rods are needed; post-
tensioning of the individual bars would be accomplished by a center hole ram, typically
used in the prestressed industry. For the laboratory specimen, a 3.56 MN (800 kip)
hydraulic cylinder and associated 1.34 MN (300 kip) load cell were used to more readily
control the post-tensioning force. The test setup for the post-tensioning of the bent cap is
shown in Figures 5.107 and 5.108. The test setup included two W12X120 reaction
beams mounted on temporary supports to provide the post-tensioning force at the lowest
possible point on the section, but they were located above the sensors to measure relative
bar slip of the anchored flexural steel. The reaction beams were post-tensioned using
four 32 mm (1.25 in.) diameter 1034 MPa (150 ksi) high strength Dywidag bars; the bars
were instrumented to indicate the relative force distribution from the load cell, to provide
uniform load distribution in all the bars. Final installation of the post-tensioning system
is shown in Figures 5.109 and 5.110. The initial post-tensioning force applied to
specimen was 667 kN (150 kips).

North End
-406 mm (16 in.) Square

25 mm (1 in.) Thick Plate
3.56 MN (800 kip)
Hydraulic Cylinder
1.34 MN (300 kip)
Load Cell
W12 X 121 W12 X 120
178 mm
(Tin)
7
32 mm (1.25 in.) Diameter #
|~ T Temporary 1034 MPa (150 ksi) Dywidag Bars Temporary
Shering Shoring
T

> Bent Cap Post Tension Repair: Elevation
66 mm

(38in.)

Figure 5.107: Specimen D.IT.C.PT repair elevation
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Figure 5.108: Specimen D.IT.C.PT repair top view

Figure 5.110: Post-tensioned bent cap installation: adjacent reaction beam
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5.6.2 Experimental results

The two repaired specimens were compared with a previous specimen tested at OSU with
identical geometric and similar material properties, but which was not repaired prior to failure.
The bent cap specimens provided a large array of data to investigate global behavior in terms of
midspan and stub girder displacement, average vertical strain data, and column lateral
displacements. The specimens also provided a great deal of local behavior for the integrally cast
stirrups, flexural slip of the bars embedded into the column, as well as flexural strains within the
column and at midspan. In the current study, however, the focus was on data pertaining to the
integrally cast stirrup strains. The results of internal strain interactions with the repair media
provided a measure of effectiveness for each repair over the service and strength loading cycles.

Crack map data for the repair specimens is shown for the baseline and repair case in Figure
5.111; failure shear for each specimen is shown in Table 5.20. Global load versus displacement
graphs for midspan, south and north stubs are shown in Figures 5.112 through 5.114.

The control specimen failed before the next full load step with a large displacement at failure.
(Recall that each stub was loaded first individually in a half-step loading sequence, then together
in a full-step sequence.) The carbon fiber specimen failed at just over 1335 kN (300 kip) due to
abrupt bond failure between the CFRP and concrete, but it failed at a larger displacement than
the post-tensioned specimen. Video evidence of the failure showed that debonding of one strip
resulted in a domino effect for the remaining strips and eventually the specimen itself.

The post-tensioned specimen behavior with 667 kN (150 kips) of post-tensioning force indicated
that failure was imminent at a shear force lower than the carbon fiber repair, as failure was about
to occur at the south end. As the expected strength gain was only marginal at this stage, the
specimen was unloaded and a higher post-tensioned force 1112 kN (250 kips) was applied to the
specimen, which was again loaded to essentially the same load level and failure occurred. The
increased post-tensioning force did not increase specimen capacity, although it did reduce over
member deformation.
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Figure 5.111: Baseline and strength loading crack maps for bent cap specimens

Table 5.20: Bent cap specimen
failure shear including specimen

self-weight
. _ Failure Shear:
Sp ecimern: :
kM [kip=]
OT.C.FT 1398 314
OT.C.CF 1827 343
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Figure 5.112: Bent cap shear force versus centerline displacement: ultimate loading condition

210




Vmax (Kips)

Vmax (Kips)

Senturk & Higgins, 2008

D.T.C.PT

Displacement (mm)

0.0 25 51 76 10.2 127 15.2 17.8 20.3
600 2670
Baseline
—— - Repair 150K PT
500 2225 Repair 250K PT
400 1780
=
X
300 1335
>
> /;;?’ //,/
200 890 7
100 445
0 0
0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
D.T.C.CF Displacement (in)
Displacement (mm)
0.0 25 51 76 10.2 127 15.2 17.8 20.3
600 2670
Baseline
= Repair
500 2225
400 1780
~ g
—
300 ?’ = 1335
? 3
£
>
200 890
100 445
0 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Displacement (in)

Figure 5.113: Bent cap shear force versus south stub girder displacement: ultimate loading condition

211




Senturk & Higgins, 2008 D.T.C.PT
Displacement (mm)
0.0 25 5.1 76 10.2 12.7 15.2 17.8 20.3
600 2670
Baseline
—— - Repair 150K PT
500 2225 Repair 250K PT
400 1780
3 z
& =
< 300 1335 7 /}
g £
>
>
200 890 / /
100 445 /
0 0 /
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
D.T.C.CF Displacement (in)
Displacement (mm)
0.0 2.5 5.1 7.6 10.2 12.7 15.2 17.8 20.3
600 2670
Baseline
—— = Repair
500 2225
400 1780
8 z
< 300 1335
5 £
£
> >
200 890
100 445
0 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Displacement (in)

Figure 5.114: Bent cap shear force versus north stub girder displacement: ultimate loading condition

The tensile diagonal data in Figure 4.115 indicates the carbon fiber repair specimen showed
lower displacement values compared to the control specimen for all but the last load step. The
post-tensioned specimen exhibited a similar behavior compared to the service level loading, with
gradually increasing displacement until failure.

