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DESIGN AND IN-SITU LOAD TESTING OF BRIDGE No. 1330005
ROUTE 3560 - PHELPS COUNTY, MO

Executive Summary

This report presents the use of Mechanically Fastened - Fiber Reinforced Polymers (MF-
FRP) pre-cured laminates for the flexural strengthening of a concrete bridge. The system
consists of pre-cured FRP laminates bolted onto the concrete surface in order to provide
the necessary flexural reinforcement to girders and deck. The advantage of the technique
isin the fact that it does not require any surface preparation prior to the installation of the
FRP.

The bridge selected for this project consists of four Reinforced Concrete (RC) girders
monolithically cast with the deck. It can be assumed as simply-supported by the
abutments. The bridge is load posted and located on Route 3560 in Phelps County, MO.
The bridge analysis was performed for maximum loads determined in accordance to
AASHTO Design specification, 17th edition. The strengthening scheme was designed in
compliance with the ACI 440.2R-02 design guide and on previous research work on MF-
FRP system.

The retrofitting of the structure was executed in Spring 2004. The MF-FRP strengthening
technique was easily implemented and showed satisfactory performances. Two load tests,
one prior to and another after the strengthening, were performed. A Finite Element
Method (FEM) analysis was undertaken. The numerical model was able to represent the
behavior of the bridge and demonstrated the safety of the proposed posting limit.
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punch

Maximum Displacement Experienced during Load Tests
Design Tensile Strain of the Pre-cured FRP Laminate: e,, = C.e;,

Guaranteed Tensile Strain of the Pre-cured FRP Laminate as Reported by

the Manufacturer

Strength Reduction Factor according to ACI 318-02 Section 9.3: f =0.70
for Axial Load and Axial Load with Flexure for Member without Spiral
Reinforcement conforming to ACI 318-02 Section 10.9.3. The Same
Symbol is Applied to Indicate the Factors Used to Convert Nominal
Valuesto Design Capacities of Member

Strength Reduction Factor for Punching Shear Check according to ACI
318-02 Section 9.3: f =0.85

punch

Ratio of Tensile Non-prestressed Steel Reinforcement: r , = %

Ultimate Value of Stresses due to Moments and Shear Forces
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CONVERSION OF UNITS

1Inch (in

8.33340°? Feet ( ft)

2.54X0% Meters (m)

(in)
1 Inch (in)
(t)
(t)

1 Foot ( ft) =12 Inches (in)

1 Foot ( ft) = 3.048X0* Meters (m)
1Kip (kip) = 4.448222 Kilonewton (kN)
1Kip (kip) = 4.44822240° Newton (N)

1 Kip (kip) = 10° Pounds-Force (Ibf )

1 Kip per Square Inch (ksi) = 6.894757 Mega Pascal (MPa)

1 Kip per Square Inch (ksi) = 6.894757:40° Pascal (Pa)

1 Mile per Hour (MPH) = 4.470 Meter per Second (ny's)

1 Pound-Force (Ibf ) = 4.448222 Newton (N)

1 Pound-Force (Ibf ) = 4.448222x10* Newton (kN)

1 Pound-Force per Square Inch ( psi) = 6.894757x0® Megapascal (MPa)
1 Pound-Force per Square Inch (psi) = 6.89475740° Pascal (Pa)

1 Ton-Force (ton) = 2x0° Pounds-Force (Ibf )

1 Ton-Force (ton) = 2 Kips (kip)
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1. BACKGROUND

1.1. Delta Regional Authority Program Project

In December 2002, as a result of its partnership with University of Missouri, Rolla —
University Transportation Center (UMR-UTC), the Meramec Regional Planning
Commission (MRPC) received a $193895 grant award from the Delta Regional Authority
for bridge improvement projects in Crawford, Dent, Phelps, and Washington Counties.

1.2. Need for the Proposed Project

Trangportation infrastructure is one of the major economic development needs for the
Meramec Region. Local roads and bridges affect the economic welfare of the region by
providing links to the major routes. Local roads and bridges are the collector systems into
the larger state highway system for the transport of manufactured products and
agricultural goods, accessing employment centers, and bringing travelers and tourists to
the region. While many residents are engaged in agriculture and use the roads for farm-
to-market routes, a growing number of people are working in cities and living in
unincorporated areas relying on rural roads to commute to work. Aging bridges prohibit
growth in much of the region because they severely limit access to many communities.

According to the National Bridge Inventory in 1995, 29 percent of county bridges do not
meet minimum tolerable conditions to be left as-is. Nationwide, 40 percent of rural
bridges are posted as to weight or other travel restrictions. Load postings are defined as
the safe loads to cross a bridge. Loads over the posted limit cause damage to the structure
and shorten the life of the bridge. Examples of vehicles affected would be school buses,
fire trucks and ambulances, commercial truck traffic and large farm equipment. Dump
trucks are affected by all load postings according to the Missouri Department of
Trangportation (MoDOT) and emergency vehicles are affected by most postings. The
Federal Highway Administration (FHWA) classifies 32 percent of rural bridges as
structurally deficient. Over one-third of the rural bridges in Crawford, Dent, Phelps and
Washington counties are considered deficient by MoDOT standards. Much of the
problems with local bridges are due to age and obsolete design.



The high cost associated with bridge replacement keeps communities from addressing
many bridges. Even the cost to repar bridges is high when using conventional
technologies. Maintaining and upgrading transportation infrastructure is a challenge for
rural regions because of the sparse density of residents and number of roads and bridges
running throughout the area. The low Average Daily Traffic (ADT) on most rura bridges
seems to make the cost for bridge replacement ineffective. Low-volume bridges make it
difficult for rural areas to compete for grant funding to assist with bridge replacements
because rural areas are in competition with larger metropolitan areas. Rural areas are at a
disadvantage because more populated areas can incorporate additional aspects of
transportation, such as public transit and major economic impact, in grant proposals.

1.3. Description of the Project

Fiber-reinforced polymer (FRP) materials have recently emerged as a practical alternative
for construction and renovation of bridges. Advantages of FRP materials are that they
resist corrosion, long outlive conventional materials, and have high strength-to-weight
ratio. Placement of FRP material is in two forms, near-surface mounted bars and
externally-bonded laminates, and the materials are applied on the underside of bridges.
UMR has been working with FRP technology on projects around the state and in the
Meramec Region. Projects have included strengthening of bridges in Boone County,
Phelps County, and St. Louis. Bridges constructed with FRP materials were installed in
the city of St. James, MO. FRP strengthening of bridges has had significant cost and time
savings over conventional methods.

MRPC is working with local elected officials, UMR and MoDOT to identify and develop
31 bridge strengthening projects in the four-county area of Crawford, Dent, Phelps and
Washington. Counties provide MRPC a list of bridge needs and MRPC staff reviews the
list with UMR and MoDOT representatives to determine bridges that would be prime
candidates for FRP strengthening technology. MoDOT will also review the bridges to
determine those that have previously been inspected and found to be structurally deficient
or require a load posting. MoDOT will also help determine if projects can help the
counties earn soft-match credit towards larger projects using Bridge Replacement Off-
system (BRO) funds. MRPC will then determine the economic development impact each
bridge has on the region and prioritize projects based on this ranking. The University will



prepare design specifications for applying FRP material to each bridge. Contractors will
be competitively procured to install the FRP material and those contractors will be
required to have or receive certification from UMR for FRP technology training. The
University will monitor the application of FRP material to each bridge. Each county may
use a third party engineering firm to seal the design and monitor the contractor’s activity
to ensure that the results of the FRP technology are accurate and valid. Bridges may be
tested for load posting before and after the strengthening process to determine the effect
of the activity on the strength of each bridge. It is anticipated that strengthening will
allow for the load postings to be removed or significantly raised for the structures
subjected to such limitations.

1.4. Complementing Existing Regional Plans

Through MRPC, each county completed a Strategic Plan in 2000-2001 to identify current
needs and develop a plan of action. This information became part of the region's
Comprehensive Economic Development Strategy. Transportation infrastructure was a
common need found in all counties. A top priority for economic development was
determined to be the need for a better transportation system. Each county identified an
objective to improve existing infrastructure. Activities proposed to address the
transportation system included encouraging transportation development to enhance
economic growth. Most counties found that tourism is directly related to the
transportation system and if the tourism industry is to be promoted in the region, the
transportation system must be addressed. Counties determined that activities must include
improvementsto local roads and bridges as well as state routes.

Each community will be required to cover 30 percent of the cost to reinforce each bridge
addressed in their jurisdiction. Communities are also responsible for using a third party
engineering firm to seal the University’'s design work and inspect the work of
contractor(s) hired to apply the FRP reinforcement. The bridges to be addressed are not
deficient due to poor maintenance, but to age and structural obsolescence. Once
strengthened, the bridges will have an increased life by removing or upgrading the
current load postings. Each community budgets for road and bridge maintenance and this
will not change with the proposed project. Strengthening is the only alternative to
replacement, and should not require additional maintenance from the community’s road



crews.

An improved transportation system is a severe need all across the state, including these
four Delta counties of the Meramec Region. The transportation system, bridges in
particular, was found to be a top priority in the strategic plans for each county as part of
the Comprehensive Economic Development Strategy developed for the region.
Transportation was directly related to economic development in each county and for the
region. The transportation infrastructure of the region has a direct impact on economic
development by providing the means necessary to transport raw materials and products,
employees to/from work and consumers to/from business centers.

1.5. Impact of the Project

Strengthening bridges will allow for communities to open bridges to more traffic and
facilitate the movement of freight, farm equipment and products, and commuter traffic.
Counties will add new strength to bridges that otherwise would need to be replaced or
closed due to pogting limits. Major employment centers are located in each of the four
counties. The industries are dependent upon moving their goods and, in the Meramec
Region, goods move only via the road system. Major employment centers rely on the
local transportation system to allow access for employees and connecting with larger
transportation systems for moving materials and products. Such industries include Doe
Run Inc., Salem Memorial District Hospital and US Food Service in Dent County, Dana
Brake Parts Inc., Meramec Industries Inc., and Missouri Baptist Hospital in Crawford
County, Briggs & Stratton Corp., Boys & Girls Town of Missouri and Wal-Mart
Distribution Center in Phelps County and Red Wing Shoe Co., Georgian Gardens
Nursing Home and YMCA of the Ozarks in Washington County.

Up to 31 county bridges may be strengthened using the FRP technology. Strengthening
will remove load postings or significantly increase postings so that bridges will be open
to more traffic. These bridges will allow for more access from county roads to major
routes running through the area, directly impacting the economic development potential
of the region.



2. INTRODUCTION

This report summarizes the procedures used for the upgrade of the bridge No. 1330005
(see Figure 2.1), located in Phelps County (Route 3560), MO. The bridge is actually load
posted to a maximum weight of 10 ton.

Figure 2.1. Bridge No. 1330005

The total length of the bridge is 7925 mm (26 ft) and the total width of the deck is
6680 mm (21 ft 11in). The span of the bridge consists of four reinforced concrete (RC)
girders monolithically cast with a 152 mm (6in) deep deck. It can be assumed as

simply-supported by the abutments.

2.1. Objectives

The primary objectives of this document are to analyze the bridge superstructure and to
provide the design calculations for its strengthening using a Mechanically Fastened
Fiber-Reinforced Polymer system (MF-FRP). The advantage system consists of pre-cured
FRP laminates bolted onto the concrete surface in order to provide the necessary flexural
reinforcement to girders and deck. The strength of the technique is in the fact that it does



not require any surface preparation prior to the installation of the FRP.

2.2. Bridge Conditions

Prior to the strengthening of the bridge, a detailed investigation was required to determine
the initial conditions of the bridge and the properties of the constituent materials.

From visual observations, some concrete spalling along the longitudinal edges of the
bridge was observed. The girders and deck showed traces of steel rebar corrosion (see
Figure 2.2-a). As a consequence of the insufficient amount of longitudinal reinforcement,
all the girders were visibly cracked at mid-span (see Figure 2.2-b). In addition, due to the
inadequate transversal reinforcement, the deck also presented a longitudinal crack
halfway between adjacent girders (see Figure 2.3-a). The abutments appeared to be in
good condition except for some vertical cracks running down from the edges of the
girders across the entire height of the abutment (see Figure 2.3-b).

The details of the bridge reinforcement and material properties were unknown due to the
unavailability of the bridge plans. As a consequence, at the onset of the project, these
properties were determined in-situ, based on visual and Non Destructive Testing (NDT)
evaluation.

In particular, three concrete cores were drilled from the deck (see Figure 2.4-a), and they
were tested in compliance with ASTM C39/C39M-1 and ASTM C42/C42M-99 (see
Figure 2.4-b). The following results were found:

§ Average Compression Strength: f; = 46.6 MPa (6760 psi);

§ Standard Deviation: SD, =3.9 MPa (560 psi);

§ Variance: cowv., =100 S:?,C =8.3%.

C

Concrete cover and size of longitudinal and transverse steel bars in the deck were
determined from the concrete cores (see Figure 2.5-a) asfollows:

@ Transverse Direction
#4 (12.7 mm (0.5in) diameter) steel bars

average spacing: 432 mm (17 in) on center



clear concrete cover: 63.5mm (2% in);

@ Longitudinal Direction
#4 (12.7 mm (0.5in) diameter) steel bars

average spacing: 330 mm (13in) on center

clear concrete cover: 50.4 mm (2 in) )

a) Girders and Deck b) Bending Cracks in the Girders
Figure 2.2. Condition of the Superstructure

a) Longitudinal Crack in the Deck b) Vertical Crack in the Abutment
Figure 2.3. Condition of Deck and Abutments
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a) Coring b) Compression Tests
Figure 2.4. Material Characterization of the Concrete

Concrete cover, number and size of flexural and shear reinforcement for the girders were
determined by chipping off concrete at different locations (see Figure 2.5-b). The
reinforcement consisted of:
@ Flexural Reinforcement
3 #6 (19 mm (% in) diameter) steel bars

clear concrete cover: 76.2 mm (3in);

@ Shear Reinforcement

1#4 (127 mm (0.5in) diameter) steel bars @355mm (14in) on
center at the mid-span

2 #4 (127 mm (0.5in) diameter) steel bars @355 mm (14in) on
center (closetothe  abutments)

clear concrete cover: 57 mm (2 in).
The location of the steel reinforcement for the deck and girders was accurately detected

with arebar locator. Using the same equipment it was also possible to determine that all
girders were reinforced with the same amount of steel.

The mechanical properties of the steel reinforcement were determinate by testing three



specimens cut from an exposed bar found in one of the abutments. They were tested
according to ASTM A615 and ASTM A955 (see Figure 2.5-c). The following results
were found:

§ AverageYield Strength: f, =377.1MPa (54690 psi);

§ Standard Deviation: SD, =28.7 MPa (4170 psi);

. S D)
§ Variance: cov., = 100f—y =7.6%.
y

Based on the experimental results, a Grade 50 steel was assumed for design.

Transverse

Bar | ongitudinal
Bar

L 2

o ’
'1.1"‘_.*'_

H

L . .."‘:.:L:,. o 1 H -"'T'- " i ]
a) Pieces of Barsin a Core b) Broken Section of a Girder

Figure 2.5. Material Characterization of the Steel Bars

c) Tension Test

The geometry of the bridge is summarized in Table 2.1. Figure 2.6 and Figure 2.7 show
the longitudinal and plan view of the bridge. Figure 2.7 also draws the position from
where the concrete cores where extracted and the longitudinal and transverse steel
reinforcement of the deck.

Cross section and steel reinforcement for the girders are summarized in Figure 2.8,
Figure 2.9 and Figure 2.10. In particular, Figure 2.8 summarizes cross-section and
longitudinal reinforcement for all the girders while Figure 2.9 and Figure 2.10 show the
shear reinforcement for the outer and the inner girders respectively.



Table 2.1. Geometry of the Bridge

Clear Span |, =7315 mm (24 ft)
Design Length l, = 7620 mm (25 ft)

Deck Height Hy =152 mm (6in)
Girder Web Height H, =406 mm (16 in)
Girder Width W, =366 mm (14 in)
Spacing between Girders On Center d, =1803 mm (5 ft 11in)
Cantilever Deck d, =457 mm (1ft 6in)
Roadway Width W, = 6680 mm (21ft 11in)
Curb to Curb Roadway Width W, =6172 mm (20 ft 3in)
Overlay Height (Compact Gravel) H, =152 mm (6 in)

The analysis and design of the bridge was performed according to the MoDOT Bridge
Manual, to the experimental results attained at the University of Wisconsin-Madison
(Bank et a., 2002) and at the University of Missouri-Rolla. The assumed load
configurations were consistent with the AASHTO Specifications (AASHTO, 2002).

Girder G1 Deck Guardrail

N
N 1 J [ \i [
I
6" 114" g
5-6"
|
24
Supports

Figure 2.6. Longitudinal View of the Bridge
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Figure 2.7. Plan View of the Bridge
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Figure 2.8. Details of the Inspected Sections
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Figure 2.9. Shear Reinforcement in the Outer Girders (G1 and G4)
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Figure 2.10. Shear Reinforcement in the Inner Girders (G2 and G3)

12



3. STRUCTURAL ANALYSIS

3.1. Load Combinations

For the structural analysis of the bridge, the definitions of design truck and design lane
are necessary. Thiswill be addressed in the next section.

Ultimate values of bending moments and shear forces are obtained by multiplying their
nominal values with the dead and live load factors and by the impact factor according to
AASHTO (2002) as shown in equation (3.1):

w, =ggb,D+b, (1+1)L§ (3.2
where
D is the dead load;
L isthe live load;

g, by, b, arecoefficients as per AASHTO (2002) Table 3.22.1A:
ultimate conditions P g =13, b, =1.0, b, =1.67;

serviceconditions P g =10, b, =1.0, b, =1.00;

isthe live load impact calculated as follows:

.50 _ 50
|, +125  25.0+125

=0.33£0.30 (3.2)

and |, =251t (7620 mm) represents the span length from center to center of support.

The impact factor should not be larger than 0.30, and therefore the latter value is
assumed for the design.
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3.2. Design Truck and Design L anes

Prior to the design of the strengthening, the analysis of the bridge was conducted by
considering a H15-44 truck load (which represents the design truck load as per
AASHTO, 2002 Section 3.7.4) having geometrical characteristics and weight properties
shown in Figure 3.1.

According to AASHTO Section 3.6.3 (2002), roadway widths between
6096 and 7315 mm (20 and 24 ft) shall have two design lanes, each one equal to one-

half of the roadway width. However, in this case, the low value of the Annual Daily
Traffic (ADT =35) of the bridge allows to deal just with one design lane. To be noted

that the centerline of the wheels of the rear axle shown in Figure 3.1 islocated 305.0 mm
(1.0 ft) away from the curb as specified in AASHTO (2002) for slab design.

1' Clearance . 1' Clearance
A1

e

/ 18'-3" -

lear Roadway Widt
21'-11"

Overall Deck Width

%
Guardrail 1' Clearance
Figure 3.1. Truck Load and Truck Lanes

Two loading conditions are required to be checked as laid out in Figure 3.2.
The H15-44 design truck load (Figure 3.2-a) has a front axle load of 26.7 kN (6.0 kip)
and rear axle load located 356 mm (14 ft) behind the drive axle.
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The design lane loading condition consists of a load of 2.1kN (0.48 kip) per linear foot,

uniformly distributed in the longitudinal direction with a single concentrated load so

placed on the span as to produce maximum stress. The concentrated load and uniform
load are considered to be uniformly distributed over a 3048 mm (10.0 ft) width on aline

normal to the center of the lane. The intensity of the concentrated load is represented in
Figure 3.2-b for both bending moments and shear forces. This load shall be placed in
such positions within the design lane as to produce the maximum stress in the member.

H15-44 L oading
6 kip 24 kip

_ '
o)

a) Design Truck (H15-44)

135kip for Moment ~ Transversely
19.5 kip for Shear Uniformly Distributed

0.48 kiplft over a 10 ft Width
iy

b) Design Lane
Figure 3.2. Loading Conditions

3.3. Slab Analysis

Since it was not possible to detect the presence of longitudinal reinforcement in the
negative moment regions, the continuity of the deck over the girders was conservatively
neglected. This led to model the deck as a slab simply-supported between two girders
(see Figure 3.3).

Figure 3.3 shows the worst loading condition for the slab between girders G2 and G3.
The design value was determined from the truck design condition when the wheel isin

the middle of the slab. The load of the wheel was spread over a surface
508" 254 mm (20" 10in) as prescribed in the AASHTO (2002) Section 4.3.30. A

15



commercial finite elements program (SAP 2000) was used to analyze the structure. The
ultimate moment found from this analysis was (see Figure 3.4):

M, =37.4XNM &, Kpxito
m g ft ']

Rear Axle Whedls Load Width
N N
v v
Lane Load Width
| I |
e i
Gl G2 G3l G4/

Figure 3.3. Slab Load Conditions

P=db, (1+1)Pys 4 =150.7 kN (33.87 kip)

ékip xft
ft

EL

Figure 3.4. Slab Transversal Bending Moment Distribution

(DD,
o

N e 0w

el L.}

1B EM k0
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3.4. GirdersAnalysis

The transverse load distribution was found by analyzing the structure represented in
Figure 3.5, where a generic axle of unit weight P=1kN (0.225kip) and a unitary

uniform distributed load qzlk—'\I 2%.068%2 have been assumed. As mentioned, the
m @

continuity of the slab was neglected and therefore the scheme to be considered for the
structural analysis is the one shown in Figure 3.5. From Figure 3.5 it can be observed that
by increasing the value of x the design lanes move from the left to the right portion of
the bridge slab.

Rear Axle Wheels Load Width
XD
'p P
Lane Load Width

X D
, % TN g ;
7 N
Gl G2 G3 G4
'R, 'R, R, R,

Figure 3.5. Girders Load Conditions for Analysis and Design

Table 3.1 summarizes the results of the analysis, where q, is related to a uniform
distributed load over all the spans (like the dead load), q,, to auniform distributed load
over the two spans next to the support (like the lane design load) and P to the truck
design load.

Table 3.2 summarizes the results in terms of unfactored and factored bending moments
(Ms and M) and shear forces (Vs and V). The maximum values, found considering the
positions of the load that produces the worst condition for the structure (i.e., varying the
position of the truck along the length of the bridge), are adopted for design.

Figure 3.6 and Figure 3.7 show respectively the bending moment M, and the shear V,

envelopes due to the load obtained, taking for each section (at the distance x from the
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left support) the maximum value given by the two loading conditions: the worst load
condition isthat one related to the truck load design.

