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ABSTRACT 

With infrastructure continuing to age, technologies are being developed to 

strengthen structures as a more sustainable option than replacement. The use of fiber-

reinforced cementitious matrix (FRCM) strengthening systems is a promising new 

technology for adding flexural and shear capacity to existing reinforced concrete 

members. While cement based systems with carbon, PBO, and steel have all been 

implemented in a lab setting, there is not research data available for installation in the 

field. FRCM composites have advantages over more widely used fiber reinforced 

polymer (FRP) composites such as heat resistance and compatibility with concrete 

substrate. FRP systems have previously been field tested, giving confidence for the 

growth of FRCM use. This study aimed to validate the use of cement-based systems for 

field implementation. Missouri Bridge P-0058, a structurally deficient bridge in southern 

Missouri, was recently selected and six of its twelve girders were strengthened using four 

different composite systems, three of which are cement-based. A parametric study was 

conducted to help choose the final design that will give the best information in the future. 

A pre-strengthening load test was conducted to get a baseline of the bridge’s stiffness, so 

that future tests can capture the change due to the strengthening as well as potential loss 

of stiffness over time. The Missouri Department of Transportation has agreed to allow the 

girders to be brought to the campus of Missouri University of Science and Technology 

when the bridge is decommissioned. On campus, destructive testing will give valuable 

information about the field strengthened and field conditioned beams. 
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1. INTRODUCTION 

1.1. BACKGROUND 

Our nation is facing major concerns with an aging infrastructure that is vital to 

commerce and our economy as well as our quality of life. The American Society of Civil 

Engineers (ASCE) puts out a yearly infrastructure report card in an attempt to put this 

issue into terms that the general public can relate to well. In 2017, nationally, bridges 

received a C+ rating, and Missouri is below average, coming in at a C. A grade of C 

signifies “mediocre, requires attention.” Missouri has the seventh largest number of 

bridges of all the states, 12.5% of which are considered structurally deficient (ASCE, 

2017). Many factors contribute to bridges becoming structurally deficient, including 

long-term exposure to harsh environments, poor initial design or construction, increasing 

traffic loads, changing design standards, increased safety requirements, or catastrophic 

events such as earthquakes.  

Replacing thousands of bridges is both time consuming and expensive, so 

repairing bridges has emerged as a better, more sustainable option. Strengthening or 

retrofitting concrete structures can add capacity and increase the service life by several 

decades. Traditional flexural strengthening techniques include externally bonded steel 

plates, steel or concrete jackets, external post-tensioning, and other methods. Shear 

strengthening methods include external stirrups and epoxy bonded steel plates. These 

methods leave materials exposed to the environment, making them vulnerable to 

corrosion. 

Since the 1980s, composite materials have been an emerging technology as an 

alternative for strengthening concrete structures in the United States, Japan, Canada, and 
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Europe. While many research projects have been conducted in university labs, more full-

scale and in situ studies are needed, since departments of transportation (DOTs) are still 

hesitant to implement these innovative materials. 

Composite materials consist of fibers that are incased in some sort of matrix. 

Common fiber types include carbon, glass, aramid, and polyparaphenylene 

benzobisoxazole (PBO). When a polymeric resin is used, the material is classified as a 

fiber-reinforced polymer (FRP). When a cementitious material is used, the material is 

classified as a fiber-reinforced cementitious matrix (FRCM). Both classes of composites 

have advantages over traditional materials such as corrosion resistance and high tensile 

strength.  

The following thesis describes the design, fabrication, and installation of 

strengthening systems using FRP and FRCM. This study was one task of the Research on 

Concrete Applications for Sustainable Transportation (RE-CAST) program project 3C. 

Task 11 of project 3C consists of field implementation and load testing of an FRCM 

strengthened bridge. Missouri Bridge P0058 was chosen from several candidates for the 

project.  

 

1.2. RESEARCH OBJECTIVE 

This research study was conducted in an attempt to validate the applicability of 

several composite systems for strengthening bridge girders in the field and to monitor 

them over time. The main objective is to demonstrate bridge girder strengthening using 

the FRCM and SRG technology, which to date have no reported field bridge applications 

in available literature. Analysis of the structure was completed, and design calculations 

were prepared for each strengthening system. Design guides by ACI committees 440-08 
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and 549-13 were used in the design of the systems. These reports also detailed the proper 

procedure for installation of the strengthening systems. Pre- and post-strengthening load 

tests were used to monitor the bridge’s behavior in service, and how the behavior 

changed after strengthening. 

This study is also allowing for long-term bond performance test bed preparing for 

future studies of how the strengthening systems are affected by field exposure over time. 

Some design decisions were made to better prepare for future testing of the bridge.  

 

1.3. SCOPE AND LIMITATIONS 

This project is a demonstration of the field installation of composite strengthening 

systems. The study focuses only on strengthening of the bridge girders. Additionally, 

only the girders on spans 1 and 4 were strengthened where the girders were accessible for 

strengthening. Other structural elements such as the slab and bents were not considered. 

The strengthening system design is not intended to change the posted limitations on the 

bridge.  

 

1.4. THESIS ORGANIZATION 

This thesis is organized into six sections. Section 1 is an introduction to the study, 

including background information on bridge strengthening, the research objective, and 

the scope. 

Section 2 contains background information that was needed to begin the study. 

The following subject areas were studied: properties of FRP, properties of FRCM, 

properties of SRG, strengthening of structural members for flexure and shear, and non-

destructive testing of structures. 
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Section 3 details the design of the strengthening systems. This includes a 

description of the bridge and materials used, analysis of the pre-strengthened bridge, and 

the design of each system. 

Section 4 describes the installation of composite strengthening systems. This 

includes the substrate repair and surface preparation needed before strengthening, as well 

as the installation of each system. 

Section 5 describes the load testing done for this study prior to strengthening to 

provide a baseline to compare future load test data to after strengthening during service 

life. Instrumentation and other work done in preparation for load testing is described in 

addition to the pre- and post- strengthening tests. 

Section 6 contains the conclusions reached in this study, as well as future research 

recommendations. Following Section 6 are Appendices A through F, which include 

supplemental details and information. 
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2. LITERATURE REVIEW 

2.1. FIBER-REINFORCED POLYMER STRENGTHENING 

Fiber-reinforced polymer (FRP) is defined by ACI 440.2R as “a composite 

material comprising a polymer matrix reinforced with fibers in the form of fabric, mat, 

strands, or any other fiber form.” In a composite, constituent materials remain distinct, 

but combine to form a material with properties not possessed by any of the constituent 

materials individually. In general in FRP, the fibers carry load along the length of the 

fiber to provide strength and stiffness, and the matrix material transfers stresses between 

the fibers and protects them from environmental and mechanical damages. Advantages of 

FRP include high strength to weight ratio, high tensile strength, and corrosion resistance. 

(ACI Committee 440, 2008; Arboleda, 2014; Pino, 2016) 

2.1.1. Types of Externally Bonded FRP Systems.  There are several forms of  

FRP systems that are classified by how they arrive onsite and are installed. The best 

system to use varies based on the application. In some cases, a combination of systems 

can be used, especially if large strength gains are desired. Following are some common 

forms for strengthening structural members. (ACI Committee 440, 2008) 

2.1.1.1. Wet layup systems. Wet layup (WL) FRP systems consist of dry 

unidirectional or multidirectional fiber sheets or fabrics that are impregnated with a 

saturating resin on site. This method is also sometimes referred to as manual layup (ML). 

The concrete substrate is primed and puttied, and then the saturating resin binds the fibers 

to the surface. A wet layup system is similar to cast-in-place concrete, in that they are 

saturated in place, and cured in place. (ACI Committee 440, 2008) 
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2.1.1.2. Prepreg systems.  Prepreg FRP systems consist of partially cured 

unidirectional or multidirectional fiber sheets or fabrics that are preimpregnated with a 

saturating resin in the manufacturer’s facility. Once on site, they typically do not require 

additional resin to bond the system to the concrete surface. Prepreg systems are saturated 

off-site, then similar to wet layup systems, they are cured on site. A typical prepreg 

system requires additional heating for curing. The manufacturer of a prepreg system 

should be consulted for storage and shelf-life recommendations and curing procedures. 

(ACI Committee 440, 2008) 

2.1.1.3. Precured systems.  Precured FRP systems consist of various composite 

shapes manufactured in a plant off-site. Common types of precured systems include 

unidirectional plates, multidirectional grids, and curved shells. Typically, an adhesive, 

along with primer and putty, is used to bond the precured shapes to the concrete surface. 

Another technique is to mechanically fasten (MF) precured plates to the concrete with 

bolts. Precured systems are similar to precast concrete, as they are saturated and cured off 

site. (ACI Committee 440, 2008; Holdener, Myers, & Nanni, 2004) 

2.1.1.4. Near-surface-mounted (NSM) systems.  NSM systems consist of  

surface-embedded circular or rectangular bars or plates, which are installed and bonded 

into grooves made on the concrete surface. An adhesive recommended by the NSM 

manufacturer is used to bond the FRP bar into the groove, and is cured in place. Bars and 

plates used in NSM are typically manufactured using the pultrusion process, which 

creates long, straight, constant cross-section parts. (ACI Committee 440, 2008) 
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2.1.2. Constituent Materials and Properties.  The physical and mechanical  

properties of FRP composites need to be understood to properly use them for concrete 

strengthening. Properties are dependent on several factors, such as loading history and 

duration, temperature, and moisture (ACI Committee 440, 2008; Arboleda, 2014). 

2.1.2.1. Constituent materials.  The constituent materials chosen have a great  

impact on the composite properties, as various materials can fill a wide range of desired 

properties. The correct choice of fiber type, resin type, and, when applicable, protective 

coating are important in dictating performance of the composite. Additionally, changing 

the volume fraction of these constituents can have a big impact on composite properties 

(ACI Committee 440, 2008). 

A wide range of Polymeric resins are available for use in FRP systems. The most 

common types are epoxy, vinyl esters, and polyesters and they have been formulated for 

use in a wide range of environments. The main qualities of resins that manufacturers 

desire are (ACI Committee 440, 2008):  

• Development of appropriate mechanical properties for the FRP composite 

• Compatibility with and adhesion to both the concrete and reinforcing fibers  

• Resistance to environmental effects such as moisture, salt water, extreme 

temperature, and chemicals associated with concrete 

• Filling ability 

• Workability 

• Pot life consistent with the application 

Fibers are relied on to give the FRP system its strength and stiffness. The most 

common fiber materials are carbon, glass, and aramid. The fiber tensile properties can 
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vary based on manufacturing process. Table 2.1 shows typical ranges of properties for 

different fibers. 

 

 

Table 2.1. Typical Tensile Properties of Fibers Used in FRP Systems (ACI Committee 
440, 2008) 

 

 

 

 

Protective coatings are also sometimes used to help minimize potential 

environmental or mechanical damage to the composite. Coatings are typically applied 

after the saturating resin has cured. There are a variety of forms of protecting systems 

including: polymer coatings, acrylic coatings, cementitious systems, and intumescent 

coatings. Ultraviolet light protection, fire protection, vandalism protection, impact or 

abrasion resistance, improve aesthetics, chemical resistance, and to prevent chemicals 

from leaving the system if submerged in potable water are all viable reasons why 
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protective systems may be desired for FRP strengthened concrete (ACI Committee 440, 

2008). 