Average vertical strain data in Figure 5.116 indicates the south end of the carbon fiber repaired
bent cap progressed through the loading cycle with a near linear behavior (as the south end
remained intact throughout the test). The behavior of the post-tensioned specimen along the
eventual failure side shows an improvement over the baseline curve. At the higher post-
tensioning cycle close to specimen failure, the horizontal line indicates significant panel
elongation with no additional shear.
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Figure 5.115: Bent cap shear force versus north tension diagonal: ultimate loading condition
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Figure 5.116: Bent cap shear force versus south average vertical strain: ultimate loading condition

Data for the south tensile diagonal is shown in Figure 5.117. The behavior of the post-tensioned
specimen mirrors the initial load steps of the north end, discounting the eventual failure event
with typical strain less than 0.05. The strain range is well below the other two specimens. The
carbon fiber repair specimen exhibited behavior that is similar to the average vertical strain, with
minor initial strain followed by a near linear behavior until failure occurred at the north end.
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Figure 5.117: Bent cap shear force versus south tension diagonal: ultimate loading condition

Local behavior of the north and south integrally cast stirrups are shown in Figures 5.118 and
5.119, respectively. For the north end, the internal stirrup achieves yield during the service level
range and continues into strain hardening as is evident in the figure for the CFRP-strengthened
bent cap specimen. The post-tensioned specimen does not achieve yield at the north end. The
post-tensioned specimen does achieve yield and continues into strain hardening at the south end,
which is where failure occurred. The CFRP repaired bent cap also achieves yield just prior to
failure. The slope of the repair curves for the two repair specimens are quite different, which
indicates the CFRP repaired bent cap provides greater load sharing between the integrally cast
stirrups and the carbon fiber strips.
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Figure 5.118: Bent cap shear force versus typical north internal stirrup: ultimate loading condition
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Figure 5.119: Bent cap shear force versus typical south internal stirrup: ultimate loading condition
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Strain compatibility and load sharing of the carbon fiber repair specimen are shown in Figures
5.120 and 5.121. The average vertical strain values are significantly less than that experienced
in the carbon fiber for the higher load steps. In the higher load steps, the carbon fiber strain is
essentially twice that of the internal stirrup for the whole step values. The deep beams produce
non-uniform strains that concentrate at the diagonal crack locations; thus results from slender
beams that provide more uniform strain distributions may not be directly applicable to deep
beam specimens.
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Figure 5.120: Bent cap D.T.C.CF shear force versus CFRP and average vertical strain: strength loading condition
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Figure 5.121: Bent cap D.T.C.CF shear force versus CFRP and integrally cast stirrup strain: strength loading
condition
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5.6.3 Analytical methods
5.6.3.1 Bent cap comparison: literature review

The single research paper included in Chapter 2 for post-tensioning of bent cap
specimens illustrated a significant strength gain if the dominant shear crack was epoxy
injected prior to post-tensioning, although no strength estimates due to post-tensioning
were provided. Validation of this conclusion is not applicable to the current study, as
only one bent cap specimen was included, whereas a minimum of two is needed for
validation: a control specimen repaired with epoxy injection, then post-tensioned, and a
second specimen post-tensioned without epoxy injection.

For the scaled specimens in the literature, the post-tensioning repair is based on several
factors related to aggregate interlock across the crack. For a shallow crack angle with
wide crack widths, the application of post-tensioning resulted in a reduction in strength,
and the authors suggest the post-tensioning induced additional slip along the failure
crack. For the current study, the crack angle was approximately 45 degrees; the degree
of aggregate interlock could not be directly measured. It is worth noting that the Zararis
Method assumes no aggregate interlock, and crack widths open perpendicular to the
eventual failure crack (Zararis 2003). For an epoxy injected repair specimen, a diagonal
crack will likely form at a slightly higher load adjacent to the injected crack. Thus,
according to Zararis’ Method, the capacity should be the same with or without epoxy
injection, as the new crack provides no aggregate interlock, and the capacity is again
governed by the steel crossing the crack. The two conflicting observations suggest the
need for a future investigation with different crack inclinations and varying level of post-
tensioning with and without epoxy injection of diagonal cracks. The current method
without epoxy injection over-estimated the strength from post-tensioning and would
produce unconservative results.

5.6.3.2 Bent cap modeling: ACI 440

ACI 440 was used to model the shear contribution for the bent cap repair specimen,
similar to that of the CFRP repaired beam specimen. However, the base specimen
capacity in this case was modeled after the Modified Zararis Method (Higgins, et al.
2008). Results are shown in Table 5.21. The shear capacity was limited by bond stress
for the U-wrap configuration to provide an effective CFRP stress of 112 ksi. For the six
strips located on each side of the bent caps, the area of CFRP was 0.78 in”. Including the
bond reduction factor y (0.85 for U-wrapping schemes), the wV¢ was computed as 74
kips. When used in the modified Zararis method (described in Higgins, et al. 2008), this
contribution to member strength is reduced by half due to the equilibrium considerations
(described below). Thus the predicted bend cap strength is conservative relative to the
experimental result. However, the prediction of an additional shear contribution of 74
kips, if directly superimposed on a base predicted strength, would yield unconservative
results.
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Table 5.21: Bent cap capacity predictions

Modified Zararis Nominal Strut and Tie VecTor2
Experimental Base Repaired Base Repaired Repaired
Shear Shear ACI 440 Shear Shear Shear Shear
Specimen  Units Strength Strength ontributio Strength Strength Strength Strength
1D Vexp Viase WwVe Vpredicted  Vexp/Vpredicted Vase Vpredicted  Vexp/Vpredicted| Vpredicted  Vexp/Vpredicted
D.T.C.PT k_N 1397 1385 2051 0.68 1019 1027 136 1343 104
Kips 314 311 461 229 231 302
D.T.C.CF k_N 1526 1304 331 1467 104 836 1241 123 1036 1.47
kips 343 293 74 329.7 188 279 233

5.6.3.3 Bent cap modeling: strut-and-tie method

STM provides a general framework for discretization of a structure into regions that
follow Bernoulli beam behavior and those that do not. Recall from Chapter 2 that
sections with complex nonlinear stress distributions are referred to as D regions, whereas
sections which conform to the Bernoulli beam behavior are denoted as B regions. Within
a given structure, D and B regions may both be present, or only one may be present. For
deep beams, the modeling of the D regions can be a complex task if performed by hand.
Changes in the inclination of a truss or additions of more complex elements are rapidly
re-evaluated by a computer.