Table 3.1. Distribution Coefficient for the Girders

R R, R, R,
oo Compimat Girder Reaction [kN] | [kN] | [&N] | [KN]
oad Comoination )
(k1) | ([wa]) | ([w]) | ([i])
. , 7892 | 81.00 | 81.00 | 78.92
G, Over all the spansin kN/m (kip/ ft) (5.408) | (5.550) | (5.550) | (5.408)
g, over the two spans next to the support in 46.90 | 86.26 | 86.26 | 46.90
kN/m (kip/ ft) (3.214) | (5.911) | (5.911) | (3.214)
: , 15.61 | 14.55 | 1455 | 1561
P in kN (kip) (1.070) | (0.997) | (0.997) | (1.070)

Table 3.2. Interior Girder Bending Moments and Shear Forces

Loading Condition | Unfactored | Factored | Unfactored | Factored
Moment? | Moment® |  Shear” Shear”
M S M u VS Vu
[KN>m| | [kN>m] [KN] [KN]
([kipxtt]) | ([kipxit]) | ([kip]) | ([p])
103.0 134.1 16.5 214
Dead Load (76.0) | (98.9) (122) | (158
H15-44 Load Design Condition
Number of Lanes =1
Truck Design 101.4 286.1 18.0 50.84
(74.8) (211.0) (13.3) (37.5)
Total 204.5 420.2 34.4 72.3
(150.8) (309.9) (25.4) (53.3)
Lane Design 97.8 275.9 20.5 57.8
(72.1) (203.5) (15.2) (42.6)
Total 201.0 346.2 37.0 79.2
(148.2) (255.3) (27.3) (58.4)

a) Computed at a cross-section in the middle of the span.
b) Computed at a cross-section in the middle of the support.
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3.5. Analysisof the Abutments

The abutment can be analyzed as a wall loaded in its plane. According to ACI 318-02
Section 14.5.2, design axial load strength f P, for awall of solid rectangular cross section

with resultant of all factored loads located within the middie third of the overall thickness
of the wall is given by

8 20
f P, =055 f A dl- B O 1 1713 KN (385 kip) (3.3)
8 832h 24
where
f =0.70 is the strength reduction factor;
A, isthe gross area of the section;
k is the effective length factor (k = 2.0 for walls not braced against

lateral tranglation;

h. isthe vertical distance between supports,

isthe overall thickness of member.

The worst loading condition comes out by considering the maximum shear demand of the
girders:

R, =V, =58.4 kip.

Since R, <f P,, the supports do not need further analysis.
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4. DESIGN

4.1. Assumptions

Mechanically-Fastened FRP laminate design is carried out according to the principles of
ACI 440.2R-02 (ACI 440 in the following). The properties of concrete, steel and FRP
laminates used in the design are summarized in Table 4.1. The concrete and steel
properties are obtained by testing of samples while the FRP properties are guaranteed
values.

The f factors used to convert nominal values to design capacities are obtained as
specified in AASHTO (2002) for the as-built and from ACI 440 for the strengthened
members.

Table 4.1. Material Properties

Concrete Steel FRP - SAFSTRIP
Compressive | Yield | Modulusof | Tensile | Modulusof | Thickness | Width
Strength Strength | Elasticity | Strength | Elasticity
fc fy Es f fL Ef tf Wf
[MPa] [MPa] [GPa] [MPa] [GPa] [mm| [mm]
(es) | (<) (<) () (<) () | ()
46.6 344.7 200.0 588.8 60.7 3.175 101.6
(6760) (50) (29000) (85.4) (8800) (0.125) (4.00)

Material properties of the FRP reinforcement reported by manufacturers, such as the
ultimate tensile strength, typically do not consider long-term exposure to environmental
conditions, and should be considered as initial properties. FRP propertiesto be used in all
design equations are given as follows (ACI 440):

ffu = CE ff*u

. (4.1)
efu = CEefu

where f,, and e, arethe FRP design tensile strength and ultimate strain considering the
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environmental reduction factor C_ as given in Table 7.1 (ACI 440), and f,, and e,

represent the FRP guaranteed tensile strength and ultimate strain as reported by the
manufacturer (see Table 4.1).

The maximum strength that the MF-FRP strengthening can develop depends on the
capacity of the connection bolt-strip and, therefore, on the number of fasteners used.

In order to mechanically fasten the FRP laminate to the concrete, the optimal solution in
terms of mechanical behavior of the connection was found as a result of an experimental
program conducted at UMR. The chosen fastening system consisted of:

@ Concrete wedge anchor (diameter 9.525mm (3% in) and tota length
57.15mm (2, in) - Figure 4.1). The shear capacity T, of the anchor embedded
in the concrete depends upon the embedment depth h, and the strength of the
concrete f.. The shear strength of the anchor, T, , becomes equal to T¢ with a
value of 26.7 kN (6.0kip) when f; =41.4MPa (6000 psi) and h, =38.1mm
(1% in);

@ Steel washer (inner diameter 11.112 mm (%, in), outer diameter 25.4 mm (1in)
and thickness 1.587 mm (¥ in) - Figure 4.1);

@ Epoxy between the washer and the FRP and throughout the hole on the FRP.

Concrete Wedge Anchor  Steel Washer

Su
5.5 0 resmm —1 8 ﬂ
16 O o, Lol ] Lo g, ) 1.
16 4 16 16 = 16
Concrete Wedge Concrete Surface
Anchor

Steel Wasr]er/gsj}a\ces Soaked by Epoxy

Figure 4.1. Details of the Connection Concrete-FRP
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Bond tests on the connection FRP-fastener showed that a the ultimate conditions, the
applied load is uniformly distributed between all the fasteners. In addition, it was
observed that for concrete having an f_ 3 27.6 MPa (4000 psi), the failure mode of the

connection is due to the bearing of the FRP. The experimental ultimate load supported by
this connection was found to be 14.0 kN (3.15 kip) . For design purposes a safety factor

equal to 1.25 was assumed and therefore the design capacity of the connection is
R, =1L.1kN (25kip).

Under these assumptions, the minimum number of fasteners n, ;. to anchor each FRP

strip so that failure of the FRP controls, is given by:

F
Ny min = —= (42)
| R,

where F.., isthe maximum load that the FRP strip experiences at ultimate conditions.
Assuming C. =0.85 (i.e., carbon plate exposed in exterior aggressive ambient) and
taking into account the net area of the strip (i.e., subtraction of the area lost to insert the
bolt), from equation (4.2) the minimum number of bolts to reach the ultimate capacity of
the FRP strip is 26. If fewer bolts are used, the failure would occur at the connection (i.e.
bearing of the FRP strip).

4.2. Superstructure Design

4.2.1. Assumptions

The geometrical properties and the internal steel flexural reinforcement of the design
cross section are summarized in Figure 2.8 and Table 4.2. The expression for the flange
width B, is given by the equation (4.3), according to AASHTO (2002) Section 4.6.2.6.1
for interior and exterior girders, respectively:
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LB = min® 12H_ +w, d, 0

[ &4 a 43)

| .

- d +W o]

I g&¢ =min?i,12hs +W,,——2 +d =
g4 2 2

where I;, H,, W,, d, and d, aredefined in Table 2.1. It results:

B"™ @803 mm (71in)
B @549 mm (61in)'

Table 4.2. Geometrical Properties and Internal Steel Reinforcement

< T8 3 2
= = B D
é % L = %2 5 % < % 2 5 '% - E g; '% <
2 =l c fie! fie! 2B
S 2 85 §5k: 8 B2R: &éd ;% 58
H d Wg B A&,dab long. dslab long. A&,dab transv. ddab transv. A%Web dweb
] | ]| [ gy (] gy (o] gy )
Gnl) - (@nl) | (On]) | (greg) (D) | (goe/mg) (00D) ) (goeg) | ([in0)
152.4 | 355.6 | 1803.4| 506.4 95.2 2021 108.0 854.2 | 4731
(60) (14 | (71) (0785 | (3%) | (0138 | (4%) | (1.324) (18%)

4.2.2.Flexural Strengthening

Table 4.3 summarizes the strengthening recommendations for the superstructure of the
bridge. It can be observed that for the longitudinal direction the new moment capacity is
dlightly smaller than the demand. The value can be accepted because of the high safety

factors used for design.

Figure 4.2 details the longitudinal flexural strengthening, while Figure 4.3 shows the
transverse one. Finally, the pattern of the bolts for longitudinal and transversal

reinforcement is shown in Figure 4.4.

The bolt pattern was verified a the ultimate condition in order to avoid having any
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section in which the moment demand is greater than the moment capacity. During this
step, the position of the bolts is optimized. Figure 4.5 details the moment capacity of the
beam along its length for the chosen bolt pattern. Appendix E contains some pictures of
the FRP strengthening installation.

Table 4.3. Strengthening Summary

Design Capacity Moment
Demand
fM, M,
Section Strengthening Scheme [kN >m] [kN >m]
([tipxt]) ([1apxt])
Un-strengthened | Strengthened
Bottom of each girder:
Longitudinal | 3 Plates 158.0 408.1 420.2
Direction Sdes of each girder: (116.5) (301.0) (309.9)
2 Plates
Each f the deck:
Transversal 12;;'0;” orthedee 3.4a>) 17.4a>) 17.1a>)
H H a a a
Direction @457.2 mm (18in) ofC (2.5) (12.8) (12.6)

a) Value corresponding to a 457.2 mm (18 in) wide stripe of the deck.

W 5-11" 1
i I < : B
T : 18
PletesS" 5
2 FRP Plates 2 |
4" Wide 1-4
23'11"Long
Fastened with 26 Bol tsi
¥ Plate"B"
3 FRP Plates
4" Wide
23'11" Long
Fastened with 30 Bolts
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Figure 4.2. Girder Strengthened Section

Bottom View
S WEST
|
1-6" V
Girder G1 ‘ | Girder G1
Girder G2/~ | . Girder G2
Plates"D": ‘ -
45 FRP Plates |
4" Wide | Supports
4' 8" Long
Fastened with 24 Bolts
@ 18" olc
1-2" EAST
1-6" R R -y
21-113"

Figure 4.3. Strengthening of the Deck
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Position along the Girder, z [ in ]
30 60 90 120 150
0 1 1 1 1 ]

50 \
100
150 \—\|_\ Design Moment
Envelope
200 /

N4
N Moment/ \_|_|_\

Capacity

o

Moment [kip-ft]

350

Figure 4.5. Diagram of the Capacity of the Beam at the Ultimate L oad Conditions

4.2.3. Shear Check

The concrete contribution to the shear capacity was calculated based on equation (11-5)
of ACI 318-02 asfollows:

[ w

. V.do .
v, =91, +2500r %% d£35/f h.d
g M, g st (4.4)

The as-built shear capacity is then computed by adding the concrete contribution to the
one due to the shear reinforcement. Table 4.4 summarizes the findings for the
superstructure. Since the capacity is higher than the demand, it can be concluded that no
shear reinforcement is required.
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Table 4.4. Superstructure Shear Capacity

Shear Shear

Element Capacity | Demand

fV, V,
qap SN U 2kipuo 876 | 511
Emf &t 60 | (35
Interior Girder

Stirrups2#4 @356 mm (14 in) (85.8) | (58.4)
914 mm (3 ft) from the Abutments [kN] ([kip]) 2455 | 209.1
Stirrups 1#4@356 mm (14 in) (55.2) | (47.0)

4.2.4. Punching Shear Check

The deck must also be checked for punching shear. This check was based on ACI 318-02

requirements. ACI 318-02 Sec. 11.12.2.1 prescribes that for non-prestressed slabs and
footings, V, shall be the smallest of the following expressions:

N
9

+22\/Eq)d with gf.§=| psi] (4.5)
%]

<

5 oo
+

ESEFN

Kol

———— — — —

_Vc,2

D0
&

<
I

(:p_
o

—_——— — —

where:
b. istheratio of long side to short side of the area over which the load is
distributed,
a, is 40 for interior load, 30 for edge load and 20 for corner load;
b, is the perimeter of critical section;
d is the distance from the extreme compression fiber to centroid of tension

reinforcement.
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By using atire contact area as given by AASHTO (2002):

!0 =254 mm (10in)
[ W, =508 mm (20in) (4.6)

tire

i Ao =y, =120032 i’ (200in?)

tire

the following shear capacity can be found:

f V. =f

punch “c punch

min(V, o,V 2.V o) @0.85(307 kN) @258 kN (58.0 kip)

which is smaller than the ultimate punching shear capacity given by:

g, (1+1)Pyy5 44 @5L2KkN (34.0kip).
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5. FIELD EVALUATION

5.1. Introduction

Although in-situ bridge load testing is recommended by the AASHTO (2002)
Specification as an “effective means of evaluating the structural performance of a
bridge”, no guidelines currently exist for bridge load test protocols. In each case, the load
test objectives, load configuration, instrumentation type and placement, and analysis
techniques are to be determined by the organization conducting the test.

In order to validate the behavior of the bridge prior to and after strengthening, static load
tests were performed with H15 and H20 legal trucks, respectively, on bridge No.1330005
(see Figure 5.1): the first test was conducted in December 2003 while the second one was
conducted in June 2004, one month after the installation of the strengthening. Figure 5.2
shows the distribution of the load between the axles of each truck and the loading
configurations that maximize the stresses and deflections at mid-span of deck panels and
girders under atotal of five passes, one central and four laterals. For each pass, two and
three stops were executed respectively for the load test prior to and after the
strengthening. For each stop, the truck rear axle was centered over the marks on the deck.
During each stop, the truck was stationary for at least two minutes before proceeding to
the next location in order to allow stable readings.

Figure 5.1. Load Tests prior to and after Strengthening on Bridge N0.1330005
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Displacements in the longitudinal and transverse directions were measured using Linear
Variable Differential Transducers (LVDTSs). Strains in the strengthening material were
monitored by means of strain gages. Figure 5.3 and Figure 5.4 show the details of the
instrumentation whose layout was designed to gain the maximum amount of information
about the structure. It was assumed that the bridge acted symmetrically, therefore the
instrumentation was concentrated on one half of the bridge.

Figure 5.5 compares the results prior to and after srengthening relative to Pass #3
corresponding to the rear axle of the truck at the mid-span (Stop #2 and Stop #3 for the
load test prior to and after strengthening, respectively). The experimental results were
normalized by dividing displacements to the weight of the truck used for testing. The
performance of the structure prior to and after the strengthening was determined by
comparing the normalized experimental results prior to and after strengthening. In both
cases, the bridge performed well in terms of overall deflection. In fact, the maximum

deflection measured during the load test is below the allowable deflection prescribed by
AASHTO, 2002 Section 8.9.3 (d,, £ L/800=9.525 mm (0.375in)).

As one can see from Figure 5.5, the strengthening provided a slight increase of the
stiffness of the bridge while the slope of the deformation line remains unchanged. For
these reasons, the ratio between the dtiffness K, and K,, prior to and after the

strengthening respectively, could be estimated as the ratio between the normalized
displacements prior to and after the strengthening: on average, it results K, /K @1.23.

Figure 5.6 reports the reading of the strain gages applied to the FRP strengthening,
relative to Pass #3 Stop #3. The strain readings (between 120 and 170 e ) for the most
loaded girders indicate a satisfactory performance of the FRP laminates. The distribution
of the strain is not symmetric as one might expect from a symmetric load condition as
that one shown in Figure 5.6. The difference between the strain readings in girders G2
and G3 can be attributed to the fact that the laminate on girder G3 was less engaged. This
kind of behavior is typical of the non-bond critical strengthening systems where the
strengthening needs relatively large deformations of the structure before being
completely engaged.

Results for the other load configurations are summarized in Appendices A, B and C
together with the theoretical values obtained with the Finite Element Method (FEM)
model described in the next section.
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5.2. Additional Load Test

A dynamic test was conducted on the strengthened bridge in order to determine the
impact factor by moving the truck on Pass #3 a speeds equal to 2.2, 4.5,

8.9and 13.4 m/s (5, 10, 20 and 30 MPH ). The dynamic test was performed acquiring

the data at a frequency of 22 Hz. The live load impact factor | was computed as the
ratio between the difference between the maximum dynamic and static displacements to
the maximum static deflection (i.e. Pass #3 Stop #3). As an example, Figure 5.7 shows
the dynamic deflections as a function of time at a 13.4 ny's (30 MPH ) speed. Figure 5.8
plots the live load impact factor | for displacements and strains for different truck
speeds. In most cases, it is possible to determine the truck speed above which the impact
factor decreases. This is due to the fact that by increasing the speed, the time of
application of the load on the bridge is reduced and, consequently, the corresponding
deflection is reduced due to bridge hysteretic behavior. From Figure 5.8., it is possible to
state that the maximum impact factor related to thistest was |, i enar, pass #s @0-23 Which

is smaller than that one used for design according to AASHTO (2002) (1 =0.30).

Appendix D reports all the results obtained at different truck speeds.
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5.3. FEM Analysis

In this section, a FEM analysis model is described. This model was developed in order to
interpret the experimental data prior to and after the strengthening. For this purpose, a
commercially available finite element program ANSYS 7.1 was used. Details of the
geometry can be found in Figure 5.9 and Figure 5.10.

The element SOLID65 was chosen to model the concrete and the FRP laminates.
SOLID65 is used for the three-dimensional modeling of solids with or without
reinforcing bars. The solid is capable of cracking in tension and crushing in compression.
In addition, up to three different rebar specifications may be defined. The element is
defined by eight nodes having three degrees of freedom at each node: translations in the
nodal x, y and z directions. SOLIDG65 is subject to the following assumption and

restrictions:
cracking is permitted in three orthogonal directions at each integration point;

if cracking occurs a an integration point, the cracking is modeled through an
adjustment of material properties which effectively treats the cracking as a “smeared
band” of cracks, rather than discrete cracks;

the concrete material is assumed to be initially isotropic;

whenever the reinforcement capability of the element is used, the reinforcement is
assumed to be “smeared” throughout the element;

in addition to cracking and crushing, the concrete may also undergo plasticity, with
the Drucker-Prager failure surface being most commonly used. In this case, the
plasticity is done before the cracking and crushing checks.

For this project, the material properties of concrete were assumed to be isotropic and
linear elastic, since the applied load was relatively low with respect to the ultimate load
condition. The modulus of elasticity of the concrete was based on the measured
compressive strength of the cores obtained from the slab according to the standard
equation ACI 318-02 Section 85.1: E, =57000/f, psi » 32.6 GPa (4738 ksi) with

gf-g=[ ps].

In order to take into account the presence of the cracks in the girders and in the deck, as a
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result of a parametric analysis, the modulus of elasticity was reduced to
16.3 GPa (2369 ksi) in the elements corresponding to the cracks as shown in Figure
5.9b. The depth of the cracks was chosen according to the data collected during the in-
situ inspection while the width was assumed to be equal to the elements dimensions. The
concrete Poisson’s ratio was set to 0.19. Different elements were used to optimize the
model and decrease the computation time. The chosen shape and size in the longitudinal
and transverse cross sections allowed to locate more accurately the steel rebars (see
Figure 5.10a), to properly connect the FRP laminates to the surface of the concrete (see
Figure 5.10b) and to reduce the number of the elements in the “secondary” parts of the

model, such as the curbs (see Figure 5.10a). The modulus of the elasticity and the
Poisson’s ratio for the steel reinforcement were assumed as 200.0 GPa (29000 ksi) and

0.3, respectively.

The connections between the FRP laminates and the concrete surface were modeled as
rigid, neglecting any form of non-linearity due to a potential initial non-perfect
engagement of the strengthening. Modulus of the elasticity and the Poisson’ sratio for the
FRP laminates were assumed to be 60.6 GPa (8800 ksi) and 0.3, respectively.

The bridge was vertically restrained at both ends while the longitudinal displacement was
fixed to zero a one end only (see Figure 5.10a). The loads were assumed as uniformly
distributed over 508" 254 mm (20' 10 in) areas as specified in AASHTO (2002)
Section 4.3.30. Such loads were applied at the top of the deck simulating, in such way,
the truck wheel prints (see Figure 5.9a). The uniform load was concentrated a the nodes
corresponding to the truck wheel print and each force was determined by dividing the
total load for the number of nodes.
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Figure 5.11 reports the experimental and analytical mid-span displacements, relative
to Pass #3 when the rear axle of the truck is in the mid-span (Stop #2 and Stop #3 for
the load test prior to and after strengthening, respectively). The graph shows a good
match in deflections between experimental and analytical results.

Figure 5.12 compares experimental and analytical strains on the FRP, relative to the
Pass #3 and Stops #1, #2 and #3. The graph shows a good match in strains between
experimental and analytical results for girders G1 and G2. The mismatch for girders
G3 and G4 can be explained with the incomplete engagement of the FRP laminates to
the concrete.

Figure 5.13 plots the longitudinal distribution of the strain in the middle of the central
laminates present in each girder. It is important to note that there is stress
concentration in a small area of the laminates around each fastener. The peak in the
mid-span is emphasized by the presence of the crack in the concrete.

Appendices A, B and C report all the analysis developed for the bridge prior to and
after the strengthening.
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6. LOAD RATING

Bridge load rating calculations provide a basis for determining the safe load capacity of a
bridge. According to the Missouri Department of Transportation (MoDOT), anytime a
bridge is built, rehabilitated, or reevaluated for any reason, inventory and operating
ratings are required using the Load Factor rating. All bridges should be rated at two load
levels, the maximum load level called the Operating Rating and a lower load level called
the Inventory Rating. The Operating Rating is the maximum permissible load that should
be allowed on the bridge. Exceeding this level could damage the bridge. The Inventory
Rating isthe load level the bridge can carry on a daily basis without damaging the bridge.

In Missouri, for the Load Factor Method the Operating Rating is based on the appropriate
ultimate capacity using current AASHTO specifications (AASHTO, 1996). The vehicle
used for the live load calculations in the Load Factor Method is the HS20 truck. If the
stress levels produced by this vehicle configuration are exceeded, load posting may be
required.

The method for determining the rating factor is that outlined by AASHTO in the Manual
for Condition Evaluation of Bridges (AASHTO, 2002). Equation (6.1) was used:

RF = —Aj_ (f_ﬁ) (6.1)
where:
RF isthe Rating Factor;
C isthe capacity of the member;
D isthe dead load effect on the member;
L isthelive load effect on the member;

| isthe impact factor to be used with the live load effect;
A isthe factor for dead loads;
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A, isthe factor for live loads.

Since the load factor method is being used, A istaken as 1.3 and A, varies depending
on the desired rating level. For Inventory Rating, A, =2.17, and for Operating Rating,

A =13.

To determine therating RT of the bridge, equation (6.2) was used:
RT = RF W (6.2)

where W isthe weight of the nominal truck used to determine the live load effect.

For the bridge No. 1330005, the Load Rating was calculated for a number of different
trucks, HS20, H20, 3S2 and MO5. Ratings are required at the inventory and operating
levels by the load factor method on each bridge for the HS20 truck. The H20 legal
vehicle is used to model the load for single unit vehicles. The 3S2 vehicle is used as a
model for all other vehicles. The MOS5 is used to model the commercial zone loadings.