2.1.2.2. Physical properties.  The physical properties of FRP’s are much 

different than steel, and in most cases this is advantageous. The density of FRP materials 

ranges from 75 to 130 lb/ft3 (1.2 to 2.1 g/cm3), which is four to six times lower than steel. 

This makes FRP easier to transport, reduces dead load on the structure, and makes them 

easier to handle on the project location. Table 2.2 shows the density ranges for various 

types of FRP and includes steel for comparison (ACI Committee 440, 2008). 

 

 

Table 2.2. Typical Densities of FRP Materials (ACI Committee 440, 2008) 

 

Units: lb/ft3 (g/cm3)  
 

 

Thermal properties must be considered for many FRP applications. The 

coefficient of thermal expansion of composites differs in the longitudinal and transverse 

directions for a unidirectional laminate. The design of the laminate can be altered to get 

desired thermal properties in a given direction by changing the types of fiber, resin, and 

volume fraction of fiber. If the application of a composite system will experience 

substantial temperature fluctuations, then caution should be taken to choose an FRP 

system that has similar thermal properties to the concrete it is strengthening. (ACI 

Committee 440, 2008).  
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Another important thermal property of FRP composites is their glass transition 

temperature (Tg). The value of Tg depends on the type of resin but is normally in the 

region of 140 to 180 °F (60 to 82.2 °C). Beyond the Tg, the molecular structure changes, 

and the elastic modulus of the polymer is significantly reduced. At this point, the fibers 

can continue to support some load in the longitudinal direction, but the system is 

significantly less stiff in the transverse direction, and in shear. This effect of high 

temperature reduces shear transfer, so other properties such as flexure strength are also 

affected. (ACI Committee 440, 2008) 

2.1.2.3. Mechanical properties.  The mechanical properties of all FRP systems,  

regardless of form, should be based on the testing of laminate samples with known fiber 

content. The properties of an FRP system should be characterized as a composite, 

recognizing not just the material properties of the individual fibers, but also the efficiency 

of the fiber-resin system, the fabric architecture, and the method used to create the 

composite. (ACI Committee 440, 2008) 

When unidirectional FRP materials are loaded in tension, they do not exhibit any 

plastic behavior (yielding) like observed in steel. The stress-strain behavior of FRP is 

linear elastic up until failure, which is sudden and brittle. The tensile properties of a 

composite depend on many factors, most of which are fiber related. The type of fiber, the 

orientation of fibers, the quantity of fibers, and the method and conditions in which the 

composite is produced affect the tensile properties of the FRP material. The tensile 

properties can be reported in two ways: gross-laminate area (using total composite area 

with relatively lower strength and modulus) or net-fiber area (using known area of fiber 

and relatively higher strength and stiffness). Regardless of the basis for the reported 
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values, the load-carrying strength (ffu*Af) and axial stiffness (Af*Ef) of the composite 

remain constant. A commercial FRP should have an ultimate tensile strength and ultimate 

rupture strain reported by the manufacturer. These guaranteed properties are defined by 

the mean of a sample of test specimens minus three times the standard deviation. This 

approach gives a 99.87% probability that the actual properties will exceed the reported 

values. (ACI Committee 440, 2008) 

Coupon tests on FRP laminates have shown that the compressive strength of FRP 

is lower than the tensile strength. Depending on the materials composing the specimen, 

FRP in longitudinal compression can fail in many ways, including transverse tensile 

failure, fiber microbuckling, or shear failure. Externally bonded systems with FRP should 

not be used as compression reinforcement. (ACI Committee 440, 2008) 

2.1.2.4. Time-dependent properties.  As most structures are intended to last  

decades, it is important to consider time dependent properties such as creep and fatigue. 

While research in labs has simulated long term effects, more studies are needed to verify 

the long term effects of FRP when exposed to field conditions, with different 

environmental factors. (ACI Committee 440, 2008) 

Creep rupture is a sudden failure of a material subject to a constant load after a 

period of time known as the endurance time. In general, carbon fibers are the least 

susceptible to creep rupture, followed by aramid, and lastly glass. Fatigue in composites 

has had more research than creep rupture, because it is critical for aerospace industry 

applications. Similar to creep, carbon fibers perform the best in fatigue loading. ACI 

provides recommended sustained stress limits for each fiber type, shown in Table 2.3. 

(ACI Committee 440, 2008) 



 

 

12

Table 2.3. FRP Service Load Stress Limits (ACI Committee 440, 2008) 

  

 

 

2.1.3. FRP Failure Modes.  While FRP materials generally have a high tensile  

strength, their ultimate rupture strength is rarely achieved. Instead, failure is most 

commonly due to a loss of strengthening action due to various types of fiber debonding. 

In FRP strengthened RC, it is most common that the strengthening system delaminates 

due to a fracture within the concrete cover (area between reinforcing steel and concrete 

surface). The initial debonding may occur at a crack, or at the termination of the 

reinforcement. Figure 2.1 shows the locations that debonding is most likely to occur at 

and how the failure propagates. The main method for preventing debonding is to limit the 

design strain in the fibers or to limit the bond shear. Aram et al. recommend limiting the 

fiber strain to .008, as well as limiting the shear stress to the tensile strength of the 

concrete. (ACI Committee 440, 2008; Aram, Czaderski, & Motavalli, 2008; Hind, 

Özakçab, & Ekmekyaparc, 2016) 

2.1.4. Research on FRP Strengthening Systems. Various studies have been  

conducted around the world, using FRP to strengthen bridges, buildings, or components 

of structures. Included in this section are studies most relevant to the work done for this 

thesis. 
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2.1.4.1. Holdener, Myers, & Nanni, (2004).  From 2003 to 2008, a research  

team from the University of Missouri-Rolla (UMR, now Missouri S&T) undertook a 

project to field strengthen bridges in order to validate FRP composite technology. The 

study is referred to as the five-bridge project, and officially titled: “Preservation of 

Missouri Transportation Infrastructure: Validation of FRP Composite Technology 

through Field Testing”.  

 

 

 

Figure 2.1. FRP Debonding Modes (ACI Committee 440, 2008) 
 

 

Five structurally deficient bridges around Missouri were chosen and retrofitted 

with various FRP systems on their girders and slabs. Figure 2.2 shows the location of the 

bridges within Missouri’s DOT districts. The types of strengthening systems used are 

manual layup, NSM, steel-reinforced polymer (SRP), and precured laminates attached 
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with epoxy or mechanically fastened (MF). Table 2.4 breaks down the system types used 

on each bridge, and provides additional bridge details and geometry.  

 

 

 

Figure 2.2. Location of Bridges Strengthened (Holdener et al., 2004) 
 

 

Table 2.4.  Details of Five Bridges Strengthened 
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The five-bridge project upgraded each bridge to meet the ultimate factored 

loading considering three loading conditions: HS20-44 truck load, 3S2 truck load, and 

lane load. These load cases satisfy both AASHTO and MoDOT requests.  

Table 2.5 presents a detailed reference for the type and amount of strengthening 

applied to each girder and the analytical capacity increase in flexure gained by adding the 

composites. Holdener, Myers, and Nanni also presented details for slab flexural 

strengthening and girder shear strengthening, with their respective analytical capacity 

increase. 

 

 

Table 2.5. Girder Strengthening Schedule and Analytical Capacity Increase (Holdener et 
al., 2004) 

  

 

 

After strengthening, Holdener et al. conducted several nondestructive tests (NDT) 

in order to monitor the performance of the FRP systems without damaging the system or 
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the RC structural elements. Load testing was a vital step in validating the effectiveness of 

the strengthening. The bridge sites made it difficult for traditional deflection monitoring 

equipment, such as linear variable differential transformers (LVDT), to be used. Instead, 

optical laser surveying equipment was determined to be the best measure of deflection. 

NDT results conducted thus far on the five bridges project have shown satisfactory 

results with no growth in intentional or unintentional defects 

Holdener, Myers, and Nanni’s study is a valuable comparison, as most of the 

bridges strengthened are similar in geometry to bridge P0058 in this thesis. Additionally, 

the five bridges are other examples of composite strengthening in the field, whereas most 

research available was conducted in lab settings. 

2.1.4.2. Rahman, Kingsley, & Kobayashi (2000).  This study investigated a 

full-scale model of a bridge deck slab isotopically reinforced with FRP. The slab studied 

was 7.28 in (185mm) thick and 19.69 ft (6 m) wide. The total length of the slab was 

19.69 ft (6 m) with three girders used to create two 6.56 ft (2 m) spans and a 3.28 ft (1 m) 

cantilever on each end. The slab was loaded in the midpoint of the two spans 

simultaneously, and loaded at three separate points along the width of the slab as shown 

in Figure 2.3.  The strengthening material used was a two-dimensional carbon fiber grid. 

The slab was loaded monotonically to crack the concrete, then loaded cyclically to 

simulate 50 years of service loading, and finally loaded monotonically to failure. Strain 

gauges and LVDT were used to monitor the response through each load phase.  

Rahman et al. found that the ultimate load of their slab was 120 kip (534 kN), 

more than five times the design service load. The dominant failure mode observed was 

punching shear. The exception was under the north jack when loaded at the west end, 
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where a flexural crack developed and crushing of the concrete occurred. This study 

showed that FRP has satisfactory constructability, and its behavior in service conditions 

is also satisfactory. Rahman et al. concluded that the carbon FRP grid system is suitable 

for use in strengthening, but advised for more research to be conducted considering other 

factors such as more extreme environmental changes and fatigue paired with chemical 

exposure.  

 

 

    

Figure 2.3.  Loading Scheme (Rahman et al., 2000) (Dimensions shown are mm. 
Conversion: 25.4 mm = 1 in) 

 
 

 

2.1.4.3. Petrou, Parler, Harries, & Rizos (2008).  This study investigated the 

monotonic and fatigue behavior of one-way and two-way reinforced concrete slabs 

strengthened with carbon fiber-reinforced polymer (CFRP) materials. Five one-way 

reinforced concrete (RC) slab specimens were removed from a decommissioned bridge in 

South Carolina. Additionally six half-scale, two-way RC slab specimens were 
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constructed to represent a bridge deck designed using the requirements of AASHTO 

LRFD Bridge Design Manual. 

The one-way specimens were 8.5inch (215.9 mm) thick rectangles, 14 feet (4.27 

m) long and 5 feet (1.52 m) wide. Three specimens were retrofitted using CFRP strips, 

and two were left unstrengthened for comparison. For both monotonic and fatigue tests, 

the slabs were simply supported over a 13 foot (3.96 m) span, and subjected to three point 

bending with the load applied at midspan. 

The two-way specimens were 3.75 inch (95.25 mm) thick squares, with 52 inch 

(1320.8 mm) sides. Two different retrofit techniques were carried out on the two-way 

specimens: a CFRP grid, and CFRP strips. Two slabs were strengthened with each 

technique, and two were left unstrengthened for comparison. For both monotonic and 

fatigue tests, the slabs were simply supported on all sides, resulting in a 48 inch (1219.2 

mm) square test region.   

The results of the monotonic testing are most relevant to this thesis. Petrou, 

Parler, Harries, & Rizos made the following conclusions from the monotonic tests:  

• Monotonically tested one-way retrofit specimens achieved an increase in ultimate 

strength of 14.8% and 18.1%, over that of the unretrofit control specimen. 