Senturk utilized the Computer Aided Strut-and-Tie (CAST) software developed by Tjihn
and Kuchma at the University of Illinois at Urbana-Champaign to evaluate the STM
models used in his study. The program permits a graphical working environment for
engineers to manipulate the size of the D regions, solve for internal member forces, and
select the dimension of struts and reinforcement for ties. Changes to the location of
nodes can be accomplished at any stage of the analysis. The program contains a capacity
estimation tool, based on the ratio of the applied stress to the limits provided for the
components. CAST follows the ACI 318-05 Appendix A method as well as user
modifiable parameters to simulate the international code variations.

Senturk investigated three STM models for the specimens in his research. The first
model was the simplest, with only two nodes and no representation of the vertical
reinforcing. The second model included the effects of the vertical reinforcing, lumped as
one vertical tension tie. The last model utilized a series of struts and ties in order to
capture the arching affect of the specimen. Results for all three cases were conservative
with respect to the laboratory specimens. The simple example provided the most
conservative results, whereas the second model predicted a lower but still conservative
ultimate shear load. The complex model was sensitive to minor changes in nodal
geometry, resulting in quite different results for modest differences in nodal locations.
Overall, each model provided a conservative design, but this approach may be cost
prohibitive for evaluation of existing structures.

Senturk’s work provided the basis for the STM models in the existing study using CAST.
The STM leaves many possibilities for modeling the member. The primary components
of the second model used by Senturk were used in the current study, as it resulted in a
closer estimate of the base specimen with little sensitivity to nodal locations, and it
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included transverse reinforcing. The model consisted of four nodes, as shown in Figure
5.122.

Figure 5.122: CAST STM model base specimen: member and node assignments

The procedures for constructing the STM models in CAST followed the work of Senturk
and are subsequently summarized (Senturk 2008). The first step in creating a model in
CAST is to define a series of vertical and horizontal guidelines which aid in constructing
the member boundaries and the intersection of interior nodes. The use of guidelines
guarantees that the nodal points between elements are coincident, and it provides for easy
modification of the location of the nodes by simply moving the guidelines as opposed to
manually moving each individual node. Once the guidelines are complete, the STM
elements are created, material properties for concrete and steel are entered, and boundary
conditions and loads are applied. Member widths are also assigned within the model.

Member and node assignments for the base STM model are shown in Figure 5.122. A
common issue regarding the development of any STM relates to the effective width of
the elements. The effective width of the top horizontal prismatic strut, representing the
compression block, denoted as element S4, was set equal to:

W, =k-d (5-21)
where d (mm or in.) is the effective depth of the section at midspan; and k is taken from
classical beam theory as:
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K=\(p-n) +2:pen=pen -22)

where n is the modular ratio between steel and concrete; and p is the longitudinal
reinforcement ratio taken at midspan.

Next, the effective width of the vertical prismatic strut at the application of load was
taken equal to the width of the stub girders that framed into the bent — 406 mm (16 in.).
The final prismatic strut representing the vertical column at the base of the specimen was
given a width equal to half the column width — 305 mm (12 in.) — coincident with its
centerline.

Assignment of the tension ties was based on their relative location in the section. For the
longitudinal steel, the effective width was taken as twice the distance bounded by the
cross section and the centroid of the lowest row of steel. The effective width for the
internal stirrups was taken as the total steel width for the lumped stirrups within the shear
span. However, the program provides only one material property identification for steel.
In other words, there was no way to differentiate the different yield strength of the
flexural and transverse steel. This was resolved by reducing the lumped stirrup area to
coincide with the reduction in yield strength.

As a side note, the flexural cutoffs were modeled following the ACI requirement for
development length such that the node locations for the flexural bars coincided with their
fully developed strength. Also, inversion of the stiffness matrix created by the program
failed if an STM node attached only two elements. This condition is not explicitly
described in the accompanying literature; however, it can be resolved. By attaching an
additional STM member from the two-member node to a second node, without assigning
the element as either a strut or tie, the program will internally assign it as a zero force
member; it is used for assembly and inversion of the stiffness matrix only. These
members are denoted as ‘stabilizer’ elements in the program documentation.

The remaining compressive strut elements were constructed assuming bottle-shaped for
the ACI condition. The location of node N13, which connects the lumped stirrup tie to
the two compression struts was arbitrarily placed at 1/3 the height from the top of the
bent. It was positioned horizontally at the midpoint of the shear span. The effective
width of the struts was taken from Senturk to be:

Wy =W, -cos @ +b, g, sin 6 (5-23)

where 0 is the angle between the strut and the x-axis; w, was previously shown; and
by girder (MmV/1n) is the width of the stub girders that frame into the bent.

The initial locations of the nodes were modified in order to obtain the highest strength
capacity while providing the failure mode observed in the experimental program.
Senturk experienced specimen failure as a result of yielding of flexural bars within the
column and stirrup failure simultaneously. Modifying the model to include failure of
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both elements provides the failure mechanism representative of the laboratory specimens.
Senturk achieved the largest specimen capacity by increasing the inclination of the first
strut from the beam-column connection. This was accomplished by moving the vertical
prismatic strut representing the column member horizontally toward the shear span,
which in turn increased the angle of the first compression strut and reduced the effective
width of the column prismatic strut (which was bound by the exterior edge of the
column). In this respect, arbitrarily moving the node to the limit of the column was not
possible, as it resulted in failure of the vertical prismatic node.

Senturk also increased the capacity of the base specimen by changing the location of the
upper node for the lumped stirrup tie. By decreasing the inclusive angle between the two
struts at this node, the capacity increased. Thus, by adjusting the two nodes, Senturk was
able to obtain the highest capacity for the given failure mode. Failure of the base STM
model is shown in Figure 5.123.