For each of the different loading conditions, the maximum shear and maximum moment
were calculated. Impact factors are also taken into account for Load Ratings. This value
is 30% for the bridge No. 1330005. The shear and moment values for the deck and the
girdersare shown in Table 6.1 and Table 6.2.

Table 6.1. Maximum Shear and Moment due to Live Load for the Deck

Maximum Maximum Moment Maximum Maximum Moment
Shear Shear with with Impact
Truck | mpact
[kN] ([kip]) | [knom] ([kipxft]) | [kN] ([kip]) | [kNm] ([kipdt])
5.83 4.38 7.56 5.69
HS20 (1.31) (3.23) (1.70) (4.20)
MO5 3.07 2.39 4.00 3.10
(0.69) (1.76) (0.90) (2.29)
H20 3.07 2.39 4.00 3.10
(0.69) (1.76) (0.90) (2.29)
352 4.36 3.23 5.65 4.19
(0.98) (2.38) (1.27) (3.09)
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Table 6.2. Maximum Shear and Moment dueto Live Load for the Girders

Maximum Maximum Moment Maximum Maximum Moment
Shear Shear with with Impact
Truck | mpact
[kn] ([kip]) | [kNom] ([kipxft]) | [kN] ([kip]) | [kNom] ([kipxft])
HS20 102.18 140.14 132.82 182.18
(22.97) (103.36) (29.86) (134.37)
MO5 90.30 161.45 117.39 209.88
(20.30) (119.08) (26.39) (154.80)
H20 72.02 115.82 93.63 150.55
(16.19) (85.42) (21.05) (111.04)
352 72.37 116.64 94.12 151.62
(16.27) (86.03) (21.16) (111.83)

Table 6.3 and Table 6.4 give the results of the Load Rating pertaining to moment and
shear respectively for the deck.

Table 6.3. Rating Factor for the Deck (Bending Moment)

Rating Factor Rating Rating Type
Truck RF RT
[ton]
HS20 2.140 69.9 (77.0) Operating
HS20 1.282 41.9 (46.2) Inventory
MQO5 3.924 130.4 (143.8) Operating
H20 3.375 61.2 (67.5) Posting
352 2.500 83.1(91.6) Posting
Table 6.4. Rating Factor for the Deck (Shear)
Rating Factor Rating Rating Type
Truck RF RT
[ton]
HS20 2.498 81.6 (89.9) Operating
HS20 1.496 48.9 (53.9) Inventory
MO5 4.725 157.1 (173.1) Operating
H20 4.064 73.7 (81.3) Posting
3S2 2.872 95.5 (105.2) Posting
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Table 6.5 and Table 6.6 give the results of the Load Rating pertaining to moment and

shear respectively for the girders.

Table 6.5. Rating Factor for the Girders (Bending Moment)

Rating Factor Rating Rating Type
Truck RF RT
[ton]

HS20 1.157 37.8 (41.7) Operating
HS20 0.693 22.6 (25.0) Inventory
MO5 1.004 33.4 (36.8) Operating
H20 1.204 21.8 (24.1) Posting
3S2 1.195 39.7 (43.8) Posting
HS20 1.157 37.8 (41.7) Operating

Table 6.6. Rating Factor for the Girders (Shear)

Rating Factor Rating Rating Type
Truck RF RT
[ton]

HS20 1.803 58.9 (64.9) Operating
HS20 1.080 35.3 (38.9) Inventory
MQO5 2.041 67.8 (74.8) Operating
H20 2.200 39.9 (44.0) Posting
3S2 2.189 72.8 (80.2) Posting

In Missouri, load posting is established using the H20 and 3S2 vehicles. Therefore,
according to Table 6.5, the bridge should be posted at 21.8tong (24.1ton). But, since

the legal loads established for Missouri are defined as 20.9 tong 23.0 ton for single unit
vehicles and 36.3tong (40.0ton) for al others, the existing load posting can be

removed.
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7. Conclusions

Conclusions based on the retrofitting of the bridge utilizing FRP materials can be
summarized as follows:

The mechanically fastened (MF) FRP system showed to be a feasible solution for
the strengthening of the bridge;

In-situ load testing has proven to be useful and convincing;

The FEM analysis has shown good match with experimental results demonstrating
the effectiveness of the strengthening technique;

As aresult of FRP strengthening, the load posting of the bridge can be removed.
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APPENDIX

A. Prior to Strengthening Test Results
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APPENDIX

B. After Strengthening Test Results
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Figure B. 13. After Strengthening Displacement Distribution, Pass #3 Stop #2
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Figure B. 14. After Strengthening Displacement Distribution, Pass #3 Stop #3
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Figure B. 15. After Strengthening Displacement Distribution, Pass #4 Stop #1
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Figure B. 16. After Strengthening Displacement Distribution, Pass #4 Stop #2
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Figure B. 17. After Strengthening Displacement Distribution, Pass #4 Stop #3
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Figure B. 18. After Strengthening Displacement Distribution, Pass #5 Stop #1
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Figure B. 19. After Strengthening Displacement Distribution, Pass #5 Stop #2
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Figure B. 20. After Strengthening Displacement Distribution, Pass #5 Stop #3
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Figure B. 21. Strain in the FRP Strengthening on the Girders at Mid-span, Pass #1
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Figure B. 23. Strain in the FRP Strengthening on the Girders at Mid-span, Pass #3
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Figure B. 24. Strain in the FRP Strengthening on the Girders at Mid-span, Pass #4
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Figure B. 25. Strain in the FRP Strengthening on the Girders at Mid-span, Pass #5
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Figure B. 26. Strain Distribution in the FRP along the Girders, Pass #1 Stop #1
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Figure B. 27. Strain Distribution in the FRP along the Girders, Pass #1 Stop #2
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Figure B. 28. Strain Distribution in the FRP along the Girders, Pass #1 Stop #3
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Figure B. 29. Strain Distribution in the FRP along the Girders, Pass #2 Stop #1
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Figure B. 30. Strain Distribution in the FRP along the Girders, Pass #2 Stop #2
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Figure B. 31. Strain Distribution in the FRP along the Girders, Pass #2 Stop #3
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Figure B. 32. Strain Distribution in the FRP along the Girders, Pass #3 Stop #1
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Figure B. 33. Strain Distribution in the FRP along the Girders, Pass #3 Stop #2
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Figure B. 34. Strain Distribution in the FRP along the Girders, Pass #3 Stop #3
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Figure B. 35. Strain Distribution in the FRP along the Girders, Pass #4 Stop #1
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Figure B. 36. Strain Distribution in the FRP along the Girders, Pass #4 Stop #2
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Figure B. 37. Strain Distribution in the FRP along the Girders, Pass #4 Stop #3

Longitudinal Position, z [ ft ]

5.0 75 100 125 150 175 200 225 250
1 1 1 * 1 1 1 1 T
] |
g 50 i \/\\/\\ .\/,,,«, | ‘
[ /\\’\,M/f ‘
: :
% 100 T P front-axte = 13.33 k'p ‘
< P rea-ae = 37.78 kip ‘
o Pass#5 - Stop #1 |
(@) .
® 150 A — Girder G4
c - Deck D3
8 — Girder G3
e r Deck D2
o — Girder G2
o 200 4 - Deck D1
LL — Girder G1
e Girder G1 e Girder G2 ‘
e Girder G3 e Girder G4
250 -— qThick Line= FEM Results - — — — —

Figure B. 38. Strain Distribution in the FRP along the Girders, Pass #5 Stop #1
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Figure B. 39. Strain Distribution in the FRP along the Girders, Pass #5 Stop #2
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Figure B. 40. Strain Distribution in the FRP along the Girders, Pass #5 Stop #3
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APPENDIX

C. Comparison between prior to and after Strengthening Normalized
Results
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Figure C. 1. Mid-span Displacement prior to and after the Strengthening, Pass #1 and
Rear Axle in the Mid-span
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Figure C. 2. Mid-span Displacement prior to and after the Strengthening, Pass #2 and
Rear Axle in the Mid-span
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Figure C. 3. Mid-span Displacement prior to and after the Strengthening, Pass #3 and
Rear Axle in the Mid-span
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Figure C. 4. Mid-span Displacement prior to and after the Strengthening, Pass #4 and
Rear Axle in the Mid-span

85



Transverse Position, z [ ft ]
8 -6 -4 -2 0 2 4 6 8 10

(&
0.5 \.\

== e

0.0

F.

15

2.0 11

A Prior to Strengthening
m After Strengthening
25 ] Thick Line = FEM Results

: Z
Girder GlE Girder GZ! Girder G3! Girder G4!

Figure C. 5. Mid-span Displacement prior to and after the Strengthening, Pass #5 and
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APPENDIX

D. Dynamic Test Results
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APPENDIX

E. Installation of the M F-FRP Strengthening System



Figure E. 1. Drilling of the Pre-cured FRP Laminates

Figure E. 3. Drilling of the Holes in the Concrete
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a) Hole Filling with Epoxy b) Bolt Hammering ¢) Torque Control Clamping
Figure E. 4. Fastening Procedure

Figure E. 5. Bridge No. 1330005 after Strengthening
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DESIGN AND IN-SITU LOAD TESTING OF BRIDGE No. 3855006
ROUTE 3855 -PHELPS COUNTY, MO

Executive Summary

This report presents the use of Mechanically Fastened - Fiber Reinforced Polymers (MF-
FRP) pre-cured laminates for the flexural strengthening of a concrete bridge
superstructure. The system consists of pre-cured FRP laminates bolted onto the concrete
surface in order to provide the necessary flexural reinforcement to girders and deck. The
advantage of the technique is in the fact that it does not require any surface preparation
prior to the installation of the FRP.

The bridge selected for this project is a 2-gpan structure with each span consisting of
three reinforced concrete (RC) girders monolithically cast with the deck. In the design,
each span was assumed simply-supported by the central pier and abutments. The bridge is
located on Route 3855 in Phelps County, MO. The bridge analysis was performed for
maximum loads determined in accordance to AASHTO Design specification, 17th
edition. The strengthening scheme was designed in compliance with the ACI 440.2R-02
design guide and on previous research work on MF-FRP system.

The retrofitting of the structure was executed in spring 2004. The MF-FRP strengthening
technique was easily implemented and showed satisfactory performance. A load test after
the strengthening was performed and a Finite Element Method (FEM) analysis was
undertaken. The numerical model was able to represent the behavior of the bridge and
demonstrated the safety of the proposed posting limit.
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1. BACKGROUND

1.1. Delta Regional Authority Program Project

In December 2002, as a result of its partnership with University of Missouri, Rolla —
University Transportation Center (UMR-UTC), the Meramec Regional Planning
Commission (MRPC) received a $193895 grant award from the Delta Regional Authority
for bridge improvement projects in Crawford, Dent, Phelps, and Washington Counties.

1.2. Need for the Proposed Project

Trangportation infrastructure is one of the major economic development needs for the
Meramec Region. Local roads and bridges affect the economic welfare of the region by
providing links to the major routes. Local roads and bridges are the collector systems into
the larger state highway system for the transport of manufactured products and
agricultural goods, accessing employment centers, and bringing travelers and tourists to
the region. While many residents are engaged in agriculture and use the roads for farm-
to-market routes, a growing number of people are working in cities and living in
unincorporated areas relying on rural roads to commute to work. Aging bridges prohibit
growth in much of the region because they severely limit access to many communities.

According to the National Bridge Inventory in 1995, 29 percent of county bridges do not
meet minimum tolerable conditions to be left as-is. Nationwide, 40 percent of rural
bridges are posted as to weight or other travel restrictions. Load postings are defined as
the safe loads to cross a bridge. Loads over the posted limit cause damage to the structure
and shorten the life of the bridge. Examples of vehicles affected would be school buses,
fire trucks and ambulances, commercial truck traffic and large farm equipment. Dump
trucks are affected by all load postings according to the Missouri Department of
Trangportation (MoDOT) and emergency vehicles are affected by most postings. The
Federal Highway Administration (FHWA) classifies 32 percent of rural bridges as
structurally deficient. Over one-third of the rural bridges in Crawford, Dent, Phelps and
Washington counties are considered deficient by MoDOT standards. Much of the
problems with local bridges are due to age and obsolete design.



The high cost associated with bridge replacement keeps communities from addressing
many bridges. Even the cost to repar bridges is high when using conventional
technologies. Maintaining and upgrading transportation infrastructure is a challenge for
rural regions because of the sparse density of residents and number of roads and bridges
running throughout the area. The low Average Daily Traffic (ADT) on most rura bridges
seems to make the cost for bridge replacement ineffective. Low-volume bridges make it
difficult for rural areas to compete for grant funding to assist with bridge replacements
because rural areas are in competition with larger metropolitan areas. Rural areas are at a
disadvantage because more populated areas can incorporate additional aspects of
transportation, such as public transit and major economic impact, in grant proposals.

1.3. Description of the Project

Fiber-reinforced polymer (FRP) materials have recently emerged as a practical alternative
for construction and renovation of bridges. Advantages of FRP materials are that they
resist corrosion, long outlive conventional materials, and have high strength-to-weight
ratio. Placement of FRP material is in two forms, near-surface mounted bars and
externally-bonded laminates, and the materials are applied on the underside of bridges.
UMR has been working with FRP technology on projects around the state and in the
Meramec Region. Projects have included strengthening of bridges in Boone County,
Phelps County, and St. Louis. Bridges constructed with FRP materials were installed in
the city of St. James, MO. FRP strengthening of bridges has had significant cost and time
savings over conventional methods.

MRPC is working with local elected officials, UMR and MoDOT to identify and develop
31 bridge strengthening projects in the four-county area of Crawford, Dent, Phelps and
Washington. Counties provide MRPC a list of bridge needs and MRPC staff reviews the
list with UMR and MoDOT representatives to determine bridges that would be prime
candidates for FRP strengthening technology. MoDOT will also review the bridges to
determine those that have previously been inspected and found to be structurally deficient
or require a load posting. MoDOT will also help determine if projects can help the
counties earn soft-match credit towards larger projects using Bridge Replacement Off-
system (BRO) funds. MRPC will then determine the economic development impact each
bridge has on the region and prioritize projects based on this ranking. The University will



prepare design specifications for applying FRP material to each bridge. Contractors will
be competitively procured to install the FRP material and those contractors will be
required to have or receive certification from UMR for FRP technology training. The
University will monitor the application of FRP material to each bridge. Each county may
use a third party engineering firm to seal the design and monitor the contractor’s activity
to ensure that the results of the FRP technology are accurate and valid. Bridges may be
tested for load posting before and after the strengthening process to determine the effect
of the activity on the strength of each bridge. It is anticipated that strengthening will
allow for the load postings to be removed or significantly raised for the structures
subjected to such limitations.

1.4. Complementing Existing Regional Plans

Through MRPC, each county completed a Strategic Plan in 2000-2001 to identify current
needs and develop a plan of action. This information became part of the region's
Comprehensive Economic Development Strategy. Transportation infrastructure was a
common need found in all counties. A top priority for economic development was
determined to be the need for a better transportation system. Each county identified an
objective to improve existing infrastructure. Activities proposed to address the
transportation system included encouraging transportation development to enhance
economic growth. Most counties found that tourism is directly related to the
transportation system and if the tourism industry is to be promoted in the region, the
transportation system must be addressed. Counties determined that activities must include
improvementsto local roads and bridges as well as state routes.

Each community will be required to cover 30 percent of the cost to reinforce each bridge
addressed in their jurisdiction. Communities are also responsible for using a third party
engineering firm to seal the University’'s design work and inspect the work of
contractor(s) hired to apply the FRP reinforcement. The bridges to be addressed are not
deficient due to poor maintenance, but to age and structural obsolescence. Once
strengthened, the bridges will have an increased life by removing or upgrading the
current load postings. Each community budgets for road and bridge maintenance and this
will not change with the proposed project. Strengthening is the only alternative to
replacement, and should not require additional maintenance from the community’s road



crews.

An improved transportation system is a severe need all across the state, including these
four Delta counties of the Meramec Region. The transportation system, bridges in
particular, was found to be a top priority in the strategic plans for each county as part of
the Comprehensive Economic Development Strategy developed for the region.
Transportation was directly related to economic development in each county and for the
region. The transportation infrastructure of the region has a direct impact on economic
development by providing the means necessary to transport raw materials and products,
employees to/from work and consumers to/from business centers.

1.5. Impact of the Project

Strengthening bridges will allow for communities to open bridges to more traffic and
facilitate the movement of freight, farm equipment and products, and commuter traffic.
Counties will add new strength to bridges that otherwise would need to be replaced or
closed due to pogting limits. Major employment centers are located in each of the four
counties. The industries are dependent upon moving their goods and, in the Meramec
Region, goods move only via the road system. Major employment centers rely on the
local transportation system to allow access for employees and connecting with larger
transportation systems for moving materials and products. Such industries include Doe
Run Inc., Salem Memorial District Hospital and US Food Service in Dent County, Dana
Brake Parts Inc., Meramec Industries Inc., and Missouri Baptist Hospital in Crawford
County, Briggs & Stratton Corp., Boys & Girls Town of Missouri and Wal-Mart
Distribution Center in Phelps County and Red Wing Shoe Co., Georgian Gardens
Nursing Home and YMCA of the Ozarks in Washington County.

Up to 31 county bridges may be strengthened using the FRP technology. Strengthening
will remove load postings or significantly increase postings so that bridges will be open
to more traffic. These bridges will allow for more access from county roads to major
routes running through the area, directly impacting the economic development potential
of the region.



2. INTRODUCTION

This report summarizes the procedures used for the upgrade of the Bridge No. 3855006
(see Figure 2.1), located in Phelps County (Route 3855), MO. The bridge is not actually
load posted.

v

Figure 2.1. Bridge No. 3855006

The total length of the bridge is 7874 mm (25ft 10in) and the total width of the deck is
6756 mm (22 ft 2in). The structure is a 2-span continuous beam and each span consists
of three reinforced concrete (RC) girders monolithically cast with a 190 mm (7.5in)

deep deck.

2.1. Objectives

The primary objectives of this document are to analyze the bridge superstructure and to
provide the design calculations for its strengthening using a Mechanically Fastened
Fiber-Reinforced Polymer system (MF-FRP). The advantage system consists of pre-cured
FRP laminates bolted onto the concrete surface in order to provide the necessary flexural
reinforcement to the girders and deck. The strength of the technique is in the fact that it
does not require any surface preparation prior to the installation of the FRP.



2.2. Bridge Conditions

Prior to the strengthening of the bridge, a detailed investigation was required to determine
the initial conditions of the bridge and the properties of the constituent materials. The
details of the bridge reinforcement and material properties were unknown due to the
unavailability of the bridge plans. As a consequence, at the onset of the project, these
properties were determined in-situ, based on visual and Non Destructive Testing (NDT)
evaluation.

From visual observations, some concrete spalling along the longitudinal edges of the
bridge was observed. The girders and deck showed traces of steel rebar corrosion (see
Figure 2.2-a). As a consequence of the insufficient amount of longitudinal reinforcement,
all the girders were visibly cracked at mid-span (see Figure 2.2-b). In addition, some bars
on the side and at the bottom of the girders were completely exposed with clear signs of
corrosion (see Figure 2.3). The abutments appeared in good conditions except for some
vertical cracks running down from the edges of the girders across the entire height of the
abutments (see Figure 2.4).

a) Girders and Deck b) Bending Cracks in the Girders
Figure 2.2. Condition of the Superstructure

Furthermore, it was observed that the two central girders are misaligned (see Figure 2.9).
The real location of the steel reinforcement in the deck and girders was accurately
determined by using a rebar locator. Figure 2.5 shows the layout of the longitudinal
reinforcement. For most of the girders it was not possible to detect steel reinforcement at



the bottom of the section. In addition, shear reinforcement was not found.

b) Exposed Bar in the Bottom Side
Figure 2.3. Condition of the Girders

Figure 2.4. Condition of the Abutments

In order to determine the exact position and amount of longitudinal reinforcement for the
girders, concrete was chipped off at different locations.

The longitudinal reinforcement at the mid-span for the central girder for each span is

presented in Figure 2.6. It can be stated that the bridge was originally strengthened with
four bars #4 (12.7 mm (0.5in) diameter). The position of the reinforcement was quite

different in the two cases.



a) Lateral Girder b) Central Girder
Figure 2.5. Layout of the Longitudinal Reinforcement in the Girders

At the mid-span section of the central girder of Span S1 (Girder G1.2 in Figure 2.6-a),
there were two distinguished layers: the first one had a 25.4 mm (1in)-cover and the

second onewas at 216 mm (8%; in) from the bottom side. At the mid-span section of the

central girder of Span S2 (Girder G2.2 in Figure 2.6-b), the bars were regrouped with the
centroid at 214 mm (87 in) from the bottom side of the girder; the closest bar to the

bottom of the section was located at 159 mm (6% in).

A [ < A7 [
Loal gt 73 e 9]
758 15" < | 7 &8 | [ . 11|
J 7 *ﬂ[ ‘ L 22!!7_Jr L‘ 31:
Al | 153 8 g
4 . 8
,;8 —
a) Mid-span Section 1 (Girder G1.2) b) Mid-span Section 2 (Girder G2.2)

Figure 2.6. Detalils of the Sections Chipped Off to Find Longitudinal Reinforcement

In order to determine the amount of shear reinforcement, 76.2 mm (3 in) deep, 254 mm
(10in) long cuts were made along the girders close to the abutments at 127 mm (5 in)

from the bottom of the section (see Figure 2.7). No shear reinforcement was found in any



of the girders.

The geometry of the bridge is summarized in Table 2.1. Figure 2.8 and Figure 2.9 show
the longitudinal and plan view of the bridge. Figure 2.9 also shows the position from
where the concrete cores where extracted and the longitudinal and transverse steel
reinforcement of the deck. Cross sections for the two spans are summarized in Figure

2.10.

- il

a) Central Girder

b) Lateral Girder
Figure 2.7. Concrete Chipped Off to Find Shear Reinforcement

Table 2.1. Geometry of the Bridge

Span S1 S2

Clear Span |, =3696 mm (12 ft 13 in) | I, =3581mm (11ft 9in)
Design Length |, =3899 mm (12t 9% in) | I, =3785mm (12 ft 5in)
Deck Height Hy =190 mm (7.5in) Hy =190 mm (7.5in)
Girder Web Height H, =305 mm (12in) H, =305 mm (12in)
\G/glfg) Width (Average | \y =203 mm (81n) W, =203 mm (8in)

Max Distance between
Girders On Centers

d, =2480 mm (8 ft 1% in)

d, =2581mm (8ft 5% in)

Max Cantilever Arm

d, =743mm (2 ft 5% in)

d, =724 mm (2t 4% in)

Roadway Width W, =6756 mm (22 ft 2in)
Curb-to-Curb Roadway _ ;
Width W, = 6452 mm (21t 2in)
Overlay Height H, =0mm (0in)
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Figure 2.9. Plan View of the Bridge
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Span S1
Section 1-1

%6" 22-2 %6 1'-1"
l(;irder G111 Girder G1.2 W%;%..