• The failure of the two monotonically tested retrofit one-way slabs was due to 

debonding of the CFRP that propagated outward from the midspan region as the 

applied load increased. 

• For the monotonically tested two-way slabs, the CFRP strip retrofitted slab and 

the CFRP grid retrofitted slab achieved ultimate strength increases of 13.8% and 

10.7%, respectively. 
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• The CFRP strip retrofitted two-way slab and the CFRP grid retrofitted two-way 

slab experienced increases in general cracking load of 8.7% and 34.8%, 

respectively. 

• Punching signified the ultimate failure of all three monotonically tested two-way 

slabs. 

 

2.2. FABRIC-REINFORCED CEMENTICIOUS MATRIX STRENGTHENING 

FRCM systems share some of the advantageous properties of FRP, and overcome 

some of its limitations. In comparison, FRCM has superior heat resistance and 

compatibility with concrete substrate. Advantageous features of FRCM as noted by ACI 

549 include (ACI Committee 549, 2013):  

a) Compatibility with chemical, physical, and mechanical properties of the 

concrete or masonry substrate 

b) Ease of installation due to the use of traditional plastering or trowel  

c) Porous matrix structure that allows air and moisture transport both into and out 

of the substrate 

d) Good performance at elevated temperatures in addition to partial fire resistance 

e)  Ease of reversibility (that is, the ability to undo the repair without harming the 

original structure)  

There are also a few limitations when using of FRCM composites for 

strengthening. Since the systems are based on inorganic matrixes, it is not possible to 

fully impregnate individual fibers. For this reason, the fiber sheets typically used in FRP 

that are installed by manual layup are replaced in FRCM with a structural reinforcing 
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mesh (fabric). The strands of the FRCM reinforcing mesh are typically made of fibers 

that are individually coated, but are not bonded together by a polymeric resin. If a 

polymer is used to either cover or bond the strands, such polymer does not fully penetrate 

and impregnate the fibers as it would in FRP. For these reasons, the term “dry fiber” is 

used to characterize an FRCM mesh (ACI Committee 549, 2013). Due to the lack of 

penetration, the bond cannot be assumed as perfect, which affects the theoretical behavior 

of FRCM (Arboleda, 2014). 

Throughout its development, FRCM has been referred to by several different 

names or acronyms. The technology was first introduced in Europe as textile-reinforced 

concrete (TRC). The emphasis on textile was to signify that dry fibers are arranged in the 

direction of tension, rather than randomly distributed short fibers. A report by RILEM 

Technical Committee was one of the first to include information on strengthening with 

TRC (Brameshuber, 2006). Additionally, FRCM has been referred to as textile-reinforced 

mortar (TRM), fiber-reinforced concrete (FRC), and mineral based composites (MBC). 

(ACI Committee 549, 2013; Gonzalez-Libreros, Sabau, Sneed, Pellegrino, & Sas, 2017) 

2.2.1. Tensile Characterization.  Various researchers have studied the 

 mechanical properties of FRCM materials. FRCM tensile properties are determined 

according to the test procedure specified in Annex A of AC434 (2013), in which tensile 

coupons are used to observe stress-strain behavior. Figure 2.4 adapted from Loreto et al. 

2013 shows the behavior of a hydraulically gripped tensile coupon. The stress-strain 

behavior is broken down into three states: I, IIa, and IIb. State I is labeled as the 

uncracked zone because the strain is below the cracking strain of the matrix and the 

composite stiffness is governed by the reinforcement stiffness. Once the first crack 
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develops, load is transferred through the fabric back to the matrix and a multiple cracking 

pattern develops. This is shown in state IIa. At the end of this state is state IIb, where the 

load is carried completely by the fabric until its tensile strength is reached. In this state, 

the composite stiffness is governed by the reinforcement stiffness. The insert on the right 

of Figure 2.4 shows the reduction to an idealized tensile stress-strain curve for FRCM. 

The idealized curve is bilinear with a bend-over point corresponding to the intersection 

point obtained by continuing the initial and secondary linear segments of the response 

curve. The initial linear segment is uncracked linear elastic behavior and is characterized 

by the uncracked modulus of elasticity (Ef
*). The second linear segment is cracked 

behavior, and is characterized by the cracked modulus of elasticity (Ef).(ACI Committee 

549, 2013; Arboleda, 2014; Loreto, Babaeidarabad, Leardini, & Nanni, 2015; Loreto, 

Leardini, Arboleda, & Nanni, 2013) 

2.2.2. FRCM Failure Modes.  Similarly to FRP, it has been observed that FRCM  

fibers lose strength due to various forms of debonding before the fibers reach their 

ultimate rupture strength. Figure 2.5 shows the four types of debonding failure modes 

that can occur, which are:  

a) Sudden detaching with fracture surface within concrete 

b) Gradual fiber slippage within the matrix 

c) Sudden detaching with fracture at matrix/ concrete interface 

d) Sudden detaching with fracture within matrix on a fiber plane.  

In most cases, the debonding occurs within the matrix, which is different than 

FRP which tends to debond within the concrete cover (D’Ambrisi & Focacci, 2011; Di 

Tommaso, Focacci, & Mantegazza, 2008). 
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Figure 2.4. Stress-Strain Curve for Fully-Clamped FRCM in Tension (Loreto et al. 2013) 
 

 

 

Figure 2.5. Debonding Failure Modes (Di Tommaso et al. 2008) 
 

 

2.2.3. Research on FRCM Strengthening Systems.   Several studies have been  

conducted on the effectiveness of FRCM systems for strengthening. Some of the most 

relevant studies to this thesis have been included. 

2.2.3.1. Di Tommaso, Focacci, & Mantegazza (2008).  This early study looked  

at the mechanics of adhesion and efficiency of strengthening RC beams with PBO-

FRCM. Ten beams were tested under four point bending, with a clear span of 86.6 inches 

(2200 mm). The specimens had a rectangular cross section 9.84 inches (250 mm) deep 
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and 15.75 inches (400mm) wide. Specimens were strengthened with up to three layers of 

flexural strengthening and with either continuous U wrapping or a single wrap at each 

end. 

Di Tommaso et al. found that FRCM materials are an effective way to strengthen 

RC beams, achieving up to 55% enhancement. They observed that failure was always 

caused by a loss of strengthening actions due to one of the types of fiber debonding, 

which typically includes slippage between fibers and matrix. 

2.2.3.2. D’Ambrisi & Focacci (2011).  In this study, externally bonded FRCM  

systems were used to strengthen reinforced concrete beams. Systems made using carbon 

fiber nets and PBO fiber nets were used, varying the net shape, cementitious matrices, 

and number of layers of reinforcement. Additionally some specimens were strengthened 

with carbon FRP in order to compare the performance of the FRCM systems. Specimens 

also had two different span lengths, and were tested in both three and four point bending. 

The long beams [86.6 in. (2200 mm) span] were expected to fail in shear, and tested in 

four-point bending configuration. The short beams [63 in. (1600 mm) span] were tested 

in three-point bending configuration. All beams tested had a depth of 9.84 in. (250 mm) 

and a width of 15.75 in. (400 mm). A total of 25 long beams and 10 short beams were 

tested throughout three experimental programs.  

D’Ambrisi and Focacci found that for the considered cross sections, beams 

strengthened with PBO-FRCM materials had a flexural capacity increase (up to 54.3%) 

in the same order of magnitude as beams strengthened with FRP materials. The PBO 

FRCM systems performed better than carbon FRCM systems (up to 17.8% increase for 

carbon).  
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They also found that the failure of FRCM strengthened beams is typically caused 

by a loss of strengthening action as a result of one of four modes of debonding. For most 

cases, the debonding happens within the matrix or at the concrete-matrix interface rather 

than within the concrete as is common with FRP, proving that the matrix type, as well as 

its interface with the concrete and fibers are important factors in FRCM systems. As the 

number of FRCM plies increases, the debonding strain decreases, but as not as rapidly as 

observed in FRP. This is likely due to the difference in debonding mechanisms. 

2.2.3.3. Loreto, Leardini, Arboleda, and Nanni (2013).  This project studied the  

performance of FRCM systems used to strengthen RC slab-type elements. The specimens 

strengthened in this study simulated a unit slab strip 72 inches (1828.8 mm) long and had 

a rectangular cross section 12 inches (304.8 mm) wide and 6 inches (152.4 mm) deep. 

PBO FRCM was used to strengthen the slabs, with the number of plies as a test variable 

(0, 1, or 4 plies). Another test variable was the concrete compressive strength, as 

specimens with both high [5800 psi (39.99 MPa)] and low [4000psi (27.58 MPa)] 

strength concrete were tested. A total of 18 specimens (three of each condition) were 

tested in three point bending with a clear span of 60 inches (1524 mm). The loading 

pattern consisted of two cycles up to concrete cracking, two cycles up to steel yielding, 

two cycles within the plastic range of the slab, and finally loading to failure. 

 Loreto et al. found that FRCM with PBO is a viable technology for strengthening 

RC slabs. For low strength concrete, they found that the average flexural capacity 

increase was 141% and 205% for one and four plies respectively. For high strength 

concrete, the average flexural capacity increase was 135% and 212% for one and four 

plies respectively. The study also showed that while adding plies increases the strength, 
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there is a loss in ductility as a result. They also observed that the failure mode is related 

to the number of plies of strengthening. Specimens strengthened with one ply failed by 

fabric slippage within the matrix, whereas four ply specimens failed due to delamination 

from the substrate. 

Loreto et al also performed an analysis based on the (at the time only proposed) 

ACI 549 (2013) design guide. They found that “the prediction [by ACI 549, 2013] is 

satisfactory and underestimates the enhancement attributable to FRCM strengthening 

because the tensile properties used in the analysis do not depend on fiber rupture but are 

based on the performance of the FRCM tensile coupon during the crack formation zone.” 

As ACI 549 2013 was used in this thesis for strengthening design, it is safe to assume the 

calculations for strength increase are conservative.  

2.2.3.4. Babaeidarabad, Loreto, and Nanni (2014).  This project studied RC  

beams strengthened in flexure with PBO-FRCM systems. For the study, 18 beams were 

tested in three point bending, with a clear span of 60 inches (1524 mm). The specimens 

were 72 inches (1828.8 mm) long with a rectangular cross-section 12 inches (304.8 mm)  

deep and 6 inches (152.4 mm) wide. Variables studied in this project are the influence of 

concrete strength [4200 psi or 6200 psi (28.96 MPa or 42.75 MPa)], and number of layers 

(0, 1, or 4) of FRCM reinforcement. Babaeidarabad et al. investigated the flexural 

capacity, pseudoductility, and failure mechanisms of the specimens. 

 Babaeidarabad et al observed that the strengthening produced average 

enhancements of 32% and 92% for the low strength concrete with one and four plies 

respectively. Similarly they observed average enhancements of 13% and 73% for the 

high strength concrete with one and four plies respectively when compared to the control 
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sets. ACI 549 limits the capacity increase to 50% of the unstrengthened capacity, so the 

reported design capacities in this study would be limited in field use. The researchers also 

observed that the failure mode is governed by the number of plies of FRCM 

reinforcement, with one ply specimens failing by slippage of the fabric within the matrix, 

and four ply specimens failing by FRCM delamination from the substrate. Babaeidarabad 

et al. created load-deflection diagrams, and observed that FRCM is effective in increasing 

the flexural capacity, but also decreases pseudoductility. As expected, pseudoductility is 

higher for the lower FRCM amount.  