Figure 5.123: CAST STM model base specimen governing member/load

With a few exceptions, modeling of the two bent caps in the current study followed a
similar trial and error method in order to reach the highest base specimen capacity. First,
the strength increase for the post-tensioned specimen followed after moving the vertical
column strut toward the shear span. Moving the second node upward also increased
capacity, but it was limited to a height of 100 mm (4 in.) measured from the horizontal
compression zone. Further vertical movement of the node would result in two parallel
struts connected by a horizontal compression zone. The visualization of forces for such a
model is unrealistic. For the CFRP repair specimen, the concrete strength resulted in the
vertical strut placed at its vertical centroid as opposed to close to the beam-column
interface. The second node was moved vertically upward in order to increase the
capacity. The failure load and distribution of forces for the CFRP and post-tensioned
specimens are shown in Figures 5.124 and 5.125 respectively.
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Figure 5.124: D.T.C.CF failure load — CAST STM model

Figure 5.125: D.T.C.PT failure load — CAST STM model

Another issue to note is that the CAST program assigns strength reduction factors and
over strength parameters for each strut, tie, and node. The nominal capacity of any
structure can be found, but all the default reduction and over strength factors must be
changed to 1.0. The program provides the option to use the over strength or reduction
factors. However, if neither option is checked, the program internally does use the over
strength factors if they are greater than 1. Several international codes utilize a
combination of an efficiency factor used in conjunction with a strength reduction factor.
In order to compare the codes on a common threshold, the final factors for shear
resistance (including efficiency and strength reduction factors where appropriate) are
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shown in Table 5.22. The weighted averages for each code reduction factor are show in
Figure 5.126.

Table 5.22: STM strength reduction factors for various elements

Element Strength Reduction Factors
Code: ACIl | AASHTO| Canadian | Eurocode2 | CEB-FIP1990 | CEB-FIP1999
Sl Prismatic Strut | 0.638 | 0.595 0.6375 0.667 0.521 0.515
Other Shape 0478 | 0595 0.6375 0.368 0.368 0.412
Tension Tie 0.75 0.9 0.9 0.87 0.87 0.87
No Tension Ties | 0638 | 0595 0.595 0.613 0.560 0.680
Node: 1 Tension Tie 0510 | 0525 0.525 0.521 0.395 =
2TensionTies | 0.383 | 0.455 0.455 0.460 0.395 =

TLargest value shown. Can vary to as low as 0.23184
*For nodes with tensile forces, the code requires a check of the anchorage length or bearing capacity.
Compression ties are given a value of 0.80
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Figure 5.126: STM efficiency factors from international codes

Prior to discussion of results, the modeling of the repair types within the CAST program
is described. For the post-tensioned specimen, the yield strength of the steel was
increased to reflect the additional flexural capacity provided by post-tensioning.
However, the internal stirrup area was also subsequently reduced to offset the increased
yield strength of the longitudinal steel (only one yield strength parameter for steel is
available). As such, the strength increase estimate was marginal at best.

The carbon fiber repaired specimen was modeled by increasing the area of steel to
coincide with the ACI 440 contribution for shear. With a large increase in capacity for
the vertical tie, the failure was still dominated by the flexural bars at the beam-column
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interface, which resulted in little to no increase in strength. In reality, the repair did
provide additional strength.

In order to check if the flexural bars within the column failed before or after the FRP
failed in bond, the strain data was examined. Recall that the two anchorage bars
embedded into each column were instrumented at three locations, each along the
embedment length. The strain data indicated that only two of the strain gages (the east
and west inner bars at the north end) reached yield prior to debonding of the FRP. The
remaining active gages did not reach yield until after failure. Thus, increasing the
capacity of the flexural bars was warranted in the CAST model. The modeling of the
bars into the column do not take into account the detailing (hook, mechanical anchorage,
etc). Therefore, the capacity of the bars was increased due to the clamping force
provided by the applied load within the column. Koester and Higgins provided an
increase in the allowable bond stress for a bar in such a configuration as shown below
(Koester and Higgins in press).

P
Hinod = [08 +_] *Have
800 (5:24)

where P is the active confining stress in the column.

For the current investigation, the failure shear was divided by the column area to obtain
the active confining pressure. The resulting increase in area for the bars permitted an
increase in the shear strength due to the CFRP and provided failure in the vertical
tie/flexural bars.

5.6.3.4 Bent cap modeling: Zararis Method

Previous work at OSU by Senturk (Senturk 2008) included the prediction of shear
capacity based on the Zararis Method (Zararis 2003). Recall from Chapter 2 that this
method uses a reduced compression block based on the moment equilibrium calculated
on two wedge shapes (above and below the critical shear crack). Using the reduced
compression block, the capacity of the section is determined by moment equilibrium of
the upper wedge (that includes the concrete compression block). However, the original
method over-estimated the capacity of the laboratory specimens, specifically for the
horizontal compressive forces. Horizontal equilibrium was not satisfied, due to the
limited longitudinal reinforcement embedded in the columns. Also, the method
disregards the horizontal shear force contribution of the vertical web steel, which may be
necessary to ensure horizontal force equilibrium.

The Zararis Method was modified by limiting the concrete compressive strength and by
taking into account the horizontal shear contribution of the stirrups. The compressive
strength was limited to 0.85*f;' as a result of compression softening due to indirect
loading and lack of confinement of the compression zone. The horizontal shear force
contribution of the web reinforcement was taken as shown in Equation 5-25 below.
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V, =04V, tang (5-25)

For the modified analysis, the initial values of ¢, cs, and P, are computed using the
original Zararis Method, but utilizing a reduced concrete strength as previously noted
(where c is the depth of the compression block considering flexure alone, cs is the
reduced depth of the compression zone due to shear induced diagonal cracking, and P, is
the axial force equilibrium at capacity). Horizontal equilibrium is checked against the
compression force. The first analysis case assumes the tension capacity of the available
longitudinal reinforcement, denoted in Equation 5-26, is greater than or equal to the
compressive force.

T..=Af,>C=085-f b-c, (5-26)

In this case, the strength is governed by the concrete, and the original equation for shear
capacity is used. If Equation 5-11 is not satisfied, applicability of a second case is
checked, where the tension capacity of the longitudinal steel plus the horizontal shear
force contribution from the web reinforcement is greater than the compressive force, as
shown in Equation 5-27.