UGirder G1.3H
1 1 1 1"
1l_5§ll 8 8l_1%-ll 8 8'—1%' 8 ‘ZI_S%-II

Span S2
Section 2-2

f 22'-2" (

116" e 11"
lGuirder G2.1 Girder G2.2 W7:7§"

" Girder G2.35
! 3" L 1—" olll .u 1'7
7-8" 78'-58 ' 72'-42"

Figure 2.10. Geometry of the Two Spans Section

Two concrete cores were drilled from the deck (see Figure 2.11-a), and they were tested
in compliance with ASTM C39/C39M-1 and ASTM C42/C42M-99 (see Figure 2.11-b).
The following results were found:

§ Average Compression Strength: f; = 45.3 MPa (6575 psi);
§ Standard Deviation: SD, =1.5 MPa (219 psi);

§ Variance: c.ov., =100 S:?,C =3.3%.

C

Based on the experimental results, a compression strength of 41.4 MPa (6000 psi) was

conservatively assumed for design.
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a) Coring b) Compression Tests
Figure 2.11. Material Characterization of the Concrete

Concrete cover and size of longitudinal and transverse steel bars in the deck were
determined from the concrete cores (see Figure 2.12-a) as follows:

@ Longitudinal Direction
#4 (12.7 mm (0.5in) diameter) steel bars
average spacing: 355.6 mm (14 in) on center
clear concrete cover: 54 mm (2% in);

@ Transverse Direction
#4 (12.7 mm (0.5in) diameter) steel bars
average spacing: 343 mm (13%; in) on center
clear concrete cover: 41.2 mm (1% in).

Concrete cover, number and size of flexural and shear reinforcement for the girders were
determined by chipping off concrete at different locations (see Figure 2.12-b). As
mentioned before, the longitudinal reinforcement is not the same for each girder and the
cover is not constant along the span. Table 2.2 summarized the flexural reinforcement for
the section at the mid-span of the girders. There is no shear reinforcement in the girders.

12



Table 2.2. Flexural Reinforcement in the Mid-span of the Girders

_ Number of steel bars #4 Clear Concrete Cover
Girder (12.7 mm (0.5in) diameter) [mm] ([in])

2 25.4 (1.0)

Gl.2

G2.2

Gl11-G13
G2.1-G23

NIN[N[R|R[PR| P
H
%)
o
oo

The mechanical properties of the steel reinforcement were determined by testing two
specimens cut from an exposed bar found in one of the abutments. They were tested
according to ASTM A615 and ASTM A955 (see Figure 2.12-c). The following results
were found:

§ AverageYield Strength: f, =455.7 MPa (66092 psi);

§ Standard Deviation: SD, =10.3 MPa (1497 psi);

. D
§ Variance: cov., =100 . Y =2.3%.
y

Based on the experimental results, a yield value of 455 MPa (66 ksi) was assumed for

design.
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a) Pieces of Barsin a Core b) Broken Section of a Girder c) Tension Test
Figure 2.12. Material Characterization of the Steel Bars

2.3. Conclusions

The layout and amount of longitudinal reinforcement is responsible for the cracking
phenomena observed on the girders. Since the girders do not have sufficient longitudinal
flexural reinforcement and no shear reinforcement, the bridge can be structurally modeled
as a slab supported by the abutments. In addition, since it is not possible to guarantee the
flexural continuity across the central abutment, the bridge can be conservatively modeled
as two slabs simply-supported over the abutments.

The analysis and design of the bridge presented in the following sections is performed
according to the MoDOT Bridge Manual, to the experimental results attained at the
University of Wisconsin-Madison (Bank et al., 2002) and at UMR. The assumed load
configurations are consistent with the AASHTO Specifications (AASHTO, 2002).
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3. STRUCTURAL ANALYSIS

3.1. Load Combinations

For the structural analysis of the bridge, the definitions of design truck and design lane
are necessary. Thiswill be addressed in the next section.

Ultimate values of bending moments and shear forces are obtained by multiplying their
nominal values with the dead and live load factors and by the impact factor according to
AASHTO (2002) as shown in equation (3.1):

w, =ggb,D+b, (1+1)L§ (3.2
where
D is the dead load;
L isthe live load;

g, by, b, arecoefficients as per AASHTO (2002) Table 3.22.1A:
ultimate conditions P g =13, b, =1.0, b, =1.67;
serviceconditions P g =10, b, =1.0, b, =1.00;
isthe live load impact calculated as follows:

50 50

| = = =0.36£0.30 (3.2)
|, +125 12.792+125

and |, =12ft 9% in=12.792 ft (3899 mm) represents the span length from center to

center of support. The impact factor should not be larger than 0.30, and therefore the
latter value is assumed for the design.
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3.2. Design Truck and Design L anes

Prior to the design of the strengthening, the analysis of the bridge was conducted by
considering a H15-44 truck load (which represents the design truck load as per
AASHTO, 2002 Section 3.7.4) having geometrical characteristics and weight properties
shown in Figure 3.1.

According to AASHTO Section 3.6.3 (2002), roadway widths between
6096 and 7315 mm (20 and 24 ft) shall have two design lanes, each one equal to one-

half of the roadway width. However, in this case, the low value of the Annual Daily
Traffic (ADT =100) of the bridge allows to dea just with one design lane. To be noted

that the centerline of the wheels of the rear axle shown in Figure 3.1 islocated 305.0 mm
(1.0 ft) away from the curb as specified in AASHTO (2002) for slab design.

1' Clearance 1' Clearance

#+1'
L
19-2" w

Clear Roadway Width

22'-2"
Overall Deck Width

1' Clearance Guardrail |

Guardrail 1' Clearance
Figure 3.1. Truck Load and Truck Lanes
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Two loading conditions are required to be checked as laid out in Figure 3.2.

The H15-44 design truck load (Figure 3.2-a) has a front axle load of 26.7 kN (6.0 kip)
and rear axle load located 356 mm (14 ft) behind the drive axle.

The design lane loading condition consists of aload of 2.1kN (0.48 kip) per linear foot,

uniformly distributed in the longitudinal direction with a single concentrated load so

placed on the span as to produce maximum stress. The concentrated load and uniform
load are considered to be uniformly distributed over a 3048 mm (10.0 ft) width on aline

normal to the center of the lane. The intensity of the concentrated load is represented in
Figure 3.2-b for both bending moments and shear forces. This load shall be placed in
such positions within the design lane as to produce the maximum stress in the member.

H15-44 L oading
6 kip 24 kip

_ r
14—

a) Design Truck (H15-44)

13.5 kip for Moment Trc’;lnsversely_ _
19.5 kip for Shear Uniformly Distributed
¢ 0.48 kiplft over a 10 ft Width

_ AT

b) Design Lane
Figure 3.2. Loading Conditions

3.3. Slab Analysis

As already mentioned, the flexural reinforcement of the girders was not properly placed
and there was no shear reinforcement. Therefore, the analysis was conservatively
conducted by neglecting the presence of the girders. In addition, since it was not possible
to detect the presence of longitudinal reinforcement in the negative moment region of the
deck, the flexural continuity of the deck over the central abutment was conservatively

17



neglected. This led to model the deck as a simply-supported slab between two abutments.

The width used in the analysis and design to distribute the loads was calculated following

AASHTO Section 3.24.3.2 (2002) for a one-way slab system. Equations (3.3) and (3.4)
give the distribution widths, E,, and E,, respectively for wheel and lane loads, where S

represents the spacing of the supports ([ S] =[ ft]).
Ey =4+0.06S£7.0ft (2133 mm) (3.3)

E. = 2B, (34)

Assuming S=1,, it results:

} By @57 in (1448 mm)
+E, @14in (2896 mm)

As obtained from the structural analysis, Table 3.1 summarizes the results in terms of
unfactored and factored bending moments (M, and M) and shear forces (V, and V,).
The maximum values, found considering the positions of the load that produces the worst
condition (see Figure 3.3) for the structure (i.e., varying the position of the truck along
the span of the bridge), are adopted for design. Figure 3.4 and Figure 3.5 show
respectively the bending moment M, and the shear V, envelopes due to the load
obtained, taking for each section (at the distance z from the left support) the maximum
value given by the two loading conditions: the worst load condition is that one related to
the truck load design.
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Table 3.1. Bending Moments and Shear Forces per Foot of Bridge Deck

Loading Condition | Unfactored | Factored | Unfactored | Factored
Moment® | Moment? Shear” Shear”
M S M u VS Vu
kN >my) kN >my) ékN (i ékN (i
Em#lH E&mH &mH &mH
aEkip xft U0 | a@&kip xft uo %klpuo %klpuo
L, & on b, Enh, &l
Dead Load 9.061 11.779 9.296 12.084
(2.037) (2.648) (0.637) (0.828)
H15-44 Load Design Condition
Number of Lanes =1
Truck Desian 35.804 101.055 36.733 103.675
9 (8.049) (22.718) | (2517) | (7.104)
Total 44.865 112.834 46.029 115.759
(10.086) (25.366) (3.154) (7.932)
Lane Desian 23.751 66.523 32.938 92.963
9 (5.299) (14955 | (2.257) | (6.370)
Total 32.812 78.302 42.234 42.234
(7.336) (17.603) (2.894) (7.198)

a) Computed at a cross-section in the middle of the span.

b) Computed at a cross-section in the middle of the support.
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Figure 3.3. Slab Load Conditions
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Figure 3.4. Slab Bending Moment Diagrams Envelopes

20



10 F—>»

8 » LaneLoad |4, >
6d — == Design
BN, Envelope
Y

Shear [ kip/ft |

Truck Load
Design
-8 Envelope
-10 -
0 20 40 60 80 100 120 140 160

Position along the Girder,z [ in ]

Figure 3.5. Slab Shear Diagrams Envelopes

3.4. Analysisof the Abutments

The abutment can be analyzed as a wall loaded in its plane. According to ACI 318-02
Section 14.5.2, design axial load strength f P, for awall of solid rectangular cross section
with resultant of all factored loads located within the middle third of the overall thickness
of the wall is given by

tP =055 f.A & 200 @77z N Hgg KPI (35)
6 &32hgg m g ft g
where
A, isthe gross area of the section;
h isthe overall thickness of member;
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h. isthe vertical distance between supports,

is the effective length factor (k = 2.0 for walls not braced against
lateral translation;

f =0.70 is the strength reduction factor.

The worst loading condition comes out by considering two times the maximum shear
demand over the central abutment:

R, =2V, =232 N ?5.9 kpo

m ft g

Since R, <f P,, the abutments do not need further analysis.
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4. DESIGN

4.1. Assumptions

Mechanically-Fastened FRP laminate design is carried out according to the principles of
ACI 440.2R-02 (ACI 440 in the following). The properties of concrete, steel and FRP
laminates used in the design are summarized in Table 4.1. The concrete and steel
properties are obtained by testing of samples while the FRP properties are guaranteed
values.

The f factors used to convert nominal values to design capacities are obtained as
specified in AASHTO (2002) for the as-built and from ACI 440 for the strengthened
members.

Table 4.1. Material Properties

Concrete Seel FRP - SAFSTRIP
Compressive | Yield | Modulusof | Tensile | Modulusof | Thickness | Width
Strength Strength | Elasticity | Strength | Elasticity
fc fy Es f fL Ef tf Wf
[MPa] [MPa] [GPa] [MPa] [GPa] [mm| [mm]
(es) | () () | (D) (D) (i) | (O
41.4 455.0 200.0 588.8 60.7 3.175 101.6
(6000) (66) (29000) (85.4) (8800) (0.125) (4.00)

Material properties of the FRP reinforcement reported by manufacturers, such as the
ultimate tensile strength, typically do not consider long-term exposure to environmental
conditions, and should be considered as initial properties. FRP propertiesto be used in all
design equations are given as follows (ACI 440):

ffu = CE ff*u

. (4.1)
efu = CEefu

where f,, and e, arethe FRP design tensile strength and ultimate strain considering the

23



environmental reduction factor C_ as given in Table 7.1 (ACI 440), and f,, and e,

represent the FRP guaranteed tensile strength and ultimate strain as reported by the
manufacturer (see Table 4.1).

The maximum strength that the MF-FRP strengthening can develop depends on the
capacity of the connection bolt-strip and, therefore, on the number of fasteners used.

In order to mechanically fasten the FRP laminate to the concrete, the optimal solution in
terms of mechanical behavior of the connection was found as a result of an experimental
program conducted at UMR. The chosen fastening system consisted of:

@ Concrete wedge anchor (diameter 9.525mm (3% in) and tota length
57.15mm (2, in) - Figure 4.1). The shear capacity T, of the anchor embedded
in the concrete depends upon the embedment depth h, and the strength of the
concrete f.. The shear strength of the anchor, T, , becomes equal to T¢ with a
value of 26.7 kN (6.0kip) when f; =41.4MPa (6000 psi) and h, =38.1mm
(1% in);

@ Steel washer (inner diameter 11.112 mm (%, in), outer diameter 25.4 mm (1in)
and thickness 1.587 mm (¥ in) - Figure 4.1);

@ Epoxy between the washer and the FRP and throughout the hole on the FRP.

Concrete Wedge Anchor  Steel Washer

Su
5.5 0 resmm —1 8 ﬂ
16 O o, Lol ] Lo g, ) 1.
16 4 16 16 = 16
Concrete Wedge Concrete Surface
Anchor

Steel Wasr]er/gsj}a\ces Soaked by Epoxy

Figure 4.1. Details of the Connection Concrete-FRP
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Bond tests on the connection FRP-fastener showed that a the ultimate conditions, the
applied load is uniformly distributed between all the fasteners. In addition, it was
observed that for concrete having an f_ 3 27.6 MPa (4000 psi), the failure mode of the

connection is due to the bearing of the FRP. The experimental ultimate load supported by
this connection was found to be 14.0 kN (3.15 kip) . For design purposes a safety factor

equal to 1.25 was assumed and therefore the design capacity of the connection is
R, =1L.1kN (25kip).

Under these assumptions, the minimum number of fasteners n, ;. to anchor each FRP

strip so that failure of the FRP controls, is given by:

nb,min = h (42)

R,

where F.., isthe maximum load that the FRP strip experiences at ultimate conditions.
Assuming C. =0.85 (i.e., carbon plate exposed in exterior aggressive ambient) and
taking into account the net area of the strip (i.e., subtraction of the area lost to insert the
bolt), from equation (4.2) the minimum number of bolts to reach the ultimate capacity of
the FRP strip is 26. If fewer bolts are used, the failure would occur at the connection (i.e.
bearing of the FRP strip).
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4.2. Superstructure Design

4.2.1. Assumptions

The geometrical properties and the internal steel flexural reinforcement of the design
Cross section are summarized in Figure 4.2 and Table 4.2.

Transverse
Reinforcement:
Longitudinal : Bar #4 @135"
Reinforcement: |~ | J
B #4 1 " N
ar @ \ 7?||
R T
1%' j 2|| J

Figure 4.2. Slab Un-strengthened Section

Table 4.2. Geometrical Properties and Internal Steel Reinforcement

Slab Slab Longitudinal | Effective Slab Transverse Effective
Thickness Tensile Steel Area | Depth Tensile Steel Area Depth
H d A&,dab long. dslab long. A&,dab transv. ddab transv.
[rom] gt [rom] gmm’/my [rom]
([in]) (6n°g) ([in]) (6n°/ ) ([in])
190 108 130 53 143
(7%) (0.168) (5%) (0.174) (5%)

4.2.2.Flexural Strengthening

Table 4.3 summarizes the strengthening recommendations for the superstructure of the
bridge. Figure 4.3 and Figure 4.4 detail the longitudinal flexural strengthening. Finally,
the pattern of the bolts for longitudinal and transversal reinforcement is shown in Figure
45,
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Table 4.3. Strengthening Summary

Design Capacity Moment
Demand
fM, M,
Section Strengthening Scheme [kN ”T’;/m] [kN ”Tl/m]
([Kipt/ ft]) ([Kipt/ ft])
Un-strengthened | Strengthened
o Deck:
Longitudinal | 1 pjate 18.7 114.8 113.0
Direction @ 203 mm (8 in) olc (4.2 (25.8) (25.4)
Span #1
Section 1-1
Girder G1.1 Girder G1.2 Girder G1.3

\

Pate"D1":

Pate"D1":

22 F%P Plates @8" o/c Plate"D1": 1rI]:tRhP Plate
wide 2 FRP Plates on the
12' 00" long Close Cantilever Arm
Fastened with 26 Bolts to Each Girder
Span #2
Section 2-2
Girder G2.3

Girder G21 Gjrder G2.2

Pate "D2":

21 FRP Plates @8" o/c

4" wide
11' 08" long

Fastened with 26 Bolts

Plate "D2":

2 FRP Plates
Close

to Each Girder

Plate "D2":

1 FRP Plate

on the
Cantilever Arm

Figure 4.3. Strengthening of the Deck: Sections
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1 5" 1 5" 1 l" 1 lll
+ 603" + 6-03'  5-103" + 5-103" +
o
Girder G1.3 | 7 | Girder G2.3
Plates "D1": ’ = Plates "D2":
12' 00" long —— iy ——— 11' 08" long
Fastened —— — Fastened
with 26 Bolts ‘ 1 ——— with 26 Bolts
SOUTH = —— NORTH
Girder G1.2 ————— Girder G2.2
—— 1 ———
Girder G1.1 —— ? —— Girder G2.1
| I |
s1 | 2 | 3
Supports

Figure 4.4. Strengthening of the Deck: Plan View

The bolt pattern was verified at the ultimate condition in order to avoid having any
section in which the moment demand is greater than the moment capacity. During this
step, the position of the bolts is optimized. Figure 4.6 details the moment capacity of the
beam along its length for the chosen bolt pattern. Appendix C contains some pictures of

the FRP strengthening installation.

28



s}j0g 8y} Jo usled ‘G ainbi4

| W3- TT
v 14
HRk: LA
Hj..j._ﬂ._i._j._vf W8+ w81+ 8+ LoT-2 <|AT W8 w81 .8 4..§..§._§._§..§..HFL I
N W R
| Z __
T Jlewingy %99d wewinqy
| 3 |
(Buoy 80 .TT - sHog 9¢)
.20 . 9%e|d - duis dy
| <1
14 14
e ol
ety 8 8 1.8 Lz-€ | 8+ .81 .8 A.E..ﬁ._ﬁ._ﬁ.ﬁ._i I
7 o o i o . a o B h N o B o j o o Hw
o e - B B % - B B o o
| 2 __
ﬁ usWINgy bcle uBlIngy

(Buoy .00 2T - s¥og 92)
.1a . 9r|d -dus 344

29



Position along the Girder, z [ in ]
0 20 40 60

. k

Design Moment
\l Envelope
™ /

Moment [ kip-ft /ft ]
[
()]

T

25 Capacity l

30

Figure 4.6. Diagram of the Capacity of the Deck at the Ultimate Load Conditions
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4.2.3. Shear Check

The concrete contribution to the shear capacity was calculated based on equation (11-5)
of ACI 318-02 asfollows:

i v.do .

v, =adot. +2500r 2% d£35(f.h.d

Peg M, 5 /L, (4.3)
181.§=[ps]

The as-built shear capacity is then computed by adding the concrete contribution to the
one due to the shear reinforcement. Table 4.4 summarizes the findings for the
superstructure. Since the capacity is higher than the demand, it can be concluded that no
shear reinforcement is required.

Table 4.4. Superstructure Shear Capacity

Shear Shear
Element Capacity | Demand
fv, V,
qap SN U 2kipuo 116.7 | 1153
Eml & ft iy (80) | (7.9

4.2.4. Punching Shear Check

The deck must also be checked for punching shear. This check was based on ACI 318-02

requirements. ACI 318-02 Sec. 11.12.2.1 prescribes that for non-prestressed slabs and
footings, V, shall be the smallest of the following expressions:

N
9

+22\/Eh)d with gf.§=| psi]
%]

<

5 oo
+

ESHEN

d

S

D0
&

———— — — —

v, (4.4)
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where:

b, is the perimeter of critical section;

d is the distance from the extreme compression fiber to centroid of tension
reinforcement;

a, is 40 for interior load, 30 for edge load and 20 for corner load;

b. istheratio of long side to short side of the area over which the load is

distributed.
By using atire contact area as given by AASHTO (2002):

!0 =254 mm (10in)
[ W, =508 mm (20in) (4.5)

tire

i Ao =y, =120032 i’ (200in?)

tire

the following shear capacity can be found:

f V. =f

punch “c punch

min(V, o,V 00V o) @0.85(462 kN) @892 kN (89.0 kip)

which is smaller than the ultimate punching shear capacity given by:

g, (1+1)Pyy5 44 @5L2KkN (34.0kip).
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5. FIELD EVALUATION

5.1. Introduction

Although in-situ bridge load testing is recommended by the AASHTO (2002)
Specification as an “effective means of evaluating the structural performance of a
bridge”, no guidelines currently exist for bridge load test protocols. In each case, the load
test objectives, load configuration, instrumentation type and placement, and analysis
techniques are to be determined by the organization conducting the test.

In order to validate the behavior of the bridge after strengthening, a static load test was
performed with a H15 legal truck (see Figure 5.1), in June 2004 about two months after
the strengthening. Figure 5.2 shows the distribution of the load between the axles of the
truck and the loading configurations maximizing the stresses and deflections at mid-span
of deck panels under atotal of six passes, two central and four laterals. For each pass, two
stops were executed centering the truck rear axle over the marks on the deck. During each
stop, the truck was stationary for at least two minutes before proceeding to the next
location in order to alow stable readings.

Figure 5.1. Load Tests after Strengthening on Bridge No. 3855006

Displacements in the longitudinal and transverse directions were measured using Linear
Variable Differential Transducers (LVDTSs). Strains in the strengthening material were
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monitored by means of strain gages. Figure 5.3 shows the details of the instrumentation
whose layout was designed to gain the maximum amount of information about the
structure.

Figure 5.4 reports the displacement relative to Pass #4 corresponding to the rear axle of
the truck at the middle of the span S1 (Stop #2) and S2 (Stop #1). It is interesting to note
that the deck deflected like a continuous slab over two spans while for design purposes
the continuity of the superstructure over the central pier was conservatively neglected. In
addition, the bridge performed well in terms of overall deflection. In fact, the maximum

deflection measured during the load test is below the allowable deflection prescribed by
AASHTO, 2002 Section 8.9.3 (d,, £1,/800=4.620 mm (0.182in)).