Babaeidarabad et al. also conducted sectional analysis following methodology 

according to ACI 318 (2011) and ACI 549 (2013). Their analysis showed that predicted 

flexural strength underestimates the experimental results, but with a reasonable accuracy 

and the design values become more conservative after applying the appropriate strength 

reduction factor and the 50% limit on strength increase. 

2.2.3.5. Ombres (2015).  Ombres studied the structural performance of RC beams  

strengthened in shear with PBO-FRCM. A total of 9 beams were tested in two series. All 

beams were 9.84 ft (3000 mm) long and had rectangular sections 9.84 inches (250 mm) 

deep and 5.91 inches (150 mm) wide. All tests were simply supported with a clear span 

of 8.86 ft (2700 mm). The first series aimed to evaluate the compatibility and 

effectiveness of PBO-FRCM and estimate the influence of strengthening configuration on 

structural performance. They did so by comparing one unstrengthened beam to two 

strengthened beams with different U-wrap configuration (continuous and discontinuous). 

For this series, both three point and four point bending schemes were used with a shear 

span-to-depth ratio (a/d) of 3.0 for each scheme.  
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 The second series consisted of six beams, all of which were strengthened in 

flexure with three plies of PBO, in order to force failure by shear. Five of these 

specimens were also strengthened in shear with configurations attempting to observe the 

effects of reinforcement ratio (number of plies) and strengthening configuration 

(continuous vs discontinuous wraps). For this series, only the three point bending scheme 

was used with with a shear span-to-depth ratio (a/d) of 2.78. 

 After completion of the experimental program, Ombres drew the following 

conclusions: 

• PBO-FRCM systems allow for significant improvement of shear capacity of RC 

beams if an adequate strengthening configuration is used. 

• When using a discontinuous U-wrap scheme, a proper ratio of strip width to strip 

spacing must be chosen to permit correct activation of the strips, and better allow 

them to contribute to the shear capacity. 

• There is a clear interaction between the externally bonded FRCM strips and the 

internal steel stirrups. 

2.2.3.6. Loreto, Babaeidarabad, Leardini, and Nanni (2015).  This project  

studied RC beams that were strengthened in shear with FRCM. This study used 18 beams 

that were heavily reinforced in flexure to ensure a shear failure. The beams were 

strengthened in shear with PBO-FRCM and tested under three point bending. Parameters 

considered were concrete compressive strength [low 4060psi and high 5800psi (27.99 

MPa and 39.99 MPa)] and number of plies (0, 1, or 4) with three replications made for 

each combination. The specimens were 72 inches (1828.8 mm) long and had a 
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rectangular cross section 12 inches (304.8 mm) deep and 6 inches (152.4 mm) wide. The 

specimens were tested with a shear span-to-depth ratio of 3.0 for all beams.  

Loreto et al. found that FRCM increases shear strength, but not proportionally to 

the number of plies. The average strength enhancement for low strength concrete 

compared to the control beam was 121% and 151% for one and four plies respectively. 

For the high strength concrete specimens the increases were 126% and 161% for one and 

four plies respectively. They also found that the failure mode differed based on the 

number of plies of strengthening. Specimens with one ply failed due to fiber slippage 

within the matrix, whereas the four ply specimens failed by delamination from the 

substrate. 

This study also included analysis of the ultimate shear capacity based on the 

procedures in ACI 318 (2011) and ACI 549.4R (2013) in order to compare with the 

experimental results. Loreto et al. found that the analysis underestimates the enhancement 

due to FRCM strengthening. This demonstrates that ACI549 is conservative for both 

flexure and shear design. 

 

2.3. STEEL REINFORCED GROUT 

Steel reinforced grout (SRG) is another type of strengthening system being 

studied for applications in strengthening RC. Similarly to FRCM, the SRG systems use 

an inorganic, cementitious matrix, but high-strength steel cords are used as the fibers. 

These cords are made into a fabric that is much more cost efficient than carbon or PBO. 

The cords used in SRG systems are manufactured by the same process used for making 

reinforcement of automobile tires. (Huang et al. 2005) 
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 The performance of SRG systems depend heavily on the stress transfer between 

the wires and the matrix. For this reason, various configurations of twisted wires are 

used, which provides a mechanical interlock performing much better than a single wire. 

These twisted cords are often made into a unidirectional fabric using a backing to keep 

the cords in line. The most common cords and fabrics used are manufactured by 

Hardwire LLC. Figure 2.6 shows a fabric and two types of cords used. (Barton et al., 

2005; Huang et al., 2003) 

 

 

 

Figure 2.6. Steel Reinforcement: (a) steel fabric, (b) 3X2 cord and (c) 3SX cord. (Barton 
et al. 2005) 

 

 

2.3.1. Research on SRG Strengthening.  Research is ongoing in the field of  

strengthening RC with SRG systems. Some of the most relevant studies to this thesis 

have been included. 



 

 

30

2.3.1.1. Huang et al. (2003).  Huang et al. studied the properties and potential  

application of SRG and steel reinforced polymer (SRP). Their experimental work 

included testing of SRG and SRP strengthened beams, with an unstrengthened beam for 

comparison. The three beams had a tee shaped cross section, with a flange width of 15 

inches (381 mm) and a web width of 6 inches (152.4 mm). The flange depth was 4 inches 

(101.6 mm) and the overall depth of the beams was 16 inches (406.4 mm). The 10 foot 

(3.05 m) long beams were tested in four point bending with a simply supported clear span 

of 8 feet (2.44 m). Huang et al. observed a 30% and 20% ultimate capacity increase for 

the SRP and SRG strengthened specimens respectively when compared to the control. 

Both beams failed at midspan by debonding of the system. They concluded that both 

systems have potential for structural applications. 

2.3.1.2. Wobbe et al. (2004).  This team studied the flexural capacity of RC  

beams externally strengthened with SRP and SRG. The unidirectional cords used were 

3x2 and 3SX, both manufactured by Hardwire and shown above in Figure 2.6. The 3x2 

cord type consists of 5 wires; three straight with two wrapped around. The 3SX chord 

consists of three identical wires twisted and then overwrapped with a single smaller wire. 

Sheets with 3SX cords have a lower density of cords, allowing better penetration of 

matrix which makes them better for use with SRG. Four 8 foot (2.44 m) long beams were 

cast with rectangular cross section 12 inches (304.8 mm) deep and 8 inches (203.2 mm) 

wide. One beam was left unstrengthened as a control. Two specimens were strengthened 

with SRP using 3x2 cords, using one ply on one beam and two plies on the other. The 

final specimen was strengthened with two plies of SRG using 3SX cords. 
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 The beams were tested in four point bending with a simply supported span length 

of 80 inches (2.03 m). Each beam was monotonically loaded to failure with midspan 

deflection and strain at several points being monitored. Compared to the control beam, 

the specimen strengthened with one ply of SRP had an ultimate strength increase of 42% 

and the specimen with two plies of SRG had an increase of 33%. These two beams had a 

similar total number of strands, since the density of the two types of cord differ, which 

explains their similar behavior. The beam strengthened with two plies of SRP had an 

ultimate strength increase of 67% compared to the control. All three retrofitted beams 

failed due to concrete cover delamination. Wobbe et al. concluded that both SRP and 

SRG have great potential for flexural strengthening of RC structures. 

 

2.4. NON DESTRUCTIVE TESTING 

Nondestructive testing (NDT) techniques are a valuable way to get feedback on 

the quality of installation of externally bonded composite systems. NDT allows for 

gathering information without damaging the structural element or strengthening system. 

The following tests have been researched previously and were considered for use in this 

strengthening project. 

2.4.1. Load Testing.  Load testing is a valuable way to validate the effectiveness  

of a composite strengthening system in the field. An initial load test should be conducted 

before the installation of a system, in order to have base values for comparison. Ideally, 

after the strengthening system is installed, a series of load tests should be conducted in 

order to observe the increased stiffness from strengthening and monitor any changes in 

stiffness over time. (Holdener et al., 2004; Merkle, 2004; Missouri Department of 

Transportation, 2005; J J Myers, Holdener, Merkle, & Hernandez, 2008) 
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 The most common method for load tests involves using loaded dump trucks, 

which move to predetermined stop locations along the bridge. These stops are locations 

that cause maximum shear or moment for the spans. At each stop, the bridge is given 

time to settle, with deflection readings taken periodically. (Holdener et al., 2004) 

 Deflection measurements can be taken by either contact, or non-contact 

monitoring. Contact methods such as LVDT’s and String Transducers are the traditional 

methods. These devices can be tedious to set up, and depending on the terrain, may be 

unusable for some applications. The devices were designed for laboratory use, and their 

adaptations for field use produce complications and sources for error. Once set up and 

calibrated, they can take continuous data readings. The non-contact alternative is optical 

laser surveying equipment, consisting of prisms installed and a total station to take the 

readings. This method takes much less time to set up, but readings can only be taken 

about every one minute. Merkle and Myers showed that the Leica TCA 2003 Total 

Station is accurate to .005 inches (0.127 mm) at distances of 200 ft (60.96 m) to the target 

or less (Merkle and Myers, 2004). This accuracy is comparable to the accuracy of contact 

monitoring methods. (Holdener et al., 2004; Merkle, 2004) 

2.4.2. Surface Roughness.  Having the optimum surface roughness is critical for  

FRP and FRCM systems because the bond will be poor if the surface is too rough or too 

smooth. For use in the five bridge project, a new technology was developed at UMR to 

measure the surface roughness. The optimum surface roughness was identified with a 

profilometer utilizing image analysis techniques, which is the first existing roughness 

measuring device for use in the field. Holdner et al. described how the device works as 

follows: “The laser profilometer projects thin strips of laser light at an angle of 45 
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degrees onto concrete surface5. A high resolution camera perpendicular to the concrete 

surface then records a video that is digitized and sent to a computer for analysis. The 

roughness can then be quantified based upon the average pixel to pixel angles; this is 

called an average inclination angle.” Figure 2.7 shows the device in use. (Holdener et al., 

2004; Missouri Department of Transportation, 2005) 

 

 

 

Figure 2.7. Laser Profilometer (Holdener et al. 2004) 
 

 

2.4.3. Fiber Alignment.  Proper fiber alignment is critical to the performance of  

an FRP or FRCM system because the fibers are strongest along their length. Both ACI 

440.2R and ACI 549.4R design guides state that variations as little as 5 degrees can have 

a large impact on system performance. In order to monitor the variance, FRP is installed 
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with a tracer woven into the fiber that can be seen through the matrix. A chord can then 

be stretched across the installed system in the desired alignment, and imaging software is 

used to determine the angle differences. (Holdener et al., 2004; ACI Committee 440, 

2008; ACI Committee 549, 2013) 

2.4.4. FRP Delamination.  Surface delaminations or voids between either the  

system and the concrete surface or between layers of reinforcement can drastically reduce 

the strength of an FRP or FRCM system. Causes of such delaminations include moisture 

(in FRP), fluctuating temperatures, and improper installment. According to ACI 440.2R 

and ACI 549.4R, delaminations over 25 square inches (16129 square mm) should be 

repaired by cutting away and patching. The system should then be reevaluated to ensure 

repairs were properly installed. NDT methods used to detect delaminations include 

acoustic sounding (hammer sounding), impact-echo, impulse response, ultrasonics, 

infrared thermography, and near-field microwave techniques. (Holdener et al., 2004; ACI 

Committee 440, 2008; ACI Committee 549, 2013) 
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3. DESIGN OF STRENGTHENING SYSTEMS 

This section contains the analysis and design procedures used in the strengthening 

of Missouri Bridge P-0058 located in south central Missouri near Lanton, Missouri. A 

description of the bridge and materials are included. For this project, spans 1 and 4 were 

strengthened and spans 2 and 3 were left unstrengthened. The middle spans had very poor 

access, making it difficult to strengthen them. In addition, having unstrengthened spans 

for comparison can provide valuable information for the study’s future intended work. 