T +Vig 2C=0.85-f -b-c, (5-27)

In this case, the capacity is calculated as shown in Equation 5-28, where the horizontal
shear component of the stirrups is limited to Equation 5-29.

Ve imied = C = T 1 T #V5q >C (5-28)

C. .
T |[1-05- 2", 05.v, (aj'i'()'s'vsd limited
V, = ‘ ‘ ’

’ (a/ d ) (5-29)

A third case exists if the tensile stress plus horizontal shear component of the stirrups is
less than the compressive force of the concrete. In this case, the strength is governed by
the availability of the steel reinforcement, and the compression block is further reduced,
as denoted in Equation 5-30.

Tmax +Vsd
Cs,limited T o L
The resulting shear strength is shown in Equation 5-31.
Cs limited a
Tl 1-0.5-—==[+0.5-V, (] +0.5-V,
d d
vV, = 5
(a/d) (5-31)
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Modifications for the post-tensioned specimen include a second horizontal tensile force
equal to the post-tensioned force and a second lever arm. The resulting modification is
shown in Equation 5-32 for the case of post-tensioning applied coincident with the
longitudinal steel:

C . .
(T + For )| 1-0.5. “tmicd +0.5-v5-(""J+o.5-vsd
o d d

p (3/d) (5-32)

This approach applied to the post-tensioning specimens suggested an increased shear
strength, which was not observed. The possible reason for this discrepancy is that the
post-tensioning force increases the compressive stresses in the reduced compression
block, and for a shear-compression failure the added compression is not particularly
beneficial. Conflicting findings in the literature and this research highlight the need for
additional work for strengthening deep beams. For the carbon fiber repair, the base
specimen capacity was determined by the Zararis Method, with the repair contribution
taken from ACI 440 (divided by 2 as seen in Equation 5-31), which was governed by
bond strength of the epoxy.

5.6.3.5 Bent cap modeling: VecTor2

Each of the repaired bent cap specimens was modeled in VecTor2. The post-tensioned
bent cap specimen’s meshing scheme is shown in Figure 5.127. For this specimen, the
post-tensioning force was applied along five nodes that represent the limits of the height
of the reaction section on each column section. An initial 22.5 kN (5 kip) was applied to
each node, and the force was applied in several incremental steps. The post-tension force
was used in a seed file for the final loading cycle. The results of the capacity estimate are
shown in Table 5.21. The VecTor2 model conservatively predicted the shear force within
4% of the failure load.

The load versus midspan displacement is shown in Figure 5.128. The specimen provides
close correlation with the experimental data, noting that the VecTor2 model was loaded
prior to cracking moment, which would result in a more accurate slope along the initial
portion of the curve.

—

Figure 5.127: VecTor2 meshing scheme for D.T.C.PT
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Figure 5.128: VecTor2 load-deformation response for D.T.C.PT

The CFRP repaired bent cap was also modeled in VecTor2, utilizing the bond-slip
relationships previously identified for the beam specimen. The meshing scheme for the
repair is shown in Figure 5.129. The strength estimate is shown in Table 5.21, which
indicates no additional capacity was gained for the repair.
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Figure 5.129: VecTor2 D.T.C.CF meshing scheme for D.T.C.CF

To better understand the behavior of the model, the midspan load-deflection curve is
shown in Figure 5.130. The graph indicates a stiffness change for the cracked section
with a gradual change in stiffness until failure. The constitutive models used in the
literature were applied to beam specimens that have a larger a/d ratio than the existing
deep beams. Therefore, the relationships may need to be modified accordingly. Also,
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the premature failure may be a question of scale, as many CFRP shear beam tests are
performed at reduced scales. Due to the large width of cracks and disturbed strain fields
for the bent cap specimens in the current study, the bond slip relationship may not be

directly applicable.
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Figure 5.130: VecTor2 load-deformation response for D.T.C.CF

5.6.4 Discussion and design recommendations

Testing large scale specimens produces realistic strain conditions and removes any question of
size or scale effects. However, limited resources prevent large numbers of specimens. Thus, the
results of the current investigation provide an indication of two repair conditions, but they do not
provide sufficient variability to provide general design recommendations. Based on the
experimental and analytical results for these specimens, the following observations and
recommendations are made:

e STM consistently provided a lower bound for the capacity of the repaired bent cap
specimens. These may lead to excessively conservative and uneconomical results.

e Ifmore refined estimates for the base specimen capacity are required, the Zararis Method and
the Modified Zararis Method (proposed by Senturk) are recommended to compute improved
shear capacity estimates, based on similar and previously tested bent cap specimens.

e ACI 440 was used to estimate the strength gain for the CFRP bent cap and, when used with
the Modified Zararis Method, it provided conservative results. However, the ACI 440
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predicted shear contribution alone (if using direct superposition) would just barely be
conservative. The complex strain fields and concentrated cracking produced very different
conditions than those of slender beams, and additional study of repair of large-size deep
beams with CFRP is warranted for this material. Much of the conservatism from ACI 440
was seen to come from the base strength prediction (in the case of the slender beams) of ACI
318, which is known to be less conservative for large beams.

e The post-tensioned bent cap capacity was estimated by the Modified Zararis Method with an
unconservative estimate of the repaired strength.

e The literature suggests that additional strength may be gained by epoxy injection prior to
post-tensioning. However, the VecTor2 model for post-tensioning was completed such that
post-tensioning was applied prior to application of vertical load. As the results are
comparable to the experimental capacity of the section (not off by a factor of 2, as indicated
by Aravinthan and Suntharavadivel (2007)), the validity of such an increase attributed to the
epoxy injection alone prior to post-tensioning is uncertain. Additional study is warranted, as
post-tensioning of bent caps with the proportions studied here appears to be of limited
effectiveness.