Figure 5.5 reports the reading of the strain gages applied to the FRP laminates, relative to
Pass #5. The strain readings (between 75 and 90 ne ) for the most loaded part of the slab
indicate a satisfactory performance of the FRP laminates. The distribution of strains is
approximately symmetric as it could be expected from a symmetric load condition. For
some loading conditions, it was found that some of the laminates were less engaged. This
kind of behavior is typical of the non-bond critical strengthening systems where the
strengthening needs relatively large deformations of the structure before being
completely engaged.

Results for the other load configurations are summarized in Appendix A together with the
theoretical values obtained with the Finite Element Method (FEM) model described in
the following section.



Truck Position and Direction

14
7777777 for Passes #1, #2 and #3
10.46 kip 20.84 kip
Stop #2 Stop #1
v v

#6-1" 4 6-1" + 5-10"
SOUTH | | I

Truck Position and Direction
for Passes #4, #5 and #6

10.46 kip

Support S1 | Support S2

Support S3

Figure 5.2. Legal Truck Used in the Load Test after Strengthening
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Figure5.3. LVDT and Strain Gage Positions in the Load Test after Strengthening

Transverse Position, z [ ft ]
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& 304 (@————
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I
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il 0.5L2t|l_2 J;Jl_lifo.sLl
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' Z
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Figure 5.4. Mid-span Displacement, Pass #4
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Girder G2.1 Girder G2.2 Girder G2.3

Figure 5.5. Mid-span Strain in the FRP Laminates, Pass #5

5.2. Additional Load Test

A dynamic test was conducted on the strengthened bridge to determine the impact factor
by moving the truck on Pass #2 and Pass #5 at speeds equal to 4.5, 8.9 and13.4 m/s

(10, 20 and 30 MPH ). The dynamic test was performed acquiring the data at a
frequency of 20 Hz. The live load impact factor | was computed as the ratio between
the difference between the maximum dynamic and static displacements to the maximum
static deflection (i.e. Pass #2 and Pass #5). As an example, Figure 5.6 shows the dynamic
deflections as a function of time at a 13.4 m/s (30 MPH ) speed. Figure 5.7 plots the
live load impact factor | for displacements and strains for different truck speeds (the
truck speed is considered positive if the truck ran from North to South). It can be noticed
that the impact factor decreases for speeds higher than 8.9 mys (20 MPH ). This is due
to the fact that by increasing the speed, the time of application of the load on the bridge is
reduced and, consequently, the corresponding deflection is reduced due to bridge
hysteretic behavior.

37



From Figure 5.7 it is possible to extrapolate two values for the maximum impact factor
| experimental, pass #2» 0-86 @nd 2.09 according to the reading of the LVDTs and the strain
gauges, respectively. Both values are higher than the one used for design (I =0.30
according to AASHTO (2002)). The higher value of impact factors derived from the
displacements readings are related to LVDTs positioned at the sides of the decks (i.e. R1,
R5, R6 and R10), while the impact factors determined considering the rest of the LVDTs
were found to be less than 0.30. This implies that, in reality, the portions of the slab
interested by the higher impact load factor would still experience a load below the design
value. On the other hand, the strain in some FRP laminates under dynamic loads was
three times (| =2.09) the static one. This can be considered just a local

experimental , Pass #2

effect since a crack ran through the width of the deck right over where the strain gauges
were placed.

Appendix B reports all the results obtained at different truck speeds.

Time[ sec ]
000 025 050 075 100 125 150 175 200 225 250
-5 \ \ \ l
0 i —1 e P tront-axie = 10.46 klp
- \ f\\/”% [ P rerate = 20.84 kip
\ Truck Speed = 30 MPH
AN W= et 2
— 10 7/ \ // \\ / _[Effect of only the
° 15 N\ Rear Axle on the
o
2 | Spens
g 20 \\ // \V“ Effect of Both
£ 25 M V Axles on the Spans
[&] I T
%85_ 30 \V/ SOUTHﬂ rI G/'/r/;\ers rI a NORTH
[a) 35 4 —Rl1 —R2 wal® 1o f 58
—R3 R4 ,jm / 5 SG7IR9 ~
40 4 Effect of only the ORI U RS FETruck}
RS R6 Front Axle on the = 6 —
%1 RrR7 —R8 Spans riles | SSLR6
i
50 = Rg Rlo | | Support S1 [ Suppirt S2 [ SupgortSB

Figure 5.6. After Strengthening Displacements at 13.4 mys (30 MPH )
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Figure 5.7. Live Load Impact Factor | versus Truck Speed

5.3. FEM Analysis

In this section, a FEM analysis model is described. This model was developed in order to
interpret the experimental data collected during the test after the strengthening. For this
purpose, a commercially available finite element program ANSY S 7.1 was used. Details

of the geometry can be found in Figure 5.8 and Figure 5.9.

The element SOLID65 was chosen to model the concrete and the FRP laminates.
SOLID65 is used for the three-dimensional modeling of solids with or without
reinforcing bars. The solid is capable of cracking in tension and crushing in compression.
In addition, up to three different rebar specifications may be defined. The element is

defined by eight nodes having three degrees of freedom at each node: translations in the
nodal x, y and z directions. SOLIDG65 is subject to the following assumption and

restrictions:

cracking is permitted in three orthogonal directions at each integration point;
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if cracking occurs a an integration point, the cracking is modeled through an
adjustment of material properties which effectively treats the cracking as a “smeared
band” of cracks, rather than discrete cracks;

the concrete material is assumed to be initially isotropic;

whenever the reinforcement capability of the element is used, the reinforcement is
assumed to be “smeared” throughout the element;

in addition to cracking and crushing, the concrete may also undergo plasticity, with
the Drucker-Prager failure surface being most commonly used. In this case, the
plasticity is done before the cracking and crushing checks.

For this project, the material properties of concrete were assumed to be isotropic and
linear elastic, since the applied load was relatively low with respect to the ultimate load
condition. The modulus of elasticity of the concrete was based on the measured
compressive strength of the cores obtained from the slab according to the standard
equation ACI 318-02 Section 8.5.1:

E. =57000,/f, psi =57000y/6575 psi » 32.2 GPa (4672 ksi) with gf =] psi].

In order to take into account the presence of the cracks in the deck and the deterioration
of the concrete of girders and curbs, as a result of a parametric analysis, the modulus of
elasticity was reduced to 5.2 GPa (750 ksi) and 17.2 GPa (2500 ksi) in the elements
corresponding to the cracks and girders in the span S1, and girders in the span S2,
respectively, as shown in Figure 5.8b. The depth of the cracks was chosen according to
the data collected during the in-situ inspection while the width was assumed to be equal
to the elements dimensions. The concrete Poisson's ratio was set to 0.19. Different
elements were used to optimize the model and decrease the computation time. The
chosen shape and size in the longitudinal and transverse cross sections allowed to locate
more accurately the steel rebars (see Figure 5.9a), to properly connect the FRP laminates
to the surface of the concrete (see Figure 5.9b) and to reduce the number of the elements
in the “secondary” parts of the model, such as the curbs (see Figure 5.9a). Due to the
uneven spacing of the steel rebars in the transverse and longitudinal direction, it was
preferred to smear the steel reinforcement across the entire length and width of the slab,

respectively. The modulus of the elasticity and the Poisson's ratio for the steel
reinforcement were assumed as 200.0 GPa (29000 ksi) and 0.3, respectively.
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The connections between the FRP laminates and the concrete surface were modeled as
rigid, neglecting any form of non-linearity due to a potential initial non-perfect
engagement of the strengthening. Modulus of the elasticity and the Poisson’ sratio for the
FRP laminates were assumed to be 60.6 GPa (8800 ksi) and 0.3, respectively.

The bridge was vertically and transversally restrained in correspondence to the three
supports, while the longitudinal displacement was fixed to zero at the central abutment

only (see Figure 5.9). The loads were assumed as uniformly distributed over
508" 254 mm (20" 10in) areas as specified in AASHTO (2002) Section 4.3.30. Such

loads were applied at the top of the deck simulating, in such way, the truck wheel prints
(see Figure 5.8a). The uniform load was concentrated at the nodes corresponding to the
truck wheel print and each force was determined by dividing the total load for the number
of nodes.

Figure 5.10 reports the experimental and analytical mid-span displacements, relative to
Pass #4. The graph shows a good match in deflections between experimental and
analytical results.

Figure 5.11 compares experimental and analytical strains on the FRP, relative to Pass #4.
The graph shows a good match in strains between experimental and analytical results for
the strips fastened beneath the deck of span S2. The mismatch for the laminates in the
middle of span S1 can be explained with the incomplete engagement of the FRP
laminates to the concrete.

Appendix A reports all the analysis developed for the bridge after the strengthening.
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Figure 5.8. FEM Model Geometry (1)
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6. LOAD RATING

Bridge load rating calculations provide a basis for determining the safe load capacity of a
bridge. According to the Missouri Department of Transportation (MoDOT), anytime a
bridge is built, rehabilitated, or reevaluated for any reason, inventory and operating
ratings are required using the Load Factor rating. All bridges should be rated at two load
levels, the maximum load level called the Operating Rating and a lower load level called
the Inventory Rating. The Operating Rating is the maximum permissible load that should
be allowed on the bridge. Exceeding this level could damage the bridge. The Inventory
Rating isthe load level the bridge can carry on a daily basis without damaging the bridge.

In Missouri, for the Load Factor Method the Operating Rating is based on the appropriate
ultimate capacity using current AASHTO specifications (AASHTO, 1996). The vehicle
used for the live load calculations in the Load Factor Method is the HS20 truck. If the
stress levels produced by this vehicle configuration are exceeded, load posting may be
required.

The method for determining the rating factor is that outlined by AASHTO in the Manual
for Condition Evaluation of Bridges (AASHTO, 2002). Equation (6.1) was used:

RF = —Aj_ (f_ﬁ) (6.1)
where:
RF isthe Rating Factor;
C isthe capacity of the member;
D isthe dead load effect on the member;
L isthelive load effect on the member;

| isthe impact factor to be used with the live load effect;
A isthe factor for dead loads;

A, isthe factor for live loads.
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Since the load factor method is being used, A istaken as 1.3 and A, varies depending
on the desired rating level. For Inventory Rating, A, =2.17, and for Operating Rating,

A =13.

To determine therating RT of the bridge, equation (6.2) was used:

RT = RF W (6.2)
where W isthe weight of the nominal truck used to determine the live load effect.

For the bridge No. 3855006, the Load Rating was calculated for a number of different
trucks, HS20, H20, 3S2 and MO5. Ratings are required at the inventory and operating
levels by the load factor method on each bridge for the HS20 truck. The H20 legal
vehicle is used to model the load for single unit vehicles. The 3S2 vehicle is used as a
model for all other vehicles. The MOS5 is used to model the commercial zone loadings.

For each of the different loading conditions, the maximum shear and maximum moment
were calculated. Impact factors are also taken into account for Load Ratings. This value
is 30% for the bridge No. 3855006. The shear and moment values for the deck are shown
inTable 6.1.

Table 6.1. Maximum Shear and Moment due to Live Load for the Deck

Maximum Maximum Moment Maximum Maximum Moment
Shear Shear with with Impact
Truck | mpact
[kn] ([kip]) | [kNom] ([kipxtt]) | [kn] ([kip]) | [knom] ([kipxdt])
HS20 14.86 14.55 19.35 18.91
(3.34) (10.73) (4.35) (13.95)
MO5 15.75 13.15 20.46 17.10
(3.54) (9.70) (4.60) (12.61)
H20 12.68 10.56 16.46 13.72
(2.85) (7.79) (3.70) (10.12)
352 12.72 10.56 16.55 13.72
(2.86) (7.79) (3.72) (10.12)
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Table 6.2 and Table 6.3 give the results of the Load Rating pertaining to moment and
shear respectively for the deck.

Table 6.2. Rating Factor for the Deck (Bending Moment)

Rating Factor Rating Rating Type
Truck RF RT
tong ([ton])

HS20 1.293 42.2 (46.6) Operating
HS20 0.775 25.3 (27.9) Inventory
MQO5 1.430 46.7 (51.5) Operating
H20 1.533 27.8 (30.7) Posting
352 1.533 50.9 (56.2) Pogting

Table 6.3. Rating Factor for the Deck (Shear)

Rating Factor Rating Rating Type
Truck RF RT
tong ([ton])

HS20 47.9 43.5 (47.9) Operating
HS20 28.7 26.0 (28.7) Inventory
MQO5 46.1 41.8 (46.1) Operating
H20 26.9 24.4 (26.9) Posting
3S2 49.1 44.5 (49.1) Posting

According to Table 6.3, the bridge should be posted at 24.4 tong (26.9 ton) . Therefore,
since the legal loads established for Missouri are defined as 20.9tony, 23.0ton for
single unit vehiclesand 36.3 tong (40.0 ton) for all others, the existing load posting can

be removed.
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7. Conclusions

Conclusions based on the retrofitting of the bridge utilizing FRP materials can be
summarized as follows:

The mechanically Fastened (MF) FRP system showed to be a feasible solution for
the strengthening of the bridge;

In-situ load testing has proven to be useful and convincing;

The FEM analysis has shown good match with experimental results demonstrating
the effectiveness of the strengthening technique;

As aresult of FRP strengthening, the load posting of the bridge can be removed.
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APPENDIX

A. After Strengthening Test Results
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B. Dynamic Test Results
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Figure B. 7. After Strengthening Strain in the FRP Laminates at 4.5 my's (10 MPH)
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Figure B. 9. After Strengthening Strain in the FRP Laminates at 5.8 my/s (13 MPH) (11)
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Figure B. 11. After Strengthening Strain in the FRP Laminates at 9.8 my's (22 MPH)
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APPENDIX

C. Installation of the M F-FRP Strengthening System



a) Removal of Surface Unevenness b) Temporary Attachment of the Laminates

Figure C. 2. Positioning of the Pre-cured FRP Laminates

Figure C. 3. Drilling of the Holes in the Concrete
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a) Hole Filling with Epoxy b) Bolt Hammering ¢) Torque Control Clamping
Figure C. 4. Fastening Procedure

Figure C. 5. Bridge No. 3855006 after Strengthening
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DESIGN AND IN-SITU LOAD TESTING OF BRIDGE No. 2210010
COUNTY ROAD 6210 -PHELPS COUNTY, MO

Executive Summary

This report presents the use of Mechanically Fastened - Fiber Reinforced Polymers (MF-
FRP) pre-cured laminates for the flexural strengthening of a concrete bridge. The
advantage system consists of pre-cured FRP laminates bolted onto the concrete surface in
order to provide the necessary flexural reinforcement to girders and deck. The strength of
the technigue is in the fact that it does not require any surface preparation prior to the
installation of the FRP.

The bridge selected for this project is a 3-span deck: one span is simply-supported while
the other two are continuous. In the design, each span of the structure was assumed
simply-supported by the abutments. The bridge is located on County Road 6210 in Phelps
County, MO. The bridge analysis was performed for maximum loads determined in
accordance to AASHTO 17th edition. The strengthening scheme was designed in
compliance with the ACI 440.2R-02 design guide and on previous research work on this
new type of strengthening MF-FRP system.

The retrofitting of the structure was executed in spring 2004. The MF-FRP strengthening
technique was easily implemented and showed satisfactory performance. A load test after
the strengthening was performed and a Finite Element Method (FEM) analysis was
undertaken. The numerical model was able to represent the behavior of the bridge and
demonstrated, in such way, that the posting limit can be removed.
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1. BACKGROUND

1.1. Delta Regional Authority Program Project

In December 2002, as a result of its partnership with University of Missouri, Rolla —
University Transportation Center (UMR-UTC), the Meramec Regional Planning
Commission (MRPC) received a $193895 grant award from the Delta Regional Authority
for bridge improvement projects in Crawford, Dent, Phelps, and Washington Counties.

1.2. Need for the Proposed Project

Trangportation infrastructure is one of the major economic development needs for the
Meramec Region. Local roads and bridges affect the economic welfare of the region by
providing links to the major routes. Local roads and bridges are the collector systems into
the larger state highway system for the transport of manufactured products and
agricultural goods, accessing employment centers, and bringing travelers and tourists to
the region. While many residents are engaged in agriculture and use the roads for farm-
to-market routes, a growing number of people are working in cities and living in
unincorporated areas relying on rural roads to commute to work. Aging bridges prohibit
growth in much of the region because they severely limit access to many communities.

According to the National Bridge Inventory in 1995, 29 percent of county bridges do not
meet minimum tolerable conditions to be left as-is. Nationwide, 40 percent of rural
bridges are posted as to weight or other travel restrictions. Load postings are defined as
the safe loads to cross a bridge. Loads over the posted limit cause damage to the structure
and shorten the life of the bridge. Examples of vehicles affected would be school buses,
fire trucks and ambulances, commercial truck traffic and large farm equipment. Dump
trucks are affected by all load postings according to the Missouri Department of
Trangportation (MoDOT) and emergency vehicles are affected by most postings. The
Federal Highway Administration (FHWA) classifies 32 percent of rural bridges as
structurally deficient. Over one-third of the rural bridges in Crawford, Dent, Phelps and
Washington counties are considered deficient by MoDOT standards. Much of the



problems with local bridges are due to age and obsolete design.

The high cost associated with bridge replacement keeps communities from addressing
many bridges. Even the cost to repar bridges is high when using conventional
technologies. Maintaining and upgrading transportation infrastructure is a challenge for
rural regions because of the sparse density of residents and number of roads and bridges
running throughout the area. The low Average Daily Traffic (ADT) on most rura bridges
seems to make the cost for bridge replacement ineffective. Low-volume bridges make it
difficult for rural areas to compete for grant funding to assist with bridge replacements
because rural areas are in competition with larger metropolitan areas. Rural areas are at a
disadvantage because more populated areas can incorporate additional aspects of
transportation, such as public transit and major economic impact, in grant proposals.

1.3. Description of the Project

Fiber-reinforced polymer (FRP) materials have recently emerged as a practical alternative
for construction and renovation of bridges. Advantages of FRP materials are that they
resist corrosion, long outlive conventional materials, and have high strength-to-weight
ratio. Placement of FRP material is in two forms, near-surface mounted bars and
externally-bonded laminates, and the materials are applied on the underside of bridges.
UMR has been working with FRP technology on projects around the state and in the
Meramec Region. Projects have included strengthening of bridges in Boone County,
Phelps County, and St. Louis. Bridges constructed with FRP materials were installed in
the city of St. James, MO. FRP strengthening of bridges has had significant cost and time
savings over conventional methods.

MRPC is working with local elected officials, UMR and MoDOT to identify and develop
31 bridge strengthening projects in the four-county area of Crawford, Dent, Phelps and
Washington. Counties provide MRPC a list of bridge needs and MRPC staff reviews the
list with UMR and MoDOT representatives to determine bridges that would be prime
candidates for FRP strengthening technology. MoDOT will also review the bridges to
determine those that have previously been inspected and found to be structurally deficient
or require a load posting. MoDOT will also help determine if projects can help the



counties earn soft-match credit towards larger projects using Bridge Replacement Off-
system (BRO) funds. MRPC will then determine the economic development impact each
bridge has on the region and prioritize projects based on this ranking. The University will
prepare design specifications for applying FRP material to each bridge. Contractors will
be competitively procured to install the FRP material and those contractors will be
required to have or receive certification from UMR for FRP technology training. The
University will monitor the application of FRP material to each bridge. Each county may
use a third party engineering firm to seal the design and monitor the contractor’s activity
to ensure that the results of the FRP technology are accurate and valid. Bridges may be
tested for load posting before and after the strengthening process to determine the effect
of the activity on the strength of each bridge. It is anticipated that strengthening will
allow for the load postings to be removed or significantly raised for the structures
subjected to such limitations.

1.4. Complementing Existing Regional Plans

Through MRPC, each county completed a Strategic Plan in 2000-2001 to identify current
needs and develop a plan of action. This information became part of the region's
Comprehensive Economic Development Strategy. Transportation infrastructure was a
common need found in all counties. A top priority for economic development was
determined to be the need for a better transportation system. Each county identified an
objective to improve existing infrastructure. Activities proposed to address the
transportation system included encouraging transportation development to enhance
economic growth. Most counties found that tourism is directly related to the
transportation system and if the tourism industry is to be promoted in the region, the
transportation system must be addressed. Counties determined that activities must include
improvementsto local roads and bridges as well as state routes.

Each community will be required to cover 30 percent of the cost to reinforce each bridge
addressed in their jurisdiction. Communities are also responsible for using a third party
engineering firm to seal the University’'s design work and inspect the work of
contractor(s) hired to apply the FRP reinforcement. The bridges to be addressed are not
deficient due to poor maintenance, but to age and structural obsolescence. Once



strengthened, the bridges will have an increased life by removing or upgrading the
current load postings. Each community budgets for road and bridge maintenance and this
will not change with the proposed project. Strengthening is the only alternative to
replacement, and should not require additional maintenance from the community’s road
crews.

An improved transportation system is a severe need all across the state, including these
four Delta counties of the Meramec Region. The transportation system, bridges in
particular, was found to be a top priority in the strategic plans for each county as part of
the Comprehensive Economic Development Strategy developed for the region.
Transportation was directly related to economic development in each county and for the
region. The transportation infrastructure of the region has a direct impact on economic
development by providing the means necessary to transport raw materials and products,
employees to/from work and consumers to/from business centers.

1.5. Impact of the Project

Strengthening bridges will allow for communities to open bridges to more traffic and
facilitate the movement of freight, farm equipment and products, and commuter traffic.
Counties will add new strength to bridges that otherwise would need to be replaced or
closed due to pogting limits. Major employment centers are located in each of the four
counties. The industries are dependent upon moving their goods and, in the Meramec
Region, goods move only via the road system. Major employment centers rely on the
local transportation system to allow access for employees and connecting with larger
transportation systems for moving materials and products. Such industries include Doe
Run Inc., Salem Memorial District Hospital and US Food Service in Dent County, Dana
Brake Parts Inc., Meramec Industries Inc., and Missouri Baptist Hospital in Crawford
County, Briggs & Stratton Corp., Boys & Girls Town of Missouri and Wal-Mart
Distribution Center in Phelps County and Red Wing Shoe Co., Georgian Gardens
Nursing Home and YMCA of the Ozarks in Washington County.

Up to 31 county bridges may be strengthened using the FRP technology. Strengthening
will remove load postings or significantly increase postings so that bridges will be open



to more traffic. These bridges will allow for more access from county roads to major
routes running through the area, directly impacting the economic development potential
of the region.



2. INTRODUCTION

This report summarizes the procedures used for the upgrade of the Bridge No. 2210010

(see Figure 2.1), located in Phelps County (County Road 6210), MO. The bridge is
actually load posted to amaximum weight of 10.9 tong (12 ton).

Figure 2.1. Bridge No. 2210010

The total length of the bridge is 9754 mm (32 ft) and the total width of the deck is
6325 mm (20 ft 9in). The structure is a 3-span 229 mm (9in) deep deck: one span is

simply-supported while the other two are continuous.