 

3.1. BRIDGE DESCRIPTION 

Missouri Bridge P-0058 was selected from a list of candidate bridges in Missouri. 

The candidates were all considered structurally deficient according to MoDOT. Missouri 

bridges receive condition ratings periodically for their deck, superstructure (sup), and 

substructure (sub). In the most recent inspection report, bridge P-0058 received 

deck/sup/sub ratings of 4/4/6, with 4 meaning poor, and 6 meaning satisfactory. Due to 

the age and condition, bridge P-0058 is currently load posted as shown in Figure 3.1. 

Bridge P-0058 is located on Highway 142 and spans the Myatt Creek in Howell 

County, Missouri. This bridge was originally constructed in 1951 and consists of four 

simply supported reinforced concrete spans. For this study, the spans were numbered 1 

through 4 from west to east. The two spans farthest west (1 & 2) are 37.5 feet (11.43 m) 

long and the two to the east (3 & 4) are 27.5 feet (8.38 m), for a total bridge length of 130 

feet (39.62 m). The desk is six inches thick and is supported by three tee beams spaced 

7.0833 ft. (2.16 m) on center. For this project, the three beams are referred to as beam 1 

through 3, with 1 being the northern most, and 3 farthest south. The total deck width is 
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17.1667 ft. (5.232 m) with a curb to curb roadway of 14 ft (4.267 m). Due to the narrow 

roadway, the bridge is limited to one lane of traffic with yield to oncoming traffic signs in 

each direction. Figure 3.2 shows the bridge’s approach, and a profile view. 

The longer spans have slightly different geometry from the shorter spans.  Cross 

sections with dimensions for each span length can be found in Section 3.4. 

 

 

 

Figure 3.1.  Bridge P-0058 Load Posting 
 

 

 

Figure 3.2.  Bridge P-00585 Approach and Profile View 
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3.2. MATERIALS USED 

The four different strengthening systems used are described in this section. 

Properties for each material are given by the manufacturer, or obtained through tests 

performed in a lab setting. 

3.2.1. Fiber-Reinforced Polymer. Carbon FRP manufactured by Structural  

Technologies was chosen for use in this strengthening project. The product used is V-

Wrap™ C200HM High Modulus Carbon Fiber Fabric (Structural Technologies, 2016b). 

The resin used is V-Wrap™770 Epoxy Adhesive which is also manufactured by 

Structural Technologies. It is a two-part epoxy that is designed to be used in wet-layup 

composite strengthening (Structural Technologies, 2016a). As stated in ACI 440.2R-08 

account for long term exposure to the environment and must be reduced based on the 

exposure of the application. Bridges are in the exterior exposure category, so the ultimate 

strain and ultimate strength of the carbon shown in Table 3.1 were reduced to 85% of the 

given values for design properties.  

 

 

Table 3.1.  CFRP Properties from Manufacturer 

 

Conversion: 1 in2/in = 25.4 mm2/mm; 1 ksi = 6.895 MPa 
 

 

0.00650 1.67 550.00 33000.00Carbon FRP

System
Eq. Thickness 

[in2/in]

Ultimate 

Strain [%]

Garunteed Ultimate 

Strength [ksi]

Modulus of 

Elasticity [ksi]
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3.2.2. Fabric-Reinforced Cementitious Matrix.  Three different systems with  

cementitious matrix were used in this study. The fiber types used were carbon (C-

FRCM), PBO, and steel cords. As described in Section 2.2.2, when designing with 

FRCM, the properties should come from an idealized bilinear stress strain curve, but the 

contribution of FRCM before cracking is neglected. The idealized curve should come 

from statistic data from a series of coupon tests. The properties used in this study were 

provided by a research team at the University of Miami, and are displayed in Table 3.2. 

(Babaeidarabad et al. 2014) 

 The carbon FRCM system used is CSS-UCG Unidirectional Carbon Grid which is 

manufactured by Simpson Strong-Tie. It is designed to be field installed with CSS-CM 

cementitious matrix also manufactured by Simpson Strong-Tie. (Simpson Strong-Tie, 

2017, 2018) The PBO FRCM system used consists of fibers and inorganic matrix both 

manufactured by Ruredil (Ruredil, 2012). The SRG system chosen uses GeoSteel G600® 

mesh with either GeoCalce® Fino or GeoLite® cementitious matrix, all of which are 

manufactured by Kerakoll S.p.A. (Kerakoll S.p.A., 2014) Figure 3.3 shows each fabric, 

and their layout of fibers. 

 

 

Table 3.2. FRCM Statistical Properties  

 

Conversion: 1 in2/in = 25.4 mm2/mm; 1 ksi = 6.895 MPa 

mean 0.00618 1.64 202.20 9209.94

St. dv 0.43 2.03 1902.88

mean 0.00180 1.76 241.34 18564.83
St. dv 0.13 11.17 2175.57

mean 0.00333 1.40 196.40 13478.36
St. dv 0.30 14.70 2487.40

Carbon 

FRCM

PBO FRCM

SRG

System
Eq. Thickness 

[in2/in]

Ultimate 

Strain [%]

Ultimate 

Strength [ksi]

Cracked Modulus 

of Elasticity [ksi]
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a) Carbon    b) PBO        c) SRG 

(Dimensions in mm. 1in.=25.4mm.) 

Figure 3.3. Fibers Used in FRCM (Nanni, 2018) 

 

 

3.3. ANALYSIS OF EXISTING CAPACITY 

Analysis was performed according to ACI 318-14 (ACI Committee 318, 2014). 

ACI analysis was chosen over AASHTO because it is referenced by the composite 

strengthening design guides. The analysis was based on the following assumptions: 

• Plane sections remain plane after loading 

• Maximum strain at the extreme concrete compression fiber shall be assumed 

equal to 0.003 
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• Tensile strength of concrete shall be neglected in flexural and axial strength 

calculations 

Original design drawings were referenced for dimensions and design material 

properties and are found in Appendix A. The flexural steel reinforcement in the bridge 

has a yield strength of 33 ksi (227.5 MPa) according to MoDOT drawings. This value 

was used in the analysis of the existing capacity as well as the design of strengthening 

systems. The concrete compressive strength was reported by MoDOT as 3 ksi (20.7 

MPa), however, field tests showed that it is much higher. Schmidt hammer tests on each 

beam of spans 1 and 4 gave equivalent compressive strength readings ranging from 5800 

psi (40.0 MPa) to 8500 psi (58.6 MPa), with an average of 7289 psi (50.26 MPa). 6000 

psi (41.4 MPa) was used in analysis and design of strengthening, which exceeds two 

standard deviations below the average test value.  

3.3.1. Flexure.  Since the bridge has simply supported spans, each girder type  

was analyzed individually as simply supported with positive moment only. Girder 

geometrical properties, shown in Figure 3.4 and Table 3.3, were found in MoDOT’s 

design drawings and then verified by measurements in the field. The effective flange 

width was calculated as per ACI 318 with the equations shown in Figure 3.5.  

The tee beams were analyzed using the Whitney stress-block model, first 

assuming that the compression block fell within the flange. This assumption was verified 

for each case. It was also assumed, and later verified, that the steel yields at nominal 

capacity. Table 3.4 shows the amount of internal flexural steel reinforcement for each 

girder type, as shown in MoDOT design drawings.  
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Table 3.5 shows the moment capacity for each girder type before strengthening. 

Full calculations can be found in Appendix A. The flexural strength reduction factor (Φ) 

for the nominal capacity is .9 for each beam, as per ACI 318 for beams that are tension 

controlled. 

 

 

 

a) Spans 1 and 2 (units shown in inches) Conversion: 1 in. = 25.4 mm 

 

 
b) Spans 3 and 4 (units shown in inches) Conversion: 1 in. = 25.4 mm 

Figure 3.4.  Cross Sections of Spans 
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Figure 3.5. Effective Flange Width (Wight & Macgregor, 2012) 
 

 

Table 3.3.  Geometrical Properties 

 

Conversion: 1 in. = 25.4 mm 
 

 

Table 3.4.  Flexural Internal Steel Reinforcement at Midspan 

 

Conversion: 1 in. = 25.4 mm 
 

 

 

Span Girder 
Type

Overall 
Height 

h, (in)

Width of 
the Web 

b, (in)

Width of 
the Flange 

be, (in)

Slab 
Thickness 

hf, (in)

Interior 24 17 85 6

Exterior 24 17 61 6

Interior 20.5 17 79 6

Exterior 20.5 17 58 6

1 & 2

3 & 4

Span Girder 

Type

Tensile Steel 

Area As, (in
2)

Effective 

Depth d, (in)

1 & 2 All 11.32 19.82

3 & 4 All 6.24 18
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Table 3.5. Existing Nominal Moment Capacity 

  

Conversion: 1 kip-ft = 1355.8 N-m 
 

 

3.3.2. Shear.  Each girder type was analyzed for shear capacity as per ACI 318.  

Table 3.6 shows the internal steel shear reinforcement as originally constructed. This 

information was gathered from MoDOT design drawings.  

 

 

 

Table 3.6.  Shear Internal Steel Reinforcement 

 

Conversion: 1 in. = 25.4 mm 
 

 

The total shear capacity of a beam type member is taken as the combination of the 

contributions from the concrete and the reinforcing steel. Both of the shear contributions 

were calculated in accordance with ACI 318, and are shown in Table 3.7. The shear 

Span Girder 

Type

Nominal Moment Capacity

Mn (kip-ft)

Interior 603.49

Exterior 598.22
Interior 304.50

Exterior 302.91

1 & 2

3 & 4

Span Girder 
Type

Shear Steel 

Area Av, (in
2
)

Stirrup Spacing 
s, (in)

1 & 2 All 0.4 15

3 & 4 All 0.4 12
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strength reduction factor (Φ) for the nominal capacity is .75 as per ACI 318. Full 

calculations can be found in Appendix B. 

 

 

Table 3.7. Existing Nominal Shear Capacity  

  

Conversion: 1 kip = 4.448 kN 
 

 

3.4. GIRDER STRENGTHENING DESIGN 

With six girders to be strengthened using four different systems, decisions were 

made in an attempt to get the best information possible in the long term. Research field 

applications and data is presently not available on FRCM and SRG, so cementitious 

systems were chosen to be the main focus. Each girder type is controlled by flexure, so 

the focus of the strengthening is for flexure. 

A parametric study was completed, varying the different span lengths (which have 

different section depths and areas of steel reinforcement), the different strengthening 

systems (Carbon FRCM, PBO FRCM, CFRP and SRG), the width of the plies, and 

different numbers of plies of strengthening up to four plies. This study showed which 

systems performed better than others on the long spans. It also made clear the expected 

result of multiple layers of each system. After consideration, it was decided to use two 

Span Girder 
Type

Shear Contribution
 from Steel 

Vs (kip)

Shear Contribution 
from Concrete 

Vc (kip)

Nominal Shear 
Capacity

Vn (kip)

1 & 2 All 17.44 52.19 69.63

3 & 4 All 19.80 47.41 67.21
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plies of each system, which will give valuable information with lower labor and material 

costs. 