5.7 LONGEVITY, RELATIVE COMPARISONS, AND SELECTION OF
APPROPRIATE SHEAR STRENGTHENING METHOD

5.7.1 Longevity of repairs

Long life of repair installations depends primarily on two factors: response under repeated
loading (high-cycle fatigue) and environmental durability. Based on the experimental data for
the different repair materials at service levels, the anticipated life of the different steel repair
materials can be estimated. The repaired member strengths can be predicted as described
previously in this chapter. For predicting service life, as presented in Chapter 4, all the materials
considered for girder applications exhibited strain compatibility with the cast-in-place (CIP)
stirrups (true even for the external stirrups when a stiff section was used to anchor the threaded
rods used as transverse reinforcing).

Based on field measured response of in-service RCDG bridges, observed in-situ stirrup strains
were sufficiently low so as to provide very long life (Higgins, et al. 2004b). Due to strain
compatibility observed experimentally between cast-in-place and repair stirrups, the
supplemental transverse steel components (either rebar or threaded rod) should also have live
load induced fatigue stress ranges that would be sufficiently low so that high-cycle fatigue would
not limit the repaired member. Previous research on fatigue of surface bonded CFRP indicated
repeated loading did not limit the life of the repairs (Williams and Higgins 2008). No data are
available to estimate the anticipated fatigue life of NSM FRP repairs, and research is underway
to assess this criterion.

Designers should estimate the live load stress range in the components to ensure that the
anticipated live load stresses are below fatigue thresholds of the internal CIP and supplemental
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transverse reinforcing components (internal or external steel stirurps). To estimate sharing of
live load induced stresses between the internal stirrups and supplemental repair materials, the
designer can assume that the diagonally cracked bridge girder carries the dead load shear (due to
self-weight of components and wearing surface) with the concrete and CIP stirrups. Subsequent
superimposed live load can be applied to the transverse steel (both internal CIP and
supplemental). Even if the section will be epoxy injected, whereby the live load stresses will be
carried by the integral composite section (the concrete and transverse reinforcing, both CIP and
supplemental), upon recracking the transverse reinforcing can conservatively be considered as
carrying the live load stress. Based on the experimentally observed strain compatibility between
the internal CIP stirrups and the supplemental transverse reinforcing at service load levels, the

live load stresses can be shared. Fatigue stresses in the transverse reinforcing should be kept
below 20 ksi.

Environmental durability of the different materials was not directly considered in the present
work, but recent research on surface-bonded CFRP indicates that if moisture is able to infiltrate
the element at the strip termination locations, then freeze-thaw and moisture exposure can reduce
the strength of girders (Higgins, et al. 2009). If moisture can be prevented from infiltrating into
the member, no significant deterioration is observed. It is recommended that girder sections be
epoxy injected to prevent moisture and possible chlorides from infiltrating the sections to protect
the CIP reinforcing and any supplemental internal strengthening materials. For the external steel
stirrups, these could be exposed to moisture and, in some instances, chlorides. This exposure
may result in corrosion, loss of stirrup prestress, and loss of strength. The long-term durability
of supplemental internal stirrups has been demonstrated for many years with field installations
by the Kansas Department of Transportation as detailed in the literature review. This field
experience indicates that long-term performance can be expected. Environmental durability of
NSM FRP is uncertain; this will be explored in a recently funded research project.

5.7.2 Relative comparisons of repair alternatives

As detailed in this report, all the repair techniques can be used to effectively strengthen RCDG
bridge girders for shear. No single technique is specifically recommended as the optimum
design choice for all situations. This is because the selection can depend not only on strength
and longevity, but on factors such as aesthetics, overall cost, access to bridge members,
congestion of the steel in the section, traffic volume and required lane closures, availability of
materials, expediency of the installation, and availability of experienced installers. Also the
particular long-term environmental exposure (such as windborne or road salts) or short-term
environmental conditions (time of year for installation in some locations) could impact
decisions. To highlight the relative comparisons between the different methods, several possible
design influencing criteria were considered. Each of the girder repair techniques was evaluated
with respect to the criteria shown in Table 5.23. The criteria are described in the notes of the
table.

5.7.3 Recommendation of design alternatives

While no one method may be appropriate for all given design situations, overall, the internal
supplemental stirrups method appears to offer many advantages over other alternatives. This
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technique is very efficient (making very efficient use of the material strength). The bonding of
the supplemental steel allows good crack restraint, and the efficient angle also enables good
anchorage of the bars. A key drawback is that the field installation must ensure that flexural bars
or existing stirrups are not damaged during installation. Loss of flexural steel is a particular
concern, as this can reduce shear strength due to shear-moment interaction. The supplemental
internal stirrups cannot offer clamping force or restraint to effectively enhance flexural
anchorage resistance to splitting. (This method does not provide resistance to splitting along the
plane of the flexural reinforcing.) Further, hole preparation and good bonding, which cannot be
directly assessed visually, are essential to successful implementation. The long-term durability
of the approach has been demonstrated in the field with many years of service performance
without reported issues by the Kansas Department of Transportation.

Design examples are provided for several of the repair alternatives in Appendix B.
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Table 5.23: Relative comparisons between girder strengthening methods
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Injcernal Yes Yes® | No Yes™ | Good™ | Good | Moderate | Maybe* Low Yes
Stirrups

E.pogy No NA | No* No Good | Good®™ Fast No Moderate | Yes
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Table 5.23 Notes:

1.
2.

10.

Effectively Increase Shear Strength: Does installation increase the shear strength of the section?

Efficiency of Materials: Do repairs make efficient use of the nominal material properties of the materials?
2a: If stiff support sections are used to anchor stirrups. 2b: Can easily be installed in principal diagonal
tension direction to make most efficient use of material.

Aesthetics: Do repairs significantly alter visual appearance of bridge. 3a: Epoxy injection of diagonal
cracks can leave “stripes” on the girders depending on surface coloration of girders.

Damage Base Strength: Can installation damage the strength of the section? 4a: Saw cutting required for
installation that could cut flexural or transverse CIP reinforcing. 4b: coring required for installation that
could cut flexural or transverse CIP reinforcing.