2.1. Objectives

The primary objectives of this document are to analyze the bridge superstructure and to
provide the design calculations for its strengthening using a Mechanically Fastened
Fiber-Reinforced Polymer system (MF-FRP). The advantage system consists of pre-cured
FRP laminates bolted onto the concrete surface in order to provide the necessary flexural
reinforcement to deck and abutments. The strength of the technique is in the fact that it



does not require any surface preparation prior to the installation of the FRP.

2.2. Bridge Conditions

Prior to the strengthening of the bridge, a detailed investigation was required to determine
the initial conditions of the bridge and the properties of the constituent materials. The
details of the bridge reinforcement and material properties were unknown due to the
unavailability of the bridge plans. As a consequence, a the onset of the project, these
properties were determined in-situ, based on visual and Non Destructive Testing (NDT)
evaluation.

From visual observations, some concrete spalling along the longitudinal edges of the
bridge was observed. The deck showed traces of steel rebar corrosion (see Figure 2.2-a)
and erosion (see Figure 2.2-b). In addition, some bars on the corners of the deck were
completely exposed with clear signs of corrosion (see Figure 2.2-c). Some cracks ran
parallel and normal to the traffic direction along the two continuous spans (see Figure
2.2-d).

a) Steel Rebar Corrosion on the Deck b) Erosin on the Deck



C) xpo&d Bar inthe Lateral
Side Direction
Figure 2.2. Condition of the Superstructure

The concrete walls appeared to be in good condition except for some vertical cracks
running down across their entire height (see Figure 2.3-a). Some bars on the corner were
completely exposed with clear corrosion signs (see Figure 2.3-b). A horizontal crack was
found across the retaining abutment downhill (see Figure 2.4-a) while the soil is not in
perfect contact with the surface of the other abutment (see Figure 2.4-b).

e

a) Vertical Cracks b) Exposed Bar in the Corner
Figure 2.3. Condition of the Walls



1448 mm
(4ft 9in)

a) Horizontal Crack across the Retaining b) Soil not in Perfect Contact with the
Abutment Downhill Surface of the Abutment
Figure 2.4. Condition of the Abutments

The geometry of the bridge is summarized in Table 2.1. Figure 2.5 and Figure 2.6 show
the longitudinal and plan view of the bridge. Figure 2.6 also displays the position from
where the concrete cores were extracted and the longitudinal and transverse steel
reinforcement of the deck.

Table 2.1. Geometry of the Bridge

Span S1 2 3
Clear Span _ [, =3335 mm [, =3433 mm [, =3285 mm
Sy e Treime (10t 115 in) | (11t 3% in) | (101t 95, in)
Design Length [, =3505 mm I, =3604 mm [, =3499 mm
Sy e Trefme (11t 6in) (11ft92%, in) | (11t 5% in)
« Heiah Hy =229 mm Hy =229 mm Hy =229 mm
D | . .
SckHegnt (9in) (9in) (9in)
Vertical Clearance H, =2118 mm H, =2262 mm H,=2413 mm
Sy recintheMicle (6t 113; in) (7 ft 5, in) (7t 11in)
Walls and Abutments - :
Width w, =203 mm (8in)
Skew a=27°




Slope Angle of the Soil
(Angleto Fill tothe
Horizontal)

Abutment S1: b =0°
Abutment S4:b =7°

Roadway Width
(Orthogonal to the Traffic
Direction)

W

=6325 mm (20 ft 9in)

Curb-to-Curb Roadway

Width
(Orthogonal to the Traffic
Direction)

We

=5766 mm (18 ft 11in)

Overlay Height

H, =0mm (0in)

WEST

g
()G
e

VO

1 5"
655

\)O
I VO QO N

9" EAST

Guardrail : )
WW{ 2
T Deck D3 | [ LA

| Deck D1

79 81" S

S1

18

9-9" 1} 10-0%"

9-63 —
1+ 8" - 8"

1lin=1" =254 mm
1ft=1" =304.8 mm

Figure 2.5. Longitudinal View of the Bridge
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CC#2 1t y\
(On the Abutment) —F

Web of Steel Bars  Bars Disposition 20-g15
in Each Support on the Deck >\ 32
- Vertical Direction:
#A@18" 15,
WEST Cover3?/4" Tﬁ 8" } 18-1]37
Guardrail H } 23-4" 5
8 | 2m@en | M@L" 16-113"
o \ | (Average Value) | | (Average Value) | \(
I | Cover2” || Coverl’')
| Support S2 } . Support S3 | } Support $4.
KSupport g | Deck D2 \‘L\ Deck D3 Abutment with
| | } ccua | | —+  Horizontal Crack
~ Deck D1 1 com \ EAST
#
| | | CR—, 10-92"
} | ) Exposed
‘Guardrail !/ 1135~ Vertical Bar
| 32 inthe Support )
CC#L | ) Exposed and Corroded 1 In= 1 -z 254 mm
10._1]% . Longitudinal Bars 1ft=1"=304.8 mm
\— © in the Deck CC = Concrete Core

Figure 2.6. Plan View of the Bridge

Four concrete cores were drilled from the deck (see Figure 2.7-a) and one from the
support 4, and were tested in compliance with ASTM C39/C39M-1 and ASTM
C42/CA42M-99 (see Figure 2.7-b). The following results were found:

§ Average Compression Strength: f; = 23.2 MPa (3365 psi);
§ Standard Deviation: SD, =2.8 MPa (413 psi);

§ Variance: c.ov., =100 S:?,C =12.3%.

C

Based on the experimental results, a compression strength of 23.2 MPa (3365 psi) was

11



assumed for design.

i . "&‘_l:_ el
a) Coring b) Compression Tests

Figure 2.7. Material Characterization of the Concrete

The real location of the steel reinforcement in the deck, walls and abutments was
accurately determined by using a rebar locator. The size and the cover of the bars were
determined by visual inspection of the exposed bars and those found in the concrete
cores.

Concrete cover and size of longitudinal (parallel to the traffic direction) and transverse
steel bars in the deck were determined by visual inspection (see Figure 2.2-c) and from
the concrete cores (see Figure 2.8) asfollows:

@ Transverse Direction
#4 (12.7 mm (0.5in) diameter) steel bars
average spacing: 305 mm (12 in) on center
clear concrete cover: 38 mm (1% in);

@ Longitudinal Direction

2#4 (12.7 mm (0.5in) diameter) steel bars

12



average spacing: 152 mm (6in) on center
clear concrete cover: 51 mm (2in).

Concrete cover, number and size of flexural and shear reinforcement for the abutments
and walls were determined by visual inspection (see Figure 2.3-b). The reinforcement
consists of aweb of steel bars:

@ Vertical Direction

#4 (12.7 mm (0.5in) diameter) steel bars
average spacing: 457 mm (18in) on center
clear concrete cover: 95 mm (3% in).

Comparing the bridge with others of the same age and type, a yield value of
344.7 MPa (50 ksi) was assumed for design.

Transverse Bar

Longitudinal
Bar

Figure 2.8. Material Characterization of the Steel Bars

2.3. Conclusions

The flexural capacity of the deck can be improved by the use of the MF-FRP system in
order to recover the loss of strength due to the corrosion of the bars and eventually
remove the load posting. The superstructure of the bridge can be modeled as a slab
supported by abutments and walls. In addition, since it is not possible to guarantee the

13



flexural continuity across the central walls, the bridge can be conservatively modeled as
three simply-supported dabs.

The mid-height horizontal crack running on the abutment $4 is due to the active pressure
of the soil and the surcharge due to the live loads. The actual amount of steel
reinforcement is not adequate for the new design load and therefore vertical MF-FRP
strips will provide the necessary strengthening. The abutment can be modeled as a beam
supported by the deck and the footing. In addition, since it is not possible to easily detect
the actual amount of reinforcement in the footing, the abutment can be conservatively
modeled as a simply-supported beam.

The analysis and design of the bridge presented in the following sections is performed
according to the MoDOT Bridge Manual, to the experimental results attained at the
University of Wisconsin-Madison (Bank et al., 2002) and at UMR. The assumed load
configurations are consistent with the AASHTO Specifications (AASHTO, 2002).

14



3. STRUCTURAL ANALYSIS

3.1. Load Combinations

For the structural analysis of the bridge, the definitions of design truck and design lane
are necessary. Thiswill be addressed in the next section.

Ultimate values of bending moments and shear forces are obtained by multiplying their
nominal values with the dead and live load factors and by the impact factor according to
AASHTO (2002) as shown in equation (3.1):

w, =ggb,D+b, (1+1)L§ (3.2
where
D is the dead load;
L isthe live load;

g, by, b, b arecoefficients asper AASHTO (2002) Table 3.22.1A:
ultimate conditions P g=13, b, =1.0, b, =1.67, b, =1.5;
service conditions P g=1.0, b, =1.0, b, =1.00, b_ =1.0;

isthe live load impact calculated as follows:

.50 _ 50
|, +125 12.792+125

=0.36£0.30 (3.2)

and 1, =11t 92%, in=11.825 ft (3604 mm) represents the span length from center to

center of support. The impact factor should not be larger than 0.30, and therefore the
latter value is assumed for the design.

15



3.2. Design Truck and Design L anes

Prior to the design of the strengthening, the analysis of the bridge was conducted by
considering a HS20-44 truck load (which represents the design truck load as per
AASHTO, 2002 Section 3.7.4) having geometrical characteristics and weight properties
shown in Figure 3.1.

According to AASHTO Section 3.6.3 (2002), just one design lane should be used. The
lane load or standard truck shall be assumed to occupy a width of 3048 mm (10 ft) and
placed in such positions on the roadway as will produce the maximum stress in the
member under consideration. To be noted that the centerline of the wheels of the rear axle
shown in Figure 3.1 is located 305.0 mm (1.0 ft) away from the curb as specified in

AASHTO (2002) for dab design.

1' Clearance 1' Clearance

! ry

b—18-11"——
lear Roadway Widt
20'-9"

Overall Deck Width

Guardrail ' '
1' Clearance > Variable Spacing
\

—14-30 ‘

Wm@mﬁﬂwmizﬁﬁﬂm

.

Guardrail

lin=1" =254 mm

1ft=1=304.8 mm

1 kip = 4.448222 kN
Figure 3.1. Truck Load and Truck Lanes
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Two loading conditions are required to be checked as laid out in Figure 3.2.

The HS20-44 design truck load (Figure 3.2-a) has a front axle load of
35.59 kN (8.0 kip), second axle load, located 4267 mm (14 ft) behind the drive axle, of
142.34 kN (32.0kip) and rear axle load also of 142.34 kN (32.0 kip). The rear axle
load is positioned a a variable distance, ranging between 4267 mm (14 ft) and
9144 mm (30.0 ft). Given the specific bridge geometry, the worst loading scenario is
obtained for the minimum spacing of 4267 mm (14 ft) between the two rear axles: in
particular, since the design span is |, =3604 mm (11.825 ft) , only one axle at atime will

be on each span.
The design lane loading condition consists of a load of 2.85kN (0.64 kip) per linear

foot, uniformly distributed in the longitudinal direction with a single concentrated load so
placed on the span as to produce maximum stress. The concentrated load and uniform
load are considered to be uniformly distributed over a 3048 mm (10 ft) width on a line
normal to the center lane of the lane. The intensity of the concentrated load is represented
in (Figure 3.2-b) for both bending moments and shear forces. This load shall be placed in
such positions within the design lane as to produce the maximum stress in the member.

HS20-44 L oading

8kip 32 kip 32 kip

! | |
} 14' } 14'-30' — lin=1" =254 mm
Variable Spacing 1ft=1"=304.8 mm

1 kip = 4.448222 kN
a) Design Truck (HS20-44)

18.0 kip for Moment _ o
26.0 kip for Shear Transversey Uniformly Distributed

| 064kipft ~ overaloft Width
Ny lin=1" =254 mm

1ft=1" =304.8 mm
1 kip = 4.448222 kN

b) Design Lane
Figure 3.2. Loading Conditions
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3.3. Slab Analysis

Since it was not possible to detect the presence of longitudinal reinforcement in the
negative moment regions, the continuity of the deck over the walls was conservatively
neglected. This led to model the deck as a slab simply-supported between two
consecutive supports.

Figure 3.3 and Figure 3.4 show the critical loading conditions for the slab between
supports S2 and S3. The design value was determined from the truck design when the
rear axle wheels are in the position #3 (see Figure 3.3), being this one the most

demanding to the structure. The load of each wheel was spread over a surface
508" 254 mm (20" 10in) as prescribed in the AASHTO (2002) Section 4.3.30. A

commercial Finite Elements Program (SAP 2000) was used to analyze the structure.
Along the traffic direction, the ultimate and the service moment (M, o, and M.,

respectively) found from this analysis were (see Figure 3.5):

kN><maP2

M, g, @112 —— 8 klprtg kN >m &1 k|p><ft2
’ m

i M,y @53.8 o 8

5.0

ft g

while the ultimate and the service shear (V, ., and V, 4., respectively) were:

KN kip o KN kip
2.2 — 397 — V. b6 — A4 — -,
Voww @022 %0 070 <2 s @406~ fé% =
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Deck D2

Support S2 -
. L . Guardrail 4-10"
14 14 [
X M 7
r il
@ 8 Ly 10-5"
. Moo -
13-5"
S| )
I . 20-9"
Traffic Direction 4 —f 1 |
1' Cl ——11-2"
Clearance —11'-11" J Support S3
Truck in Position #1 157" —— -

d Truck in Position #2
X Truck in Position #3
116 kip

D4 kip

1lin=1" =254 mm
1ft=1" =304.8 mm
1 kip = 4.448222 kN

Figure 3.3. Slab Load Conditions; Standard Truck

Deck D2

Support S2

Center Line of the

Lane Load: Position #2

Center Line of the
Lane Load: Position #1

ARXARRRRS

H#HHHl
[X2RR 2]

[EETRTRR]
#HH#&HL
HHHHl

(223

Guardralil

;

AR AR RN

ll
18 kip/ft for Moment
~ 20 kip/ft for Shear

Wiy 064 klp/ft2

~_ T
/145

l [AARAZ AR}
IAARRRRRR]

[ZXTTRRL)

2X22R]

I' Clearance | qqiqqn |

VR Y b 10-5" 1in=1" =254 mm
1ft=1"=304.8 mm
1kip = 4.448222 kN

Support S3

Figure 3.4. Slab Load Conditions: Lane Load
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o
I

_g)L 1+| PH820-44 = P _ -
200.87 kN (45.16 kip ' ’

1 kip = 4.448222 kN

IS 35 00 3
Figure 3.5. Slab Longitudinal Bending Moment Distribution
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3.4. Analysisof Walls S2 and S3

The two walls can be analyzed as walls loaded in their plane. According to ACI 318-02
Section 14.5.2, design axial load strength f P, for awall of solid rectangular cross section

with resultant of all factored loads located within the middie third of the overall thickness
of the wall is given by

tP =055 f.A & 20 aser N Hop KPO 3.3)
6 &32hgg m g  fty
where
A, isthe gross area of the section;
h is the overall thickness of member;
h. isthe vertical distance between supports (h, = 2362 mm
(7 ft+9in));
k is the effective length factor (conservatively, k =1.0 as for walls
unrestrained againgt rotation at both ends);
f =0.70 is the strength reduction factor.

The worst loading condition comes out by considering the truck design load: in
particular, the maximum axial load is achieved when one wheel of the two rear axles is
right over the wall (see Figure 3.6):

_ P (1+1)Pin u _ 45.157 kip
Wire 16ft(° 20in)

@e7.1 KP Bygs 5 KNS
ft 8 m g

R

pier

Since R, <f P, thewalls S2 and S3 do not need further analysis.
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Worst Truck Design ¢ 14 t 14

Load Condition &
for the Wall S3 ‘4 kip V16 kip ‘16kip
t 14 1 14 1 Worst Truck Design
s & & Load Condition
¢4kip ‘16 kip ‘16 kip for the Wall S2
426 kip ¢26 kip 426 kip 426 kip
S A I I T i i i 0.64 kip/ft
Guardrail 1 o" EAST
M{ 70

VCGDQ
%)

WEST B
T k o QO%
U5 | TDeck D1 Deck D2 Deck D3 e

o
i
o1

1 1" ' ' ! "r
|_ ] 7_17 2\
55 °-% 8 Supports \44\ %%Q
= | | L
~S1 S2 S3 s
9I_9ll L, 10I_Olll Y 9I_63ll
16 4
1L 8" . 8" 3 2 8" A 8
32'—%"

1lin=1" =254 mm
1ft=1" =304.8 mm
1 kip = 4.448222 kN

Figure 3.6. Walls S2 and S3 Load Conditions
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3.5. Analysisof Abutments S1 and 4

The abutments S1 and $4 can be analyzed as walls loaded in and out of their plane by the
earth pressure and the surcharge loads. Figure 3.7 shows the loads acting over the
abutment S4 and the model used to calculate the stresses in the element.

D

12.5 kipY 1125 kip Design Tandem
‘v 14 j 14' ¥

v16 kip Design Truck
Design Lane Load

oK azcos(d)

Active Earth Pressuredueto

8" ++ 1lin=1"=254mm  pressure the Surcharge
1ft=1 =304.8 mm L oads

1 kip = 4.448222 kN
Figure 3.7. Abutment S4 Load Conditions

At ultimate condition, it is reasonable to consider just the active pressure of the earth
since the ultimate condition implies relative movement bigger than the values of Table
C3.11.1-1 (AASHTO, 1998). In addition, a live load surcharge shall be applied where a
vehicular load is expected to act on the surface of the backfill within a distance equal to
the wall height behind the back face of the wall. According to AASHTO (1998) Section
3.6.1.3.1, different conditions must be computed in order to evaluate:

1) the effect of one HS20-44 design truck combined with the effect of the design
lane load;
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2) the effect of the design tandem combined with the effect of the design lane. The

design tandem consists of a pair of 111.21kN (25.0kip) axle spaced
1219 mm (4.0 ft) apart.

According to AASHTO (1998) Section 3.11.6, the surcharge load in the case of truck or
tandem design can be conservatively modeled as a point load. On the other hand, the
surcharge load in the case of lane design can be assumed to act on the entire surface of
the backfill until a distance equal to the wall height behind the back face of the wall.

Varying the position x of the concentrated loads (see Figure 3.7), it was possible to find
the design envelope of the compression, moment and shear per unit width of the wall
along the z- axis.

3.5.1. Active Earth Pressure
The horizontal component p. of the active earth pressure is given by:

where

1 p. =gk, cos(d)z
. . 2
sin(g +j )

lkﬁ ( +d)sin( -b)0
i sn(aVsin(g - ae+ sinj+dsin'-b9
i (@) sinla d)élJ (a- 5

(3.4)

is the effective soil unit weight for compacted sand, silt or clay

according to AASHTO (1998) Table 3.5.1-1 (g =18.85 K gizo Ibf oy

The water pressure can be neglected since the structure is provided for
the thorough drainage of the backfilling material by means of crushed
rock and gravel drains;

is the active earth pressure coefficient from Coulomb analysis according
to AASHTO (2002) Figure 5.5.2A;

is the angle of wall friction: conservatively, d =17° according to
AASHTO (2002) Table 5.5.2B;
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z the depth below effective top of wall ([z] =[m] or [ ft]);

q isthe angle of backfill of wall to the vertical: g =90°;

] is the effective angle of internal friction. For drained soils, it varies
between §30°,40°j: conservatively, j =30°;

b is the slope angle of the soil: b =0° for the abutment S1;
b =7° for the abutment $4.

Therefore, for the unit width of the wall it results:

] kN & & élbf U0

| Pe 16452 & 34.3637 0

:’ Pe &m H €t & ft gl u for the abutment S1;
1k, =0.299

] 6kN U & élbf U0

i p. =1.797 $Y (37.5047 -

[ Pe Emll & € W for the abutment S4.
1k, =0.327

3.5.2. Surcharge Loads

The design lane load was modeled as uniform surcharge acting on the entire surface of
the backfill until a distance equal to the wall height behind the back face of the wall.
According to AASHTO (1998) Section 3.11.6.1, a constant horizontal p,, earth pressure

shall be added to the basic earth pressure. This constant pressure may be taken as:

L =k (35
where
K, is the coefficient of earth pressure due to surcharge: in this case,
k, =k, =0.327;
0, is the uniform surcharge applied to the upper surface of the active earth

wedge: g =9.34:0° NP Fgq KPO
ft & ft 5

Therefore, for the unit width of both walls S1 and $4 it results:
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2 bf U0
o, =0.305 N 620927 §M3+.
m ¢ é ft (g

The truck and tandem lane load were modeled as point loads moving between the interval
x=0m (0ft) and x=h, (h,=2073mm (6ft+9% in) for the abutment S1 and
h, = 2464 mm (8 ft+1in) for the abutment $4: see Figure 3.7). According to AASHTO
(1998) Section 3.11.6.1, the horizontal pressure distribution p; ; may be taken as:

P é32¢ r(1- h)u
L,i = 2 é 3 ( )l:l (36)
prear r+z g
where
i is the subscript for the two different load conditions. i = HS20- 44 for
the truck load and i =tm for the tandem load;
P is the load: P=71.17 kN (16 kip) for i = HS20- 44 and P =55.60 kN
(12.5kip) for i =tm;
z is the position at which the pressure is calculated ([m] or [ ft]);
X is the horizontal distance from back of wall to point of load application:
xi m(ft), hp
r is the radial distance from point of load application to a point on the wall:
conservatively, it wasassumed r =+/x* +2° ;
n isthe Poisson’ sratio: conservatively, it wasassumed n =0.5.

Therefore, for the unit width of both walls S1 and $4 it results:

e e ~0
2 ékN U ° élbf U
Pr s a4 = 0.021 5 z 915.279—5, & 0.
’ 2 2\2 m 2, 2\V2 Eft g+
peez) BmBET (ez)" ety
2 z ~ % 2 Z \(‘j
e .
Prum =0.016-— 2 ¢kN 0 611087 — 2 e'ﬂgz.
(x2+zz)2 SmHg (x2+zz)2 éftué

26



3.5.3. Design Stresses for the Abutment S1

Figure 3.8 shows the earth pressure distribution along the height of the wall S1 for the
different type of loads analyzed in the previous sections. Figure 3.9 and Figure 3.10 plot,
respectively, the ultimate moment and shear envelope diagrams.