Table 3.8 shows a section of the data for the moment capacity parametric using 17 

in. (43.2 cm) wide plies. This table also includes the percent difference of the percent 

increase in capacity for the same amount of strengthening applied to the long vs. short 

spans. A lower percentage here shows that the system is less effected by which span 

length they are installed on. While carbon FRP and Carbon FRCM were most impacted 

by the span length, their higher efficiency overall made them the best choice for 

strengthening the long spans. The full parametric study results with example calculations 

is given in Appendix C. 

 

 

Table 3.8. Moment Capacity Parametric Data 

 

 

1 Ply 1.84% 2.98% 61.9%
2 Ply 4.45% 7.10% 59.4%

3 Ply 7.07% 11.22% 58.7%
4 Ply 9.67% 15.33% 58.4%

1 Ply 2.58% 5.15% 99.5%
2 Ply 6.29% 11.43% 81.6%

3 Ply 10.00% 17.70% 77.0%
4 Ply 13.71% 23.96% 74.8%

1 Ply 0.99% 1.06% 6.5%

2 Ply 3.24% 3.88% 19.5%
3 Ply 5.50% 6.69% 21.8%

4 Ply 7.75% 9.51% 22.7%

1 Ply 11.46% 18.92% 65.1%
2 Ply 17.72% 31.31% 76.7%

3 Ply 21.62% 38.24% 76.9%

4 Ply 24.91% 44.07% 76.9%

73.9%

Average %

 difference

Short Span 

% increase

Long vs Short span

 % difference

59.6%

83.2%

17.6%

CFRP

Moment Capacity Parametric 

(17 inch width)

Long Span 

% increase

FRCM-PBO

FRCM-Carbon

SRG
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The focus of this study is flexural strengthening, but some shear strengthening 

was also provided. The effects of MoDOT posting vehicles H20 Legal and 3S2 were 

considered. Strengthening in shear to accommodate these trucks maintains that the 

girders are expected to fail in flexure after strengthening. The long spans are controlled 

by the Missouri 3S2 truck. The maximum shear exceeds the pre strengthening capacity 

by about 5 kips (22.2 kN) for the 2 feet (.61 m) closest to supports in the shear envelope. 

For the short spans, the H20 Legal truck controls. The short spans have adequate shear 

strength without strengthening. U-wraps, which are generally used for shear 

strengthening, also help anchor the flexural reinforcement and reduce the failure by 

deboning and also aid field installation by reducing ability of the flexural strengthening to 

sag, so they will be used on each span. The exact wrapping configuration was decided 

after consulting with the design teams of each manufacturer. The chosen wrapping 

scheme for each beam can be found in Appendix D. 

3.4.1. Fiber Reinforced Polymer.  Design and analysis was performed 

according to ACI 318 (ACI, 2014) and ACI 440 (ACI Committee 440, 2008), based on 

the following assumptions: 

• Design calculations are based on the dimensions, internal reinforcing steel, and 

material properties of existing member being strengthened 

• Plane sections remain plane after loading, so strains are proportional to distance 

from the neutral axis 

• The bond between FRP and concrete substrate as well as that of the fabric to the 

matrix is perfect 

• Shear deformation within the adhesive is very small and is neglected 
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• The maximum usable compressive strain in the concrete (εcu) is 0.003 in/in 

• Tensile strength of concrete is neglected 

• The FRP has a linear elastic stress-strain relationship to failure 

3.4.1.1. Flexure design.  ACI 440 imposes strengthening limits in order to guard  

against structure collapse should bond or other failure of the system occur due to damage, 

vandalism, or other causes. To make the structure able to still resist a reasonable level of 

load should a failure occur, Equation 3.1 must be satisfied. Rn is the nominal strength of a 

member and SDL and SLL are the dead load and live load effects. 

 

�Φ������	
��� ≥ �1.1��� + 0.75�������   (3.1) 

 

In order to reduce the failure by debonding, ACI 440 limits the effective strain in 

the FRP to a level in which debonding may occur (εfd), which is defined by Equation 3.2. 

The limit is based on the compressive strength of the concrete (f`c), the number of layers 

of fabric (nf), the modulus of elasticity of the FRP (Ef), and the effective thickness of the 

fabric (tf). This equation also limits the debonding strain to 90 percent of the ultimate 

strain (εfu). This equation was developed based on statistical analysis of a database of 

flexural test beams that failed by debonding (ACI Committee 440, 2008).  

 

��� = 0.083� �`�
�∗!"∗
"

  ≤ .9��&     (3.2) 

 

The ultimate strength of a section is found based on the internal strain and stress 

distribution under flexure at the ultimate limit state. The procedure for obtaining the 
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ultimate strength must satisfy strain compatibility and force equilibrium, as well as 

consider the governing mode of failure. The procedure chosen uses a trial-and-error 

method to find a solution. Figure 3.6 illustrates steps in the procedure described in the 

following. 

 

 

 

Figure 3.6. Internal Stress and Strain Distribution in Flexure (ACI Committee 440, 2008) 
 

 

The procedure for obtaining the ultimate strength begins by assuming a value of c, 

or the depth to the neutral axis. With this assumption, the strain level in the FRP (εfe) can 

be calculated using Equation 3.3. This equation considers the failure mode for the 

assumed neutral axis. If the left side of the inequality governs, then concrete crushing 

controls the flexural failure, and if the right side governs, then FRP failure by either 

debonding or rupture controls the section failure. In the equation, df is the depth of the 

fibers from the extreme compression face, which is taken as the height of the beam being 

strengthened. The strain level in the concrete surface at the time of FRP strengthening 
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(εbi) is considered in the equation, and it is calculated based on the properties and 

dimensions of the RC section and the moment caused by the dead load. 

 

��� = ��& ∗ '(�")�*
� + − �-�  ≤ ���    (3.3) 

 

With the effective strain in the FRP known, the effective stress level (ffe) can be 

calculated using Hooke’s law, assuming perfectly elastic behavior. Based on the strain 

level in the FRP, the strain in the steel (εs) can also be found using the linear strain 

distribution. Then, the stress in the steel (fs) is determined using its stress-strain curve. 

This method uses a rectangular equivalent compressive stress block as shown in Figure 

3.6, where the distribution factors α1 and β1 are defined by Equations 3.7 and 3.6. With 

the strain and stress levels in the FRP and steel known for the assumed neutral axis depth, 

the internal equilibrium can be checked using Equations 3.4 through 3.8 

 

.� = 57000/0`1     (3.4) 

�`� = 2.3�`�
!4       (3.5) 

52 = 67`4)74
87`4)974      (3.6) 

:2 = ;7`474)�74�<
;=>�7`4�<      (3.7) 

1` = �?@�@A?"�"B�
C>�`�=>-       (3.8) 
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where Ec is the modulus of elasticity of the concrete, εc is the compressive strain 

level in concrete,  ε`c, is the compressive strain corresponding to f`c, As is the area of 

flexural steel reinforcement, and Af is the area of flexural FRP fibers. 

If the assumption of the neutral axis depth was correct, then the value for c 

assumed will be in agreeance with c` calculated from Equation 3.8, which shows that the 

tension and compression in the section are equal. If the assumption was incorrect, then 

iterations are done by changing the value of c and repeating the process of calculating 

strains and stresses. The correct value for the neutral axis depth is found when 

convergence occurs and the neutral axis depth is returned as c`.  

The nominal flexural strength of the section is computed using the force 

equivalent forces and the moment arm between them. Equation 3.9 shows the moment 

capacity provided by both the original RC section, and the added external FRP 

strengthening. For FRP contribution, an additional reduction factor, Ψf, is applied. For 

flexure, the value used is .85, which is based on reliability analysis and the inherent 

uncertainties of FRP compared to more widely used materials (ACI Committee 440, 

2008). 

 

D� = E	0	 'F − G
9+ + H�E�0�� 'F� − G

9+   (3.9) 

 

ACI 440.2R also includes limits on the service load stress in the steel and FRP. 

The guide has equations based on cracked-section analysis of the FRP-strengthened 

reinforced concrete section that were used to check the service stresses against their 
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limits. The stress limit for steel is 80% of the yield strength, and for carbon, the limit is 

55% of the ultimate fiber strength. 

3.4.1.2. Shear design.  Three different wrapping schemes are discussed in ACI  

440 for shear strengthening of RC members: complete wrapping, 3- sided “U-wrap”, and 

2-sided. Complete wrapping is the most efficient technique, but it is rarely possible for 

girders, because the integral slab prevents access to the top side. U-wraps are the next 

efficient method, and were chosen for this project. Shear strengthening systems can also 

be installed continuously along the span, or placed as discrete strips, however, complete 

encasement is discouraged, as it prevents migration of moisture (ACI Committee 440, 

2008). Figure 3.7 illustrates a cross sectional view of a girder strengthened with U-wraps 

(a), as well as side views of beams strengthened with discrete strips both vertical (b) and 

inclined (c).  The figure also shows the dimensional variables used in strengthening 

calculations. 

 

 

 

Figure 3.7.  Shear Strengthening with FRP Nomenclature (ACI Committee 440, 2008) 
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 The nominal shear capacity of an FRP strengthened reinforced concrete 

member is calculated with Equation 3.10. For shear reinforcement, Ψf has a value of .85 

for U-wrapped members. As typical for shear design, Φ is taken as .75. 

 

ΦI� = Φ�I� + I	 + H�I��    (3.10) 

 

In Equation 3.10, the shear contributions from the concrete (Vc) and steel (Vs) are 

calculated as per ACI 318. The contribution from FRP is calculated based on fiber 

quantity and orientation, as well as an assumed crack pattern. Equation 3.11 gives the 

shear contribution of the FRP reinforcement based on the tensile stress in the FRP across 

the assumed crack.  

 

I� = (?"J�"B�	��CA�K	C��"J*
	"

    (3.11) 

 

Afv and ffe are defined by Equations 3.12 and 3.13. Figure 3.7 shows the definition 

of the terms α (orientation of the strips), sf (center to center spacing of strips), and dfv 

(depth of flexural reinforcement from top of shear reinforcing fibers). The figure also 

shows the variables used in calculating the area of shear reinforcing fibers: n (number of 

plies), tf (effective thickness of one ply), and wf (width of a strip). 

 

E�L = 2NO�P�      (3.12) 

0�� = ���.�       (3.13) 
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ACI 440 has different limitations on the effective strain in the FRP for shear than 

for flexure. There are also different limitations for completely wrapped beams than 2 or 

3-sided since delamination is more likely to occur for the latter. For U-wrapped beams, 

Equation 3.14, which uses a bond reduction coefficient (κv), is used. This equation also 

limits the strain to 0.4%, which helps avoid the loss of aggregate interlock of the 

concrete. 

 

��� = QL��& ≤ 0.004     (3.14) 

 

Shear design with FRP also has limits to how much strength enhancement can be 

added. In in-lb units, the limit for the contribution of steel and FRP combined is given by 

Equation 3.15. 