Environmental Durability: Is the repair expected to have long life under environmental exposures? Sa: If
water can be prevented from infiltrating into the section. 5b: Proven long-term field performance in
Kansas.

High-cycle Fatigue Life: Is the repair expected to have long life under high-cycle fatigue exposure? 6a:
Experimental validation of long life under fatigue. 6b: Anticipated long life but uncertain if vibration
loosens connecting components. 6¢: Epoxy repairs known to exhibit recracking, but reduces stirrup
stresses prior to recracking.

Speed of Installation: How fast is installation relative to others based on laboratory experience?

Requires Lane Closures: Does installation of the repair method require lane closures? 8a: Depends on
whether girders are cored from underneath or on the deck.

Volatile Inorganic Compound Use (VOC): What relative amounts of volatile inorganic compounds does
the repair use?

Controlled Conditions: Are controlled environmental conditions required during installation or curing
(temperature or humidity)?
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6.0 CONCLUSIONS

In this section, conclusions from the various repair methods are presented.

6.1 SUMMARY AND CONCLUSIONS

A research program was completed to investigate the behavior of lightly traditionally reinforced
concrete girders and deep beams. The program included 15 specimens tested at full scale (13
girders and 2 bent caps), with vintage 1950’s details including flexural cutoffs and widely spaced
integrally cast stirrups within the shear span. Transverse steel and concrete mix design
mimicked that of the original 1950’s beams.

The results of the initial five repair beams for epoxy injection indicate that epoxy injection
provides a means of bonding concrete across cracks and reducing steel stirrup strains, assuming
the subsequent applied load is less than the maximum value previously felt by the girder.
However, even strict enforcement of truck weights results in occasional overloads, which could
re-crack the girder and render the repair ineffective. Further, it does not significantly increase
the strength of the girders.

The remaining eight repair beams encompassed the latest emerging technologies in structural
engineering for strengthening existing reinforced concrete members. External stirrups, applied
to one IT beam with fully developed flexural steel, one IT beam with flexural cutoff details
within the shear span, and one T beam with fully developed flexural steel, were included in the
test matrix. The same three base specimens were constructed a second time, utilizing the
supplemental internal stirrup repair. The remaining two beams were repaired, one with surface
mounted CFRP strips in a ‘U’ shaped repair scheme, and one with rectangular FRP tape used in
a NSM application.

All but two of the beams failed in shear after strengthening; both cutoff specimens failed due to
anchorage. The bent cap specimens also failed in shear. For the beam specimens, the following
general conclusions can be drawn:

e R2K can be used to develop design curves which take into account shear-moment interaction
at a specific point of interest along a span.

e Using the shear ‘pressure’ term on the horizontal axis and the required shear stress on the
vertical axis, the additional shear pressure required for the strengthening scheme is readily
apparent, and the efficiency of the supplemental materials can be assessed relative to the base
condition.
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Results from the epoxy injection repair indicate:

e Capacity was not increased by epoxy injection. The largest capacity increases were observed
for specimens with continuous cyclical live load applied during injection and with externally
applied axial tension (which was due principally to an unintended post-tensioning effect).

e Live loading during injection and curing of epoxy produced dynamic pressure fluctuations
during the injection process and pumping of the epoxy within the diagonal cracks. Fine
bubbles were identified in the epoxy matrix of cores taken after testing for the specimen with
applied live loads, but these bubbles were not sufficient to diminish performance.

e Stiffness was improved and development of residual deformations was delayed by epoxy
injection.

e Epoxy injection increased the load level required to reform diagonal cracks in the stem.

e Injected diagonal cracks did not reopen; instead new cracks formed adjacent to the original
injected cracks.

e Epoxy injection reduced service-level stirrup strains compared to un-injected diagonal
cracks. This may reduce bond fatigue, thereby slowing or preventing additional crack
growth.

Results from the supplemental external stirrup repair indicate:

e Selection of the appropriate steel reaction section has a direct effect on strain compatibility
between the specimen and the external stirrups.

e Post-tensioning of external stirrups provides better strain compatibility over the service level
loading.

e The long unbonded lengths of the external stirrups will likely result in larger diagonal crack
motions than other repair methods (even with the post-tensioning effects). This point should
be articulated to field inspectors of structures repaired using this method.

e The amount of post-tensioning should be chosen based on a combination of the yield strength
of the external stirrups and the expected dead load strain in the internal stirrups (estimated as
a fraction yield stress in the stirrup from the service level applied shear on the section to the
shear strength of the section). A projected stress range to go from the initial post-tensioning
stress to yield for the external stirrups should match that available from the internal integral
stirrups so that both achieve yield at failure.

e From evidence found in the literature, a higher post-tension force results in higher specimen
capacity. The above suggested post-tensioning level, combined with stiff supporting steel
sections suggested above, should be adequate to achieve design strengths.

e From the available literature, the predicted shear strengths of each external stirrup specimen
were quite variable. The current investigation provided a wide range of strength estimates
based on either a simple 45 degree truss analogy or an approach following MCFT.
AASHTO MCEFT is proposed as the analysis method.
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The effectiveness of the repair is dependent on the reaction section used; however, if the
external stirrup is positioned close to the web, this affect can be minimized with a typical
external stirrup efficiency reduction due to weak axis bending of supporting steel sections on
the order of 0.95 to 0.98.

Results from the supplemental internal stirrup repair indicate:

Quality control of supplemental internal stirrup installation is paramount for success.

Knowledge of existing flexural steel and stirrups is required for coring purposes in order to
avoid severing critical steel components.

The exterior faces of the web should be patched at the location of the cracks prior to inserting
resin in the cored hole, as seepage of the epoxy will eventually penetrate from the cored hole

location to the exterior fiber of the beam. Alternatively, the beam could be cored after epoxy

injecting diagonal cracks.

Once a hole is created without interference with the surrounding steel, the interior concrete
surface must be clean to allow proper bonding of the epoxy. Also, seepage of epoxy through
the web of the section reduces the epoxy within the cored hole. Providing additional epoxy
throughout the installation due to seepage ensures complete encapsulation of the steel rebar.
Alternatively, epoxy injection of the cracks prior to coring would minimize seepage.