The ultimate (M, and V, ) and the service (M, and V) stresses were the
following (the design shear stresses were computed at a distance 0.5H, +w,):

M., @ga7 KN &, Kpxito M., @334 KM & Kpxfto
kN kip 6 kN kip 6 '
v, @5.24 -~ 33q MPO V.. @189 =% 35 P2
s @4 m & fty s @2 m & ft,
Earth Pressure due to the Surcharge L oads [kip/ft]
0.0 0.1 0.2 0.3 0.4 0.5 0.6

- -

Earth Pressure Earth Pressure
duetothe Truck  dueto the Tandem

=

N

w

Distance from the Top of theWall, z [ ft ]
N

Active Earth vP
Pressure %
6 4 \\/ I
1] I A \ _ y Z
7 - Earth Pressure due 1ft=1"=304.8 mm

to Lane Load 1 kip = 4.448222 kN

Figure 3.8. Earth Pressure along the Height for the Abutment S1
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Distance from the Top of theWall, z [ ft ]

7 Truck Load

8 1 kip = 4.448222 kN |

M oment [kip-ft/ft]
0 1 2 3 4 5 6
0 e A A A A A

“.. Lane Load +

1 - T Tandem Load
\ S .. wope
2 Al <

Lane Load + HS20-44

1ft=21=304.8mm | Envelope

Figure 3.9. Ultimate Moment Envelope Diagram for the Abutment S1
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Shear [Kip-ft/ft]
5 4 3 2 1 0 1 2 3 4 5 6 7 8
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Figure 3.10. Ultimate Shear Envelope Diagram for the Abutment S1
In order to calculate the worst combination of axial load and bending moment, the two
load conditions depicted in Figure 3.11 were analyzed.

In the load condition A (see Figure 3.11-a), the rear axle wheel of the HS20-44 design
truck is right over the abutment S4 and the lane design uniform load is distributed on the
deck D1 and on the backfill earth.

In the load condition B (see Figure 3.11-b), the rear axle wheel of the tandem load is right
over the abutment $4 and the lane design uniform load is on the deck D1 and on the
backfill earth.

According to AASHTO (2002) Section 3.24.3.2, for lane loads, the distribution width
E,, over the deck shall be

E,. =2min(1219+0.06S,2134 mm) or E, =2min(4+0.06S,7ft)  (3.7)

where S is the effective span length ([S] = mmor ft): it is S=3505 mm (11.50 ft) and
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therefore it results E,, = 2859 mm (9.38 ft).

For the load condition A, the ultimate (M5 and R, ) and the service (Mg, and
P.g) Sressesare:

Mo s @8.90 k|\|_>m a°2.0 kIprtg Mg o @445 —kN)m a1.0 kIprtg
m 8 ft g m g t
kN e k|po

kipo
07.11 & Fy6 NP 8020 N Fg,
R @011 i1 2 Pus @8020 1 Fo2 50

while for the load condition B, the ultimate (M, 5, and P, ) and the service (Mg o
and P, ) stresses are:

KNxn & _ ki ><ft0 ki ><ft0
ub31@824—841 p M, o @.90 KM ? p
ﬂ
kipo kip 6
7722 N &5 2040 N &g, Kip
ub31@4 m 8 fit g sbSl@ m 8 ftg
16 kip
0.64 kip/ft

SO

%%%%
WEST QO%C

Pressuredueto  Active Earth SJ
the Surcharge Pressure Tk 8"

Lane Loads lin=1" =254 mm
1ft=1" =304.8 mm
1 kip = 4.448222 kN

gKazcos(d)

a) Load Condition A
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b4

_ 125kip'  '125kip
0.64 kiplft

oK azcos(d) .

Pressuredueto  Active Earth
the SurchargeLane  Pressure

and Tandem Loads lin=1" =254 mm
1ft=1" =304.8 mm
1 kip = 4.448222 kN

b) Load Condition B
Figure 3.11. Load Conditions for Maximum Compression Stresses in the Abutment S1

3.5.4.Design Stresses for the Abutment $4

Figure 3.12 shows the earth pressure distribution along the height of the wall S4 for the
different type of loads analyzed in the previous sections. Figure 3.13 and Figure 3.14
plot, respectively, the ultimate moment and shear envelope diagrams.

Therefore, the design moment is located at about 1524 mm (5 ft) from the ground (the

position located theoretically has a value very close to the actual position of the crack in
the wall). The design shear stress was computed at a distance 0.5H, +w. The ultimate

(M, g andV,,) and the service (M, o, and V, ¢,) stresses were the following:

M,q @692 0T B3 KPXLD Mo, @770 M 3 o KLY
) m g ft [7,] ' m g ft .
Ve @129 ~— 42 —F2 V., @9.19 =~ 530 XPO
u,S4 @ m g t g s,S4 @ m g ft g
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Figure 3.12. Earth Pressure along the Height for the Abutment $4
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Figure 3.13. Ultimate Moment Envelope Diagram for the Abutment $4
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Figure 3.14. Ultimate Shear Envelope Diagram for the Abutment $4
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In order to calculate the worst combination of axial load and bending moment, the two
load conditions depicted in Figure 3.15 were considered.

In the load condition A (see Figure 3.15-a), the rear axle wheel of the HS20-44 design
truck is right over the abutment S4 and the lane design uniform load is distributed on the
deck D3 and on the backfill earth.

In the load condition B (see Figure 3.15-b), the rear axle wheel of the tandem load is right
over the abutment $4 and the lane design uniform load is on the deck D3 and on the
backfill earth.

According to AASHTO (2002) Section 3.24.3.2, for lane loads, the distribution width
E,, over the deck shall be

E, =2min(1219+0.06S,2134 mm) or E, =2min(4+0.06S,7ft)  (3.8)

where S is the effective span length ([S] =[mm] or [ ft]): it is S=3499 mm (11.48 ft)
and therefore it results E,, =2856 mm (9.37 ft).

For the load condition A, the ultimate (M, o, and P,_g,) and the service (M 4, and
P.ss) Sressesare:

Mua,s4 @-512 kNTm ?4 kIprt9 M984 @756 kN)ﬂ] &17 k|p><ft0

ft o * mg' ft

kN ee k|po

Pass @O7117 L (416 0. P, ., @8020 N fef[gz Kipo
(%]

ft 4

while for the load condition B, the ultimate (M, 5, and P, ,) and the service (M g,
and P, ,) stresses are:

kN xm kipxft © kN xm kip><ft('j
6.2a M & g ° M 29 °
ub S4 @2 m 8 ft g sh,S4 @] m 8 ft g
kipo hpo '
77220 N 25 2037 N &g Kp
ubs4@4 m 8 ftg sbs4@2 m 8 ft p
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Figure 3.15. Load Conditions for Maximum Compression Stresses in the Abutment $4
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4. DESIGN

4.1. Assumptions

Mechanically-Fastened FRP laminate design is carried out according to the principles of
ACI 440.2R-02 (ACI 440 in the following). The properties of concrete, steel and FRP
laminates used in the design are summarized in Table 4.1. The concrete and steel
properties are obtained by testing of samples while the FRP properties are guaranteed
values.

The f factors used to convert nominal values to design capacities are obtained as
specified in AASHTO (2002) for the as-built and from ACI 440 for the strengthened
members.

Table 4.1. Material Properties

Concrete Steel FRP - SAFSTRIP
Compressive | Yield | Modulusof | Tensile | Modulusof | Thickness | Width
Strength Strength | Elasticity | Strength | Elasticity
fc fy Es f fL Ef tf Wf
[MPa] [MPa] [GPa] [MPa] [GPa] [mm| [mm]
(es) | (<) (<) () (<) () | ()
23.2 344.7 200.0 588.8 60.7 3.175 101.6
(3365) (50) (29000) (85.4) (8800) (0.125) (4.00)

Material properties of the FRP reinforcement reported by manufacturers, such as the
ultimate tensile strength, typically do not consider long-term exposure to environmental
conditions, and should be considered as initial properties. FRP propertiesto be used in all
design equations are given as follows (ACI 440):

ffu = CE ff*u

. (4.1)
efu = CEefu
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where f,, and e, arethe FRP design tensile strength and ultimate strain considering the
environmental reduction factor C_ as given in Table 7.1 (ACI 440), and f,, and e,

represent the FRP guaranteed tensile strength and ultimate strain as reported by the
manufacturer (see Table 4.1).

The maximum strength that the MF-FRP strengthening can develop depends on the
capacity of the connection bolt-strip and, therefore, on the number of fasteners used.

In order to mechanically fasten the FRP laminate to the concrete, the optimal solution in
terms of mechanical behavior of the connection was found as a result of an experimental
program conducted at UMR. The chosen fastening system consisted of:

@ Concrete wedge anchor (diameter 9.525mm (3% in) and tota length
57.15mm (2, in) - Figure 4.1). The shear capacity T, of the anchor embedded
in the concrete depends upon the embedment depth h, and the strength of the
concrete f.. The shear strength of the anchor, T, , becomes equal to T¢ with a
value of 26.7 kN (6.0kip) when f; =41.4MPa (6000 psi) and h, =38.1mm
(1% in);

@ Steel washer (inner diameter 11.112 mm (%, in), outer diameter 25.4 mm (1in)
and thickness 1.587 mm (¥ in) - Figure 4.1);

@ Epoxy between the washer and the FRP and throughout the hole on the FRP.

Concrete Wedge Anchor  Steel Washer

Su
5.} 8
16 Q,, Lzl..j( 7..@13 ﬂ 1
16~ “4 16 ST
Concrete Wedge Concrete Surface
Anchor

1lin=1" =254 mm
1ft=1" =304.8 mm

Steel Wam{i?&ces Soaked by Epoxy

Figure 4.1. Details of the Connection Concrete-FRP

37



Bond tests on the connection FRP-fastener showed that a the ultimate conditions, the
applied load is uniformly distributed between all the fasteners. In addition, it was
observed that for concrete having an f_ 3 27.6 MPa (4000 psi), the failure mode of the

connection is due to the bearing of the FRP. The experimental ultimate load supported by
this connection was found to be 14.0 kN (3.15 kip) . For design purposes a safety factor

equal to 1.25 was assumed and therefore the design capacity of the connection is
R, =1L.1kN (25kip).

Under these assumptions, the minimum number of fasteners n, ;. to anchor each FRP

strip so that failure of the FRP controls, is given by:

nb,min = h (42)

R,

where F.., isthe maximum load that the FRP strip experiences at ultimate conditions.
Assuming C. =0.85 (i.e., carbon plate exposed in exterior aggressive ambient) and
taking into account the net area of the strip (i.e., subtraction of the area lost to insert the
bolt), from equation (4.2) the minimum number of bolts to reach the ultimate capacity of
the FRP strip is 26. If fewer bolts are used, the failure would occur at the connection (i.e.
bearing of the FRP strip).
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4.2. Superstructure Design

4.2.1. Assumptions
The geometrical properties and the internal steel flexural reinforcement of the design

Cross section are summarized in Figure 4.2 and Table 4.2.

Longitudind Transverse
Reinforcement: Reinforcement:
2 Bar #4 @ 6" N Bar #4 @ 6"
9"
I
2 ] -
1L J b6 —— " —— " —F 1in=1" =254 mm
2 2 1ft=1'=304.8 mm

Figure 4.2. Slab Un-Strengthened Section

Table 4.2. Geometrical Properties and Internal Steel Reinforcement
Slab Design | Slab Longitudinal | Effective | Slab Transverse | Effective
Thickness | Width | Tensile Steel Area | Depth | Tensile Steel Area | Depth
H d W A&,dab long. dslab long. A&,dab transv. ddab transv.
[ | [mm] g} [rom] g’ /m [rm]
@) O gy ) gy (o)
229 610 1013 197 415 210
(9.0 (24) (1.570) (73) (0.196) (8%)

4.2.2.Flexural Strengthening
Table 4.3 summarizes the strengthening recommendations for the superstructure of the
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bridge. Figure 4.3 details the longitudinal flexural strengthening. Finally, the pattern of
the bolts is shown in Figure 4.4: to be noted that the spacing of the fasteners in the
moment span is related with the moment design and do not take into account the extra
fasteners installed to avoid loosing length of laminates. Appendix C contains some
pictures of the FRP strengthening installation.

Table 4.3. Deck Strengthening Summary

Design Capacity Moment
Demand
fM, M,
Section Srengthening Scheme [KN xmym] [KN >xmy/ m]
([Kipt/ ft]) ([Kipt/ ft])
un-
Srengthened Srengthened
Longitudinal | Deck:
Direction 1 Plate 162.4 2331 223.0
(Parald tothe . (36.5) (52.4) (50.1)
Traffio @ 610mm (24 in) o/c

According to ACI 440.2R-02 (2002) Section 9.4, the stress in the steel must be less than
0.80f, in service conditions. In addition, in order to avoid creep failure under service

loads, the stress in the carbon-FRP has to be limited to the value of 0.55f,, according to
ACI 440.2R-02 (2002) Section 9.5. Inthis case, it results

} fees =164.8 MPa (239 ksi) <0.8f, = 275.8 MPa (40.0 ksi)

 frrp =68.9 MPa (10.0 ksi) < 0.55f,, =324.1 MPa (47.0 ksi)
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Support Sﬂ% g

Deck D3 T
Support S?j
 »3n Deck D2
1-33 20-95"
Support Sﬁ
Deck D1 23-4" EAST
Support Sﬂ
1 1"
1 '67 1 1"
4 2-3
il 63°
2-3" —
Nl
2-3"
WEST 2:3"| Plates"A":
23" 30 FRP Plates
2#? 4" wide
Nl 10" 4" long
2-3" Fastened with 26 Bolts
Q’ﬁ mn
2'-3" 1.3 @ 24" olc
I | ~4 on the Transverse
7L Direction

4 1 1" 1 1"
%4'1&2%'1&2 1in=1" =254 mm

1ft=1" =304.8 mm

Figure 4.3. Strengthening of the Deck: Plan View

FRP Strip - Plate " A"
(26 Bolts- 10" 4" long)

Deck

€
B

TR R T

10-4"

1lin=1" =254 mm

) 1ft=1"=304.8 mm
Figure 4.4. Bolts Pattern for Plates “ A”
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4.2.3. Shear Check
The concrete contribution V, to the shear capacity was calculated based on equation (8-

48) of AASHTO (2002) asfollows:

\Ii;ld %b,d £357.b,d
u@d

i
V. =ado\f, +2500r
gl 43

P
1 &1 §=[ ps]

The as-built shear capacity is then computed by adding the concrete contribution to the

one due to the shear reinforcement. In this case, no shear reinforcement is present: Table

4.4 summarizes the findings for the superstructure. Since the capacity is higher than the
demand, it can be concluded that no shear reinforcement is required.

Table 4.4. Superstructure Shear Capacity

Shear Shear
Element Capacity | Demand
fv, V,
Sap N U 2kipuo 1342 | 102.2
Emb &ttt (92 | (7.0

4.2.4. Punching Shear Check
The deck must also be checked for punching shear. This check was based on AASHTO

(2002) Article 8.16.6.6 requirements according to which, for non-prestressed slabs and
footings, V, shall be the smallest of the following expressions:

where:
b,

& 40 -
Vc1=92+b—+\/f7cbod
e c@

Vc,2 = 4\/f_cb0d

i
! with gf gj=[ psi]
!

)

isthe perimeter of critical section;
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d is the distance from the extreme compression fiber to centroid of tension

reinforcement;
a, is 40 for interior load, 30 for edge load and 20 for corner load;
b. istheratio of long side to short side of the area over which the load is

distributed.
By using atire contact area as given by AASHTO (2002):

!0 =254 mm (10in)
[ W, =508 mm (20in) (4.5)

tire
i Ao =y, =120032 i’ (200in?)

the following shear capacity can be found:

f V. =f

punch “c punch

min(V,,.V,,) @0.85(412 kN) @51 kN (78 kip)

which is smaller than the ultimate punching shear capacity given by:

g, (1+1)Pysa. 2o @LIB.OKN (44.0 kip).

4.3. Abutments S1 and 4 Design

4.3.1. Assumptions
The geometrical properties and the internal steel flexural reinforcement of the design
Ccross sections are summearized in Figure 4.5 and Table 4.5.
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Abutment S1

Vertical Horizontd
Reinforcement: Reinforcement:
Bar #4 @ 18" | Egrth Backfill /B #4 @ 12"
A
I
L
3
3 2 4
Free Side
Vertical Abutment S4 Horizontd
Reinforcement: Reinforcement:
Bar #4 @ 18" . Egrth Backfill /Bar #4 @ 12"
\ ﬁ
8"
3!! ; AL 1 —_1" —
3Zr 1-6" 1 |n_— 1 = 25.4 mm
Free Side 1ft=1"=304.8 mm

Figure 4.5. Abutments S1 and $S4 Un-strengthened Section

Table 4.5. Abutments S1 and $4 Geometrical Properties and Internal Steel Reinforcement

Vertical Effective | 101208 1 oo vive
Thickness | Width | Tensile Steel Deoth Tensile Steel Deoth
g Area ey Area by
% H W A&,dab long. dslab long. A&,dab trasv. dslab trasv.
< | [mm] [ | gy [mm] gom?/my | [mm]
() PR S ) N PO I ()
s 203 610 126 102 414 89
(8) (24) (0.196) (@) (0.196) (3%)
S4 203 457 168 102 414 89
(8) (18) (0.261) 4 (0.196) (3%)

4.3.2.Flexural Strengthening

Table 4.6 summarizes the strengthening recommendations for the superstructure of the
bridge. Figure 4.6 and Figure 4.7 detail the longitudinal flexural strengthening,
respectively, for the abutments S1 and $4. Finally, the pattern of the bolts is shown in



Figure 4.8 and Figure 4.9: to be noted that the spacing of the fasteners in the moment
gpan is related with the moment design and do not take into account the extra fasteners
installed to avoid loosing length of laminates.

Table 4.6. Abutments S1 and S4 Strengthening Summary

Design Capacity Moment
Demand
+§ fM, M,
= Section Srengthening Scheme
3 | J J kN >my %kleft 0o
< & m H & éeé ft Hg
Un-Srengthened | Strengthened
o | Vertical 1 Plate 16.9 75.1 56.5
Direction | @ 610 mm (24 in) o/c (3.8 (16.9) (12.7)
o | Vertical 1 Plate 12.5 70.2 55.6
Direction | @ 457 mm (18in) o/c (2.8) (15.8) (12.5)
Plates"B":
11 FRP Plates
4" wide
6' 7" long
Fastened with 26 Bolts
@ 24" o/c on the Transverse Direction
NORD Deck D1 SuD
Support S1 g T -
1-6" 1'-6" 6'-9%'
e GFooting . A e 1in=1" =25.4mm
*2'*2*23%2'*2'*2'*2' (252424 1ft=1'=304.8 mm

Figure 4.6. Strengthening of the Abutment S1: Plan View
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Plates"C":

15 FRP Plates
4" wide
7' 11" long
Fastened with 26 Bolts
@ 18" o/c on the Transverse Direction
NORD Deck D3 SUD
Support S4 R - o ZERAVER
1'-2" 12" 8-1"
fg - Footing y - .. lin=1" =254 mm
+:+:+:+:+:¢:*:*:{:¢ s e Lft=1'= 3048 mm
Figure 4.7. Strengthening of the Abutment S4: Plan View
FRP Strip - Plate " B"
(26 Bolts - 6' 7" long)
Abutment
. 1" [ 2"\ \
Deck S e - | Footing
odu 4 L4" l—L:‘L:J“:JF:Jﬁ:J“:l ,,_L 3" Jr—J——J( ‘
2 6-7"
lin=1" =254 mm
1ft=1=304.8 mm
Figure 4.8. Bolts Pattern for Plates “B” for the Abutment S1
FRP Strip - Plate " C"
(26 Bolts - 7' 11" long)
Abutment
A [ 2" \ \ _
DeckF nL : - . - . " .« 77N Footing
1. 4 L4" u-i-i_ﬁswsw 8" 45"L gl |
2 7-11" |

1lin=1" =254 mm
1ft=1" =304.8 mm

Figure 4.9. Bolts Pattern for Plates “C” for the Abutment $4
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The bolts pattern was verified at the ultimate condition in order to avoid having any
section in which the moment demand was greater than the moment capacity. During this
step, the position of the bolts was optimized. Figure 4.10 and Figure 4.11 detail the
moment capacity, respectively, of the abutments S1 and $4 along their height for the
chosen bolts pattern: the moment capacity is close enough to the flexure demand in all
the load configurations for both elements.

Moment [kip-ft/ft ]

0 2 4 6 8 10 12 14 16 18
0 ...- A A A A A A A J
=, RIS
N . H
g 2 T Design
Q@ : Moment \_\_\_‘
= 3 : Envelope
S / P ;:l
8- *
~ 4 v
q) 4
E= .’ |—,
5 = /
: 7
% 6 Moment I
| Capaci
_z7 1ft=1=3048mm | 2PV ?
= 1 kip = 4.448222 kN
\
8

Figure 4.10. Diagram of the Abutment S1 Capacity at Ultimate Load Conditions

a7



M oment [kip-ft/ft]

0 2 4 6 8 10 12 14 16 18
0 e -l- - - A A A A A A J
=1 e
N i -~
T 27
S s
= Design ‘.
o4 Moment :
S Envelope
g 5- \ "0
8 I
é Moment Capacity z
0O 84
1ft=1=304.8 mm
g - 1 kip = 4.448222 kN

Figure 4.11. Diagram of the Abutment $4 Capacity at Ultimate Load Conditions

According to ACI 440.2R-02 (2002) Section 9.4, the stress in the steel must be less than
0.80f, in service conditions. In addition, in order to avoid creep failure under service

loads, the stress in the carbon-FRP has to be limited to the value of 0.55f,, according to
ACI 440.2R-02 (2002) Section 9.5. Inthis case, it results

} foes =23.44 MPa (3.4 ksi) <0.8f, =275.8 MPa (40.0 ksi)

{ frrp = 24.13MPa (3.5 ksi) < 055f,, =324.1MPa (47.0 ksi)

for the abutment S1 and

} fees =120.7 MPa (17.5ksi) <0.8f, =275.8 MPa (40.0 ksi)

+ fere =95.15 MPa (13.8 ksi) <0.55f,, =324.1 MPa (47.0 ksi)
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for the abutment 4.

4.3.3. Shear Check
The concrete contribution V, to the shear capacity was calculated based on equation (8-

48) of AASHTO (2002) asfollows:

iV, = ?.9\/{‘ +2500r \leld gqu £35/fh,d
| u

1 &f.g=[ psi]

(4.6)

The as-built shear capacity is then computed by adding the concrete contribution to the
one due to the shear reinforcement.

In this case, no shear reinforcement is present: Table 4.7 summarizes the findings for the
abutments S1 and $4. Since the capacity is higher than the demand, it can be concluded
that no shear reinforcement is required for both elements.