 

I	 + I� ≤ 8/0`1S�F      (3.15) 

 

3.4.2. Fiber Reinforced Cementitious Matrix.  Design and analysis was  

performed according to ACI 318-14 and ACI 549 (2013) based on the following 

assumptions: 

• Plane sections remain plane after loading 

• The bond between FRCM and concrete substrate as well as that of the fabric to 

the matrix is perfect 

• The maximum usable compressive strain in the concrete is 0.003 in/in 
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• FRCM has a bilinear-elastic behavior up to failure, however, the contribution of 

FRCM before cracking is neglected 

3.4.2.1. Flexure design.  The procedure for FRCM design laid out in ACI 549 is  

similar to the FRP design in ACI 440. The initial step is to get material properties from 

coupon tests. Rather than using Equation 3.2 to limit strain to prevent debonding, ACI 

549 uses statistics from coupon tests and defines the ultimate strain, εfd, as the average εfu 

minus one standard deviation. This ultimate tensile strain is then multiplied by the 

cracked modulus of elasticity (Ef) to get the ultimate tensile strength of the FRCM. In 

order to prevent slippage of fibers within the matrix, the design tensile strain (εfe) is 

further limited to the smaller of εfd and 0.012. 

The ultimate moment capacity is calculated based on the internal strain and stress 

distribution under flexure at the ultimate limit state. A trial-and-error method is used for 

obtaining the ultimate strength, which satisfies strain compatibility and force equilibrium 

and considers the governing mode of failure. Figure 3.6 illustrates steps in the procedure. 

Once iterations of Equations 3.4 through 3.8 are done to find the neutral axis depth, and 

internal stresses are found, the ultimate moment capacity is found using Equation 3.16. 

 

D� = E	0	 'F − G
9+ + E�0�� 'F� − G

9+   (3.16) 

 

ACI 549.4R also has limitations on the amount of enhancement provided. The 

increase in flexural capacity strength provided by FRCM reinforcement should not 

exceed 50 percent of the existing flexural capacity. Additionally, the stresses in steel 

under service loads should be limited to 80 percent of the yield strength. In order to 
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prevent concerns over creep rupture and fatigue, the service level tensile stress in the 

FRCM is limited to a percentage of the design tensile strength based on the fiber type as 

shown in Table 3.9. 

 

 

Table 3.9. Creep and Fatigue Stress Limits (ACI Committee 549, 2013) 

 

 

 

3.4.2.2. Shear design.  For shear strengthening with FRCM, the procedure based  

on ACI 549 is very similar to what was used for FRP. The statistical properties from 

coupon tests that were used in flexure design are again used in shear design. ACI 549 

limits the design tensile strain in the FRCM for shear to the smaller of 0.004 and the 

ultimate strain from tests. Equations 3.12 through 3.14 are used to determine the shear 

contribution from the FRCM strengthening. The total shear strength of the RC section 

with added FRCM is then calculated using equation 3.17. As typical for shear design, a 

strength reduction factor, Φ, of .75 is applied to the nominal shear strength, Vn.  

 

I� = I� + I	 + I�     (3.17)  
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The total shear strength provided by the FRCM and steel is limited by equation 

3.18. Additionally, the increase in shear strength after adding FRCM should not exceed 

50 percent of the existing capacity. 

 

I	 + I� ≤ 8/0`1S�F     (3.18) 

 

3.4.3. Summary of Design.  Table 3.10 gives a summary of both flexural and  

shear strengthening added to bridge P-0058. All strips used for strengthening are 12 

inches wide. Details of the shear strengthening wrapping scheme are located in Appendix 

D. Appendix E contains a detailed bill of materials as built. 
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Table 3.10.  Summary of Strengthening System Design 

 

 

 

 

 

 

  

Span 1

Carbon FRCM:     Flexure: 2 ply

CFRP:     Flexure: 2 ply

Shear: one ply 17in spacing, 18 strips total
Girder 1

Girder 3

36.1875ft
Carbon FRCM/ CFRP

Shear: one ply 12in spacing, 20 strips total

Carbon FRCM:     Flexure: 2 ply
Shear: one ply 12in spacing, 20 strips total

Girder 2

Span 2

36.1875ft

No Strengthening

No Strengthening

No Strengthening

SRG:     Flexure: 2 ply

SRG:     Flexure: 2 ply

PBO FRCM:     Flexure: 2 ply

Girder 1

Shear: two ply 18in spacing, 13 strips total

Shear: two ply 18in spacing, 13 strips total

Shear: two ply 18in spacing, 13 strips total

Span 4

PBO FRCM/ SRG

26.375ft

Girder 2

Girder 3

No Strengthening

No Strengthening

Span 3

26.375ft

No Strengthening
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4. INSTALLATION OF STRENGTHENING SYSTEMS 

The installation of strengthening systems requires an emphasis on attention to 

detail. The procedures used should agree with ACI 440, ACI 549, and the suggestions of 

the material manufacturers. This section describes the planned procedure for installing 

strengthening on Bridge P-0058. The installation of the strengthening systems follows the 

completion of this thesis. 

 

4.1. PRE INSTALLATION 

Composite strengthening systems require some preparatory work before manual 

layup. The preinstallation  helps with the performance of the system in the future. 

4.1.1. Substrate Repair.  The quality and strength of the substrate is important  

for performance of externally bonded strengthening systems. Areas that were damaged by 

concrete spalling were addressed to avoid compromising the integrity of the 

strengthening system. Figure 4.1 shows spalling on a girder. As shown in the figure, 

much of the damaged areas were below drop drains and were exposed to water regularly 

and salt concentrations in the winter. Cement mortars that are compatible with both the 

concrete substrate and the systems used for strengthening were used for the patching. For 

the carbon FRCM system, the cementitious matrix (CSS-CM) can be used to patch voids 

and defects that are no deeper than 2 in. (51 mm) (Simpson Strong-Tie, 2017). 

4.1.2. Surface Preparation.  The surface of the substrate must be prepared  

accordingly to allow optimal bonding conditions for load transfer to the strengthening 

systems. Strengthening for both flexure and shear are bond critical, and thus require an 

adhesive bond between the system and the substrate. Sand blasting, shown in Figure 4.2, 
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was used to remove all laitance, dust, dirt, oils, and other matter that could interfere with 

the bond of the system. This surface preparation also provides a rough surface that is  

 

 

 

Figure 4.1. Spalling on Girder 
 

 

critical for the resin or cementitious matrix to bond to. ACI 440 requires “a minimum 

concrete surface profile (CSP) 3 as defined by the ICRI (International Concrete Repair 

Institute) surface- profile chips.” For the Simpson FRCM system, it is recommended to 

achieve a minimum ¼ in. (6 mm) amplitude which is a CSP-6-9 (Simpson Strong-Tie, 

2017). Surface irregulations such as fins and form lines were also removed or taken down 

to 1/32 inch as per ACI 440. 

Surface preparation also includes rounding of corners that the fabric will wrap 

around in order to prevent stress concentrations in the fibers. ACI 440 requires a 
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minimum radius of .5 inches (12.7 mm) for FRP, whereas ACI 549 states a radius not 

less than 0.75 inch (19.1 mm) before FRCM shear strengthening. The guidelines of each 

manufacturer were in agreeance with these corner radius limits. A radius of 0.75 inch 

(19.1 mm) was used for each girder that was rounded and was achieved by grinding with 

a special bit as shown in Figure 4.3. The exception were girders strengthened with SRG, 

which were left unrounded. 

 

 

 

Figure 4.2. Surface Preparation by Sand Blasting 
 

 

 

Figure 4.3.  Rounding Corners 
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On the days selected for installation, attention was also given to the 

environmental conditions such as wetness of the surface and temperature. For FRP 

systems, the surface must be dry, as water in the pores can prevent resin penetration and 

reduce mechanical interlock. Moisture vapor can also cause bubbles in the resin before 

curing which hurt bond performance. For FRCM and SRG systems, however, a saturated 

surface-dry condition is acceptable. FRCM and SRG can typically be applied to surfaces 

subject to moisture vapor transition, as the bond to substrate is not compromised.  

For all three types of systems, there are limitations to the temperature at which the 

installation can take place, however temperature is much more critical to FRP systems. 

ACI 440 discusses problems with resin penetration if the surface is too cold, and suggests 

following the guidelines of the manufacturer. Structural Technologies gives the 

approximate pot life of V-Wrap 770 epoxy as 3 to 6 hours at 68°F (20°C), and the system 

should only be applied when the ambient temperature is between 40°F and 100°F (4°C to 

38°C) (Structural Technologies, 2016a). ACI 549 recommends limits to the temperature 

on the day of installation. Temperatures above 95 degrees Fahrenheit (35°C) may reduce 

the workability of the mortar, and temperature below 43 degrees Fahrenheit (6°C) can 

slow down setting considerably. Simpson Strong‑Tie has stricter limits for their morter, 

allowing a range of 41°F (5°C) to 86°F (30°C) (Simpson Strong-Tie, 2017, 2018). 

Ruredil states that there are essentially no differences in workability time between 41°F 

(5 °C) and 104°F (40 °C) for their inorganic matrix, but recommends installation between 

41°F (5°C) and 95°F (35°C)  (Ruredil, 2012). 
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4.2. INSTALLATION 

The fiend installation of strengthening systems requires a good plan to be made 

before the day of installation. Attention to detail is crucial to adhere to the guidelines of 

ACI design guides as well as the suggestions of each manufacturer. The plan for 

installing strengthening on Bridge P-0058 follows. 

4.2.1. Mixing of Resin or Matrix.  Mixing of the resin was done in accordance  

with the manufacturer’s recommendations. The suggested mixing ratio was followed, and 

complete mixing (based on mix time and visual inspection) was achieved before use. 

Electric paddle mixing was used to prepare the batches as shown in Figure 4.4, and batch 

size was kept small so that the resin could be used up in the recommended pot life for 

ideal viscosity. V-Wrap 770 comes in two parts referred to as A and B. Part A was 

premixed for 2 minutes, then the full contents of Part B pail were added to the full 

contents of Part A pail. Part A and Part B were then blended with a mechanical mixer for 

3 minutes until uniformly blended. (Structural Technologies, 2016a) 

Mortars were also mixed as specified by the manufacturer’s recommended batch 

size, mix ratio, method, and time. Figure 4.4 shows the mixing process. Batch sizes were 

small so that the mortar could be used within its plastic state. This allows for the best 

viscosity for the matrix to penetrate the fabric. 

The recommended procedure for mixing both Ruredil’s and Simpson Strong-Tie’s 

mortars is as follows. To start, 90% of the total mixing water recommendation depending 

on the desired consistency of the mortar was added. The batch was then mixed with a 

mechanical mixer at least 3 minutes adding the remaining 10% of the recommended total 

water if necessary until a homogeneous mixture with the desired consistency is formed. 
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The mixture was allowed to rest 1 minute and then remixed another 10 seconds before 

applying. No additional water was added after the setting process is started. (Simpson 

Strong-Tie, 2017; Ruredil, 2012) 

 

 

 

Figure 4.4.  Mixing Resin and Cementitious Matrix 
 

 

4.2.2. Manual Layup.  For each system, the sheets of fabric were pre measured  

and cut in the Missouri S&T labs in order to reduce prep work in the field prior to 

installation. Figure 4.5 shows materials being cut in the lab. The carbon FRP sheets were 

applied by wet layup as shown in Figure 4.6. The sheets were properly aligned, avoiding 

deviations of more than 5 degrees in either direction of the girder line as given as the 

acceptable tolerance in ACI 440. The sheets were set into the surface saturant, and rollers 
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were used to smooth the fabric and remove bubbles. After about 10 minutes of setting, 

another layer of resin was rolled over to complete impregnation. 