Selection of epoxy and size/grade of steel is important in the repair. Both larger and higher
strength bar with fewer holes or more common mild steel with more holes have been
effectively used in the current study. Relative cost and installation configuration (top down
or bottom up) will provide an indication of the optimal repair combination. For a top down
installation, the use of mild steel may be more economical, as specifications limit the use of
higher strength steels. Further, for shallower beams with less anchorage length, the lower
grade steel allows development of yield over shorter bond lengths. For a bottom up
installation, the use of a hollow rod through which to pump epoxy may provide the best
quality control.

Post failure investigation of the internal stirrup specimens indicates a horizontal offset of the
previous vertical grid lines on the specimen. Dowel action — the resistance of a reinforcing
bar against forces acting perpendicular to its longitudinal axis — is likely the cause of this
phenomenon. Dowel action may also increase bond efficiency and provide an additional
source of shear resistance.

Crack widths at ultimate were smaller than those of the external stirrup repair.

Providing supplemental stirrups close to the principal strain axis of the member provides the
best use of materials.

The efficiency factors based on R2K analysis indicate the method performs better than

predicted (attributed to the efficient orientation of rebar with respect to the principal tensile
strains and the influence of dowel action on the bars).
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Results from the surface bonded CFRP beam repair indicate:

No modifications to the existing ACI design approach are recommended based on this single
specimen. However, based on this and previous research to estimate the repaired specimen
capacity, ACI 318 in conjunction with ACI 440 can be used (Higgins, et al. 2006; Higgins, et al.
2009). Readers are referred to Higgins, et al. (2009) for additional detail on environmental
durability. Estimation of repaired capacity using ACI 440 and R2K is not recommended, as this
can lead to an unconservative design. VecTor2 provides a more conservative strength estimate
than that of ACI 318 and ACI 440 combined and could be used as a tool to verify designs.

Results from the NSM FRP beam repair indicate:

The single specimen considered here provided a proof of concept; more data are needed to
further validate use of NSM FRP for shear strengthening. Thus no specific design
recommendations are provided at this time for the NSM repair method. As of the publication of
this document, additional work has been funded by the Oregon Department of Transportation to
further investigate the use of NSM CFRP for shear strengthening. The limited test data available
within the literature coupled with this future work may allow further design modifications to
ACI 440 for NSM retrofits. However, at the present time, there is a lack of consensus on the use
of NSM in shear strengthening applications of large members.

Results from the bent cap repairs indicate:

e STM consistently provided a lower bound for the capacity of the repaired bent cap
specimens. These may lead to excessively conservative and uneconomical results.

e [fmore refined estimates for the base specimen capacity are required, the Zararis Method and
Modified Zararis Method (proposed by Senturk) provide improved shear capacity estimates
based on similar and previously tested bent cap specimens.

e ACI 440 was used to estimate the strength gain for the CFRP bent cap and, when used with
the Modified Zararis Method, it provided conservative results. However, the ACI 440
predicted shear contribution alone (if using direct superposition) would just barely be
conservative. The complex strain fields and concentrated cracking produce very different
conditions than those of slender beams, and additional study of repair of large-size deep
beams with CFRP is warranted for this material. Much of the conservatism from ACI 440
was seen to come from the base strength prediction (in the case of the slender beams) using
ACI 318, which is known to be less conservative for large beams.

e The post-tensioned bent cap capacity was estimated by the Modified Zararis Method with a
modestly unconservative estimate of the repaired strength.

e The literature suggests that additional strength may be gained by epoxy injection prior to
post-tensioning. However, the VecTor2 model for post-tensioning was completed such that
post-tensioning was applied prior to application of vertical load. As the results are
comparable to the experimental capacity of the section (not off by a factor of 2, as indicated
by Aravinthan and Suntharavadivel (2007)), the validity of such an increase attributed to the
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epoxy injection alone prior to post-tensioning is uncertain. Additional study is warranted, as
post-tensioning of bent caps with the proportions studied here appears to be of limited
effectiveness.

In addition to the laboratory tests, two RCDG bridges were inspected and instrumented to
measure response under ambient and controlled truck loads. The Clarks Branch Bridge was
strengthened with supplemental internal steel, and the Willamette River Bridge was strengthened
with surface bonded CFRP strips.

Results from the field tests indicate:

e Although some concrete cracking and some loss of the protective coating was observed, the
CFRP strengthened bridge exhibited similar responses to that measured 4 years previously.

e The Clarks Branch Bridge showed significant decrease in the stresses for the internal stirrups
after installation of the supplemental internal stirrups.

6.2 RECOMMENDATIONS

As detailed in this report, all the repair techniques were used to effectively strengthen RCDG
bridge girders for shear (except epoxy injection when applied alone). No single technique is
specifically recommended as the optimum design choice for all situations. This is because the
selection can depend not only on strength and longevity but on factors such as aesthetics, overall
cost, access to bridge members, congestion of the steel in the section, traffic volume and required
lane closures, availability of materials, expediency of the installation, and availability of
experienced installers. Also the particular long-term environmental exposure (such as
windborne or road salts) or short-term environmental conditions (time of year in some locations)
could impact selections. For the situation where all things are equal, the internal supplemental
steel stirrup method has demonstrated successful long-term service life performance, whereby
the other methods do not.

6.3 FUTURE WORK CONSIDERATIONS

Additional work is needed for the NSM FRP repair in order to develop design recommendations.
In addition, high-cycle fatigue performance and environmental durability need to be established.
Repair of deep beams is not well known, and limited information is available in the literature or
international codes. The single paper regarding the post-tensioned repair of bent caps suggests
epoxy injection substantially increases the capacity. However, current findings from VecTor2
contradict this assumption, as does the Zararis Method which assumed no shear interlock along
the characteristic crack. Repair of deep beams with CFRP using ACI 440 provisions, along with
an appropriate base strength model, requires additional study to ensure desired performance.
Further experimental data are needed to develop design methods for deep beams, as the strain
conditions are significantly different than those in slender beams, upon which the code is based.
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