Table 4.7. Abutments S1 and S4 Shear Capacity

Shear Shear
Element Capacity | Demand
fVv, V,
ékN 1 &kipuo 68.6 45.3
Abutment S1 s— ca— (=
Emf &t i 4n | 6By
ékN 1 &kipuo 68.6 61.3
Abutment A ~~—- ca— (=
Emf &t i 47 | 42
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4.3.4. Combined Flexure and Axial Load Check
As mentioned before, the abutments S1 and S4 were analyzed as walls loaded in and out
of their plane. Conservatively, the combined flexure and axial load check can be done

using

where
P and M
R
M d

L] (4.7)

are, respectively, the actual compression and flexure loads;
is the axial capacity in compression calculated in absence of
flexure;

is the flexural capacity calculated in absence of axial load.

According to ACI 318-02 Section 14.5.2, design axial load strength P, =f P, for awall

of solid rectangular cross section with resultant of all factored loads located within the
middle third of the overall thickness of the wall is given by

where

>

f =0.70

aekhcou
P, =fP = OSSffAbél 0 (4.8)
&32h 5

isthe gross area of the section;

is the overall thickness of member;

is the vertical distance between supports (h, =2073 mm
(6 ft+9% in) for the abutment S1 and h, =2464 mm (8 ft +1in)

for the abutment $S4);

is the effective length factor (conservatively, k =1.0 as for walls
unrestrained againgt rotation at both ends);

isthe strength reduction factor.
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Table 4.8 summarizes the positive findings for the abutments S1 and $4.

Table 4.8. Abutments S1 and S4 Combined Flexure and Axial Load Check

Design Axial | Compression Check
Load Strength Load FIequrVIe Load P,M
Element R P . M,
kN akipuO | kN a8kipuO | ékN XMy okip xft uo
m &by | m ity 8 m HEE ft b
Abutment S1
Load 1620 607 8.9 0.609
Condition A (111) (41.6) (2.0) '
Load 1620 477 18.2 0.778
Condition B (111) (32.7) 4.2) '
Abutment 4
Load 1547 607 15.1 0.713
Condition A (106) (41.6) (3.4) '
Load 1547 477 26.2 0.867
Condition B (106) (32.7) (5.9 '

51




5. FIELD EVALUATION

5.1. Introduction

Although in-situ bridge load testing is recommended by the AASHTO (2002)
Specification as an “effective means of evaluating the structural performance of a
bridge”, no guidelines currently exist for bridge load test protocols. 1n each case, the load
test objectives, load configuration, instrumentation type and placement, and analysis
techniques are to be determined by the organization conducting the test.

In order to validate the behavior of the bridge after strengthening, a static load test was
performed with a H25 legal truck (see Figure 5.1), in June 2004 about two months after
the strengthening. Figure 5.2 shows the distribution of the load between the axles of the
truck and the loading configurations maximizing the stresses and deflections at mid-span
of deck panels under a total of three passes, one central and two laterals. For each pass,
ten stops were executed centering the truck rear axle over the marks on the deck. During
each stop, the truck was stationary for at least two minutes before proceeding to the next
location in order to allow stable readings.

Figure 5.1. Load Tests after Strengthening on Bridge No. 2210010

Displacements in the longitudinal and transverse directions were measured using Linear
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Variable Differential Transducers (LVDTSs). Strains in the strengthening material of the
gpan S3 were monitored by means of strain gages. Figure 5.3 shows the details of the
instrumentation whose layout was designed to gain the maximum amount of information
about the structure.

Figure 5.4 reports the displacement relative to Pass #1 Stop #2 corresponding to the rear
axle of the truck at the middle of the span S3. It is interesting to note that the deck
deflected like a continuous slab over the spans S2 and S3 while for design purposes the
continuity of the superstructure over the central abutments was conservatively neglected.
In addition, the bridge performed well in terms of overall deflection. In fact, the

maximum deflection measured during the load test is below the allowable deflection
prescribed by AASHTO, 2002 Section 8.9.3 (d,,, £1,/800=3.826 mm (0.150 in)).

Figure 5.5 reports the reading of the strain gages applied to the FRP laminates, relative to
Pass #1 Stop #8. The maximum strain readings (between 25 and 40 ne ) for the most
loaded part of the slab indicate a satisfactory performance of the FRP laminates under
service conditions.

Results for other load configurations are summarized in Appendix A together with the
theoretical values obtained with the Finite Element Method (FEM) model described in
the following section.

It is important to mention that strain gages and LV DTs were placed to monitor horizontal
displacements and deformations in the abutment $4. The strain gages were attached on
the FRP strips corresponding to the height of the horizontal crack. For the service loads
used in the test, no horizontal displacement was detected while the maximum reading of
the strain gages was about 30 ne. Thus, those deformations in the FRP strips were
ascribed to the local buckling of the FRP plates due to the closing of the crack rather than
to the flexural deformation of the concrete walls. Therefore, no further analysis was
performed on those data.
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Figure5.3. LVDT and Strain Gage Positions in the Load Test after Strengthening
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Figure 5.5. Mid-Span Strain in the FRP Laminates, Pass #1 Stop #8

5.2. Additional Load Test

A dynamic test was conducted on the strengthened bridge to determine the impact factor
by moving the truck on Pass #2 at speeds equal to 1.1, 2.2,45and 8.9 m/s

(2.5, 5.0, 10.0 and 20.0 MPH ). The dynamic test was performed acquiring the data at a
frequency of 20 Hz. The live load impact factor | was computed as the ratio between
the difference between the maximum dynamic and static displacements to the maximum
static deflection (i.e. Pass #2 and Stop #2, #5 and #8 for the span S1, S2 and S3,

respectively). As an example, Figure 5.6 shows the dynamic deflections as a function of
timeata 2.2 my/s (5 MPH ) speed.

Appendix B reports all the results obtained at different truck speeds for displacements
and strains. From such curves it is possible to extrapolate two values for the maximum
impact factor | 1.10 and 1.56 according to the reading of the LVDTs and the

experimental ?

strain gauges, respectively. Both values are higher than the one used for design (1 =0.30
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according to AASHTO (2002)), but some important considerations must be done taking
into account the position of the measurement devices. The higher value of impact factors
derived from the displacements readings are related to LVDTs and strain gages
positioned at the sides of the decks (i.e. R1, R5, R11...), while the impact factors
determined considering the rest of the LVDTSs are less than 1.0. This implies that, in
reality, the portions of the slab interested by the higher impact load factor would ill
experience aload below the design value.
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Figure 5.6. After Strengthening Displacementsat 2.2 mys (5 MPH )

5.3. FEM Analysis

In this section, a FEM analysis model is described. This model was developed in order to
interpret the experimental data collected during the test after the strengthening. For this
purpose, a commercially available finite element program ANSY S 7.1 was used. Details
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of the geometry can be found in Figure 5.7 and Figure 5.8.

The element SOLID65 was chosen to model the concrete and the FRP laminates.
SOLID65 is used for the three-dimensional modeling of solids with or without
reinforcing bars. The solid is capable of cracking in tension and crushing in compression.
In addition, up to three different rebar specifications may be defined. The element is
defined by eight nodes having three degrees of freedom at each node: translations in the
nodal x, y and z directions. SOLIDG65 is subject to the following assumption and

restrictions:
cracking is permitted in three orthogonal directions at each integration point;

if cracking occurs a an integration point, the cracking is modeled through an
adjustment of material properties which effectively treats the cracking as a “smeared
band” of cracks, rather than discrete cracks;

the concrete material is assumed to be initially isotropic;

whenever the reinforcement capability of the element is used, the reinforcement is
assumed to be “smeared” throughout the element;

in addition to cracking and crushing, the concrete may also undergo plasticity, with
the Drucker-Prager failure surface being most commonly used. In this case, the
plasticity is done before the cracking and crushing checks.

For this project, the material properties of concrete were assumed to be isotropic and
linear elastic, since the applied load was relatively low with respect to the ultimate load
condition. The modulus of elasticity of the concrete was based on the measured
compressive strength of the cores obtained from the slab according to the standard
eguation ACI 318-02 Section 8.5.1:

E. =570004/f, psi =570001/3365 psi » 23.0 GPa (3342 ksi) with gf =] psi].

In order to take into account the presence of the cracks in the deck and the deterioration

of the concrete on the sides of the slabs, as a result of a parametric analysis, the modulus
of elasticity was reduced to 0.7 GPa (100 ksi) and 6.9 GPa (1000 ksi) in the elements

corresponding to the longitudinal and transverse cracks, and the damaged concrete areas,
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respectively, as shown in Figure 5.7b. The depth of the cracks was chosen according to
the data collected during the in-situ inspection while the width was assumed to be equal
to the elements dimensions; the extension of the damaged concrete areas was determined
in the same way. The concrete Poisson’s ratio was set to 0.19. Different elements were
used to optimize the model and decrease the computation time. The chosen shape and
size in the longitudinal and transverse cross sections allowed to locate more accurately
the steel rebars (see Figure 5.8d), to properly connect the FRP laminates to the surface of
the concrete (see Figure 5.8b) and to reduce the number of the elements in the
“secondary” parts of the model, such as the curbs (see Figure 5.8a). Due to the uneven
gpacing of the steel rebars in the transverse and longitudinal direction, it was preferred to
smear the steel reinforcement across the entire length and width of the slab, respectively.

The modulus of the elasticity and the Poisson’s ratio for the steel reinforcement were
assumed as 200.0 GPa (29000 ksi) and 0.3, respectively.

The connections between the FRP laminates and the concrete surface were modeled as
rigid, neglecting any form of non-linearity due to a potential initial non-perfect
engagement of the strengthening. Modulus of the elasticity and the Poisson’ sratio for the
FRP laminates were assumed to be 60.6 GPa (8800 ksi) and 0.3, respectively.

The bridge was vertically and transversally restrained in correspondence to the four
supports. Two models were built using different longitudinal restrains. In the first, the
displacement was fixed to zero at the abutment S2 only (FEM model #1, see Figure 5.8),
while, in the second model, the latter condition was set for all the supports (FEM model
#2). The loads corresponding to the rear axle were assumed as uniformly distributed over
508" 254 mm (20’ 10 in) areas as specified in AASHTO (2002) Section 4.3.30; the
loads corresponding to the front axle were, instead, uniformly distributed over areas
proportionally reduced according to the actual geometry of the tires. Such loads were
applied at the top of the deck simulating, in such way, the truck wheel prints (see Figure
5.7a).
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Figure 5.7. FEM Model Geometry (1)
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Figure 5.9 reports the experimental and analytical mid-span displacements, relative to
Pass #3 Stop #7. The graph shows that the experimental deflections are between the
analytical results obtained for the two FEM models. The model #1 with longitudinal
displacement prevented just on the support S2 is conservative with respect to the overall
actual behavior of the structure: on the other hand, the model #1 matches well with the
experimental results in the areas where the concrete is damaged.

The same considerations can be made also for the strain gage readings. Figure 5.10
compares experimental and analytical strains on the FRP, relative to Pass #2 Stop #8. The
graph shows a good match in strains between experimental and analytical results for the
strips fastened beneath the deck of span S3.

Appendix A reports more of the analysis developed for the bridge after the strengthening.
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6. LOAD RATING

Bridge load rating calculations provide a basis for determining the safe load capacity of a
bridge. According to the Missouri Department of Transportation (MoDOT), anytime a
bridge is built, rehabilitated, or reevaluated for any reason, inventory and operating
ratings are required using the Load Factor rating. All bridges should be rated at two load
levels, the maximum load level called the Operating Rating and a lower load level called
the Inventory Rating. The Operating Rating is the maximum permissible load that should
be allowed on the bridge. Exceeding this level could damage the bridge. The Inventory
Rating isthe load level the bridge can carry on a daily basis without damaging the bridge.

In Missouri, for the Load Factor Method the Operating Rating is based on the appropriate
ultimate capacity using current AASHTO gpecifications (AASHTO, 1996). The
Inventory Rating istaken as 60% of the Operating Rating.

The vehicle used for the live load calculations in the Load Factor Method is the HS20
truck. If the stress levels produced by this vehicle configuration are exceeded, load
posting may be required.

The method for determining the rating factor is that outlined by AASHTO in the Manual
for Condition Evaluation of Bridges (AASHTO, 2002). Equation (6.1) was used:

RF = —Aj_ (f_ﬁ) (6.1)
where:
RF isthe Rating Factor;
C isthe capacity of the member;
D isthe dead load effect on the member;
L isthelive load effect on the member;

| isthe impact factor to be used with the live load effect;



A isthe factor for dead loads;
A, isthe factor for live loads.

Since the load factor method is being used, A istaken as 1.3 and A, varies depending
on the desired rating level. For Inventory Rating, A, =2.17, and for Operating Rating,

A =13.
To determine therating RT of the bridge, equation (6.2) was used:

RT = RF W (6.2)
where W isthe weight of the nominal truck used to determine the live load effect.

For the bridge No. 2210010, the Load Rating was calculated for a number of different
trucks, HS20, H20, 3S2 and MO5. Ratings are required at the inventory and operating
levels by the load factor method on each bridge for the HS20 truck. The H20 legal
vehicle is used to model the load for single unit vehicles. The 3S2 vehicle is used as a
model for all other vehicles. The MOS5 is used to model the commercial zone loadings.

For each of the different loading conditions, the maximum shear and maximum moment
were calculated. Impact factors are also taken into account for Load Ratings. This value
is 30% for the bridge No. 2210010.

The shear and moment values for the deck are shown in Table 6.1. Table 6.2 and Table
6.3 give the results of the Load Rating pertaining to moment and shear respectively for
the deck.

Table 6.1. Maximum Shear and Moment due to Live Load for the Deck

Maximum Maximum Moment Maximum Maximum Moment
Shear Shear with with Impact
Truck | mpact
[kN] ([kip]) | [knom] ([kipxit]) | [k] ([kip]) | [kNom] ([kipxft])
HS20 19.93 (4.48) 22.17 (16.35) 25.89 (5.82) 28.81 (21.25)
MO5 17.30 (3.89) 14.35 (10.58) 22.46 (5.05) 18.64 (13.75)
H20 17.30 (3.89) 14.35 (10.58) 22.46 (5.05) 18.64 (13.75)
352 17.30 (3.89) 14.35 (10.58) 22.46 (5.05) 18.64 (13.75)
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Table 6.2. Rating Factor for the Deck (Bending Moment)

Rating Factor Rating Rating Type
Truck RF RT
tong ([ton])
HS20 1.754 57.2 (63.1) Operating
HS20 1.051 34.3 (37.8) Inventory
MO5 2.711 88.5 (97.6) Operating
H20 2.332 42.3 (46.6) Posting
3S2 2.332 77.5 (85.4) Posting
Table 6.3. Rating Factor for the Deck (Shear)
Rating Factor Rating Rating Type
Truck RF RT
tong ([ton])
HS20 2.271 74.2 (81.8) Operating
HS20 1.361 44.5 (49.0) Inventory
MO5 2.619 87.0 (95.9) Operating
H20 2.252 40.8 (45.0) Posting
3S2 2.252 74.8 (82.5) Posting

The shear and moment values for the abutment S1 are shown in Table 6.4. Table 6.5 and
Table 6.6 give the results of the Load Rating pertaining to moment and shear respectively
for the abutment S1.

Table 6.4. Maximum Shear and Moment due to Live Load for the Abutment S1

Maximum Maximum Moment Maximum Maximum Moment
Shear Shear with with Impact
Truck | mpact
[kN] ([kip]) | [knom] ([kipxft]) | [kN] ([kip]) | [knom] ([kipxft])
HS20 9.70 (2.18) 4.38 (3.23) 12.59 (2.83) 5.69 (4.20)
MO5 6.45 (1.45) 3.19 (2.35) 8.41 (1.89) 4.15 (3.06)
H20 6.45 (1.45) 3.19(2.35) 8.41 (1.89) 4.15 (3.06)
352 6.45 (1.45) 3.19(2.35) 8.41 (1.89) 4.15 (3.06)
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Table 6.5. Rating Factor for the Abutment S1 (Bending Moment)

Rating Factor Rating Rating Type
Truck RF RT
tong ([ton])

HS20 2.703 88.3 (97.3) Operating
HS20 1.619 52.9 (58.3) Inventory
MQO5 3.712 121.2 (133.6) Operating
H20 3.193 58.0 (63.9) Pogting
352 3.193 106.1 (117.0) Posting

Table 6.6. Rating Factor for the Abutment S1 (Shear)

Rating Factor Rating Rating Type
Truck RF RT
tong ([ton])

HS20 2.246 73.3 (80.8) Operating
HS20 1.345 43.9 (48.4) Inventory
MQO5 3.364 111.8 (123.2) Operating
H20 2.893 52.5(57.9) Pogting
352 2.893 96.2 (106.0) Posting

The shear and moment values for the abutment $4 are shown in Table 6.7. Table 6.8 and
Table 6.9 give the results of the Load Rating pertaining to moment and shear respectively
for the abutment $4.

Table 6.7. Maximum Shear and Moment due to Live Load for the Abutment S4

Maximum Maximum Moment Maximum Maximum Moment
Shear Shear with with Impact
Truck | mpact
[kN] ([kip]) | [knom] ([kipxft]) | [kN] ([kip]) | [knom] ([kipxft])
HS20 8.01 (1.80) 4.15 (3.06) 10.41 (2.34) 5.38 (3.97)
MO5 5.38 (1.21) 2.81 (2.07) 6.98 (1.57) 3.65 (2.69)
H20 5.38 (1.21) 2.81 (2.07) 6.98 (1.57) 3.65 (2.69)
352 5.38 (1.21) 2.81 (2.07) 6.98 (1.57) 3.65 (2.69)
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Table 6.8. Rating Factor for the Abutment S4 (Bending Moment)

Rating Factor Rating Rating Type
Truck RF RT
tong ([ton])

HS20 2.504 81.8 (90.2) Operating
HS20 1.500 49.0 (54.0) Inventory
MO5 3.694 120.7 (133.0) Operating
H20 3.177 57.6 (63.5) Posting
352 3.177 105.6 (116.4) Posting

Table 6.9. Rating Factor for the Abutment $4 (Shear)

Rating Factor Rating Rating Type
Truck RF RT
tong ([ton])

HS20 1.865 60.9 (67.1) Operating
HS20 1.117 36.5 (40.2) Inventory
MQO5 2.777 92.3 (101.7) Operating
H20 2.388 43.4 (47.8) Posting
352 2.388 79.4 (87.5) Posting

The axial load values for wall S3 are shown in Table 6.10. Table 6.11 gives the results of
the Load Rating pertaining to axial loads for the concrete wall S3.

Table 6.10. Axial Load dueto Live Load for the Concrete Wall S3

Maximum Axial Maximum Axial
Load Load with Impact
Truck AN 0 3KiD U0 AN 0 3BKin U0
e u Gexipt? ek u c=kipu
gm Sl | EmH &l
HS20 140.10 (9.60) 182.13 (12.48)
MO5 70.05 (4.80) 91.07 (6.24)
H20 70.05 (4.80) 91.07 (6.24)
352 70.05 (4.80) 91.07 (6.24)

68




Table 6.11. Rating Factor for the Concrete Wall S3 (Axial Load)

Rating Factor Rating Rating Type
Truck RF RT
tong ([ton])

HS20 6.534 213.4 (235.2) Operating
HS20 3.914 127.8 (140.9) Inventory
MQO5 13.067 426.7 (470.4) Operating
H20 11.238 203.9 (224.8) Posting
352 11.238 373.5 (411.7) Posting

According to Table 6.3, as a consequence of the FRP strengthening, the maximum live
load that can safely utilize the structure for an indefinite period of time is 40.8 tong

45.0ton. Therefore, since the legal loads established for Missouri are defined as
20.9tong 23.0ton for single unit vehiclesand 36.3tong (40.0 ton) for all others, the

existing load posting can be removed.
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7. CONCLUSIONS

Conclusions based on the retrofitting of the bridge utilizing FRP materials can be
summarized as follows:

the mechanically fastened (MF) FRP system showed to be a feasible solution for the
strengthening of the bridge;

in-situ load testing has proven to be useful and convincing;

the FEM analysis has shown good match with experimental results demonstrating
the effectiveness of the strengthening technique;

as aresult of FRP strengthening, the load posting of the bridge can be removed.
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APPENDIX

A. After Strengthening Test Results
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Figure A. 10. After Strengthening Mid-Span Displacement, Pass #3 Stop #7
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Figure A. 12. Strain in the FRP Strengthening on the Deck D3, Pass #1 Stop #8
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Figure A. 13. Strain in the FRP Strengthening on the Deck D3, Pass #2 Stop #8

L ongitudinal Position, z [in]

0 25 50 75 100 125
-20 -
0 = ' —
\A./__
20 4
40 -
Rear Axle
60 - N of the Truck
Deck D3| | ——FEM Modd #1
80 - —— FEM Model #2
FEM Model #1
100 - >
- Deck D1 D2 D3
. P Front-Axle — 12.78 ki p &
FRP Strip =) =36.20 ki > >
120 - Monitored Rea-Axle = 90-2UKIP FEM Model #2

Figure A. 14. Strain in the FRP Strengthening on the Deck D3, Pass #3 Stop #7
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Figure A. 15. Strain in the FRP Strengthening on the Deck D3, Pass #1 Stop #8
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Figure A. 16. Strain in the FRP at the Mid-Span of the Deck D3, Pass #1 Stop #8
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FRP Strain in the Span S3 [ne]
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Figure A. 17. Strain in the FRP at the Mid-Span of the Deck D3, Pass #2 Stop #8
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Figure A. 18. Strain in the FRP at the Mid-Span of the Deck D3, Pass #3 Stop #7
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APPENDIX

B. Dynamic Test Results
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Figure B. 1. After Strengthening Displacementsat 1.1 my's (2.5 MPH)
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Figure B. 2. After Strengthening Displacementsat 2.2 mys (5 MPH) (1)
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Figure B. 6. After Strengthening Strain in the FRP Laminatesat 1.1 /s (2.5 MPH )
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Figure B. 8. After Strengthening Strain in the FRP Laminatesat 2.2 ny/s (5 MPH) (I1)
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Figure B. 9. After Strengthening Strain in the FRP Laminatesat 4.5 my's (10 MPH)
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Figure B. 10. After Strengthening Strain in the FRP Laminates at 8.9 mys (20 MPH )
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APPENDIX

C. Installation of the M F-FRP Strengthening System



a) Drilling of the Pre-cured FRP Laminates b) Anchors Bolts and Fastening Tools
Figure C. 1. Mechanically Fastening System

a) Scaffolding b) Temporary Attachment of the Laminates
Figure C. 2. Positioning of the Pre-cured FRP Laminates

Figure C. 3. Drilling and Dusting of the Holes in the Concrete
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a) Hole Filling with Epoxy b) Bolt Hammering ¢) Torque Control Clamping
Figure C. 4. Fastening Procedure

Figure C. 5. Bridge No. 2210010 after Strengthening
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b) Bridging of the Crack Running Through the Abutment S4
Figure C. 6. Details of the Strengthening
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