 

 

 

Figure 4.5.  Preparing Sheets in Lab Setting 
 

 

For the FRCM and SRG systems, trowels were used to apply an even, ¼ to ½ inch 

(6–13 mm) thick layer of matrix over the surface. The fabric was then gently pressed into 

the matrix, and another ¼ to ½ inch (6–13 mm) thick layer of additional matrix was 

smoothed over the top. Figure 4.6 shows this process. For each system, two plies of 

flexural reinforcement were used, and the second layer was applied before complete 

curing of the first layer. The SRG system presented other issues due to its rigidness in 

comparison to the other fabrics. For u-wraps, a machine is needed to aid bending before 

the system can be installed. 

For each system, flexural reinforcement was fully installed before shear 

reinforcement. This allowed for the flattest surface possible for the flexural sheets. 
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Additionally, having the U-wraps on the exterior created the best anchorage qualities to 

aid the flexural system. 

 

 

 

Figure 4.6.  Manual Layup 
 

 

4.2.3. Curing.  For FRCM systems, it is important to properly cure the system to  

achieve the desired strength. Installation shall be kept humid and protected against heat 

and wind for 3 to 5 days by wet curing or using an ASTM C309 complaint water-based 

curing compound. The use of curing compounds may affect adhesion of subsequent 

surface treatments. SSD surface conditions and proper curing procedures are critical to 

prevent premature drying or cracking. (Ruredil, 2012; Simpson Strong-Tie, 2017) 

4.2.4. Durability Study.  For each system, additional strips were installed in  

areas other than the girders to serve as a durability study area. The strips are intended to 

be used for pull-off testing at different times in the future. Different types of testing will 

be done to monitor performance in pure tension as well as shear to observe different 
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failure modes. These strips will be exposed to the same environmental conditions as the 

girder strengthening such as freeze and thaw cycles, and ultraviolet light. These 

conditions can cause durability concerns and effect the bond performance of the 

strengthening systems in the long term.  
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5. LOAD TESTING 

For this project, load testing was performed to record baseline serviceability 

behavior prior to strengthening and is expected to be repeated post-strengthening on 

spans 1 and 4 (furthest east and west). Load testing is observing and measuring the 

response of a structure subjected to controlled loads in the elastic range. Both static and 

dynamic tests were conducted. The pre-strengthening load test was performed on July 3rd 

2018, and the static test is described in this section. Deflection data of the girders was 

collected with both LVDTs and surveying equipment. Repetition of load testing over the 

years following strengthening will allow for monitoring of the system’s performance. 

Any major loss of the systems’ strength or stiffness may be observed through load 

testing. (John J. Myers, Holdener, & Merkle, 2012) 

 

5.1. INSTRUMENTATION 

Field visits were taken prior to the first load test in order to install instrumentation 

for monitoring during the load tests. An epoxy was used to attach steel plates to the 

underside of the beams in spans 1 and 4. These plates were placed at locations where 

optical surveying prisms were later magnetically attached to be used to monitor 

deflection. Even at the highest points, the prisms were quickly and easily installed using a 

range pole. The deck was not to be monitored. A Leica TCA 2003 Automatic Total 

Station was used to save and read the coordinates. Research on total station use for load 

testing has shown that this total station can measure deformation accurate to 0.005 inches 

(.127 mm) or better at close range, which is comparable to LVDT’s (Hernandez & 

Myers, 2018; Myers et al., 2008). The layout of the prisms is shown in Figure 5.1 and 
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Figure 5.2. A total of 22 prisms were used between the two spans, with 2 additional per 

span used as reference prisms.  

 

 

 

Figure 5.1.  Span 1 Prism Layout (Dimensions shown in inches, 1 in. = 25.4 mm) 
 

 

 

 

Figure 5.2.  Span 4 Prism Layout (Dimensions shown in inches, 1 in. = 25.4 mm) 
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5.2. SETUP 

On the day of the test, equipment was set up and checked for functionality prior to 

starting the load test. LVDTs on stands were set up as another way to monitor deflection 

throughout the testing. They allowed for much more frequent readings than the total 

station. The LVDTs were used at midspan of each beam. Figure 5.3 shows the midspan 

setup, including LVDTs and the data acquisition system (DAS) employed during the test. 

In addition, Figure 5.3 shows three prisms at midspan, and the total station is in the 

background. Figure 5.4 shows the setup for the total station test. Once prisms were 

installed and the total station was setup on a secure tripod with a clear view of the targets, 

the device was programmed to mark the locations of each prism with respect to reference 

prisms. The reference prisms were also used to check if the total station had moved 

between readings. Each prism was named sequentially, and the names were documented 

in a field book. The total station was programmed to take three readings at each point, 

and an average value was used, neglecting any large variances.  

Pre-test setup also included marking the physical truck stops to be used. These 

stops differed between the two spans due to the different geometry. The length and 

capacity of span 1 allowed for two loaded trucks to be used. In order to observe the 

maximum moment, the trucks were placed back to back, centered about the midspan. 

Span 4’s smaller girders and shorter span length made a one truck setup necessary. Using 

the axle weights and distances between axles, the proper location of the truck for 

maximum moment was determined and marked.  
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Figure 5.3. Data Acquisition System Setup 
 

 

 

Figure 5.4. Total Station Setup 
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5.3. PROCEDURE  

For each test described in the following, traffic control was used to ensure the 

results were due to the test trucks. Three H20 dump trucks were provided by MoDOT, 

and labeled as trucks A, B, and C. Trucks A and B were loaded with gravel to be about 

38 kips (169 kN) each, and were used for the static load tests. Truck C was empty, and 

was only used for the dynamic load tests. Figure 5.5 shows the axle configuration of the 

trucks. The exact truck and axle weights were recorded so that variances in the weights 

on future load tests will be known for normalization and comparison.  

 

 

 

Figure 5.5. H20 Dump Truck Axle Configuration (Merkle, 2004) (Conversion: 1 ft. = 
0.305 m, 1 in = 25.4 mm) 

 
 

 

For both spans, three different static tests were done, moving the trucks across the 

bridge from north to south. This allowed for observing the effect of different load 
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distributions to each girder. Setups 1 and 3 produced an overload condition on the two 

exterior girders, while setup two was symmetrically centered. All of the stops tested had 

the truck weight centered longitudinally on the span, to produce the maximum positive 

moment. The three positions are shown in Figure 5.6. 

 

 

 

Conversion: 1 ft. = 0.305 m 
Figure 5.6.  Load Test Truck Placements. a) Setup 1; b) Setup 2; c) Setup 3 
 

 

The testing began with span 1. An initial reading was taken with the total station, 

and the strain gauge and LVDT data began being collected at a rate of 1Hz. The total 



 

 

73

station was programmed to take three readings at each point, and an average value was 

used, neglecting any large variances. Next the trucks were positioned as close to the 

northern safety barrier as possible, as shown as position 1. 

Figure 5.7 shows the trucks in position. Measurements were taken to know the 

exact location of the trucks, and the bridge was given time to respond to the load. After 

about 5 minutes, the total station was used to take readings of all the prisms on the span. 

This same procedure was repeated for placements 2 (centered on the span) and three 

(close to the south barrier). After these three static tests, the bridge was given time to 

relax, and final total station readings were taken.  

 

 

 

Figure 5.7.  Trucks on Span 1 for Load Test 
 

 

The DAS and other equipment were then moved across the river to span 4, and a 

similar setup was completed. Initial total station readings were taken and LVDT data 

Truck B Truck A 
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began collecting. Three stops were used on span 4, locating the single truck close to the 

north barrier, centered, and close to the south barrier. Figure 5.8 shows the loaded truck 

on span 4.  

 

 

 

Figure 5.8.  Truck on Span 4 for Load Test 
 

 

5.4. RESULTS AND DISCUSSION 

Upon completion of load testing, the data must be processed and condensed down 

to extract the useful information. Theoretical modeling was also done to compare the load 

test results to. 

5.4.1. Data Analysis.  The total station data was uploaded to a computer for  

farther analysis. Each measurement was taken in sets of three readings, and these values 

were averaged, with any outliers removed. For each point, there was a control set from 

Truck A 
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before loading and sets for each truck stop. Deflection was found by subtracting the 

control reading average from each truck stop reading average. A second control set was 

intended to be taken after the stops were concluded, but the total station was moved 

before the reading could happen. This additional control set would have helped verify 

that nothing moved undesirably and the set would be used in adjusting for thermal 

effects. However, consistency of the reference points, and points where zero deflection 

was expected showed that total station settling wasn’t an issue. While the temperature 

was rising throughout the tests, the total time for span one tests was only an hour and a 

half, and the increase in temperature was low over this time. An increase in temperature 

is known to cause an increase in camber, (upward deflection at midspan) however very 

minimal thermal adjustments were required for these load tests (Merkle, 2004). Once 

these adjustments were complete, deflections were plotted as a function of distance from 

the west support.  

 

 

Table 5.1. Pre Strengthening Load Test Axle Loads 

 

 

 

5.4.2. Theoretical Modeling.  Individual Tee-Beam analysis was performed for  

each girder, breaking the full cross section into three individual tee-beams. This model 

was to find the theoretical pre-strengthening deflection from the load test. The loads used 

Front Axle Rear Axles Total

Truck A 13900 24280 38180

Truck B 14180 24020 38200

Weight (kips)
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were from the truck weight tickets collected during the load tests. The truck geometry 

was verified in the field, and this geometry along with the truck stop diagrams were used 

to locate the wheel loads, which were assumed to act as point loads. The loads are shown 

in Table 5.1. 

Two Tee-Beam models were made, first ignoring any contribution from the 

barrier walls and then adding their influence by estimating their stiffness contribution to 

the interior and exterior girders. MoDOT distribution factors were used to distribute the 

wheel loads to each girder, and calculate the maximum influence each girder may see 

from the trucks. The Tee-Beams were analyzed as simply supported structures. 

Assumptions were required for beam stiffness properties. It was assumed that each beam 

was uncracked and the gross moment of inertia was used. The modulus of elasticity was 

approximated based on the field-measured compressive strength of the concrete, as per 

ACI 318.  

Bridge P-0058 has a tight girder spacing relative to many other RC bridges. 

Additionally, span 1 has a transverse diaphragm at midspan. Both of these factors 

increase the transfer of load between the girders, and help the span act as a unit. This 

transfer can allow girders in better condition (therefore more stiff) to attract more load 

and compensate for weaker girders. The degree at which the load is transferred is difficult 

to estimate without full knowledge of cracking, corrosion, and other deterioration. For the 

model considering the barriers, it was estimated that 25% of the stiffness of a barrier was 

transferred to the interior girder while the remaining 75% of the stiffness influenced the 

exterior girder closest to the barrier. Since there are barriers on each side, the interior 
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girder was given 50% of a barrier added stiffness, with 25% coming from each side. The 

excel spreadsheets used to calculate theoretical deflections are included in Appendix G. 

5.4.3. Results.  Figure 5.9 through 5.11 show the plotted deflections along the  

length of each girder for the pre strengthening load tests on span 1. These deflection data 

points are all from the total station readings during testing. The values at midspan were 

compared to LVDT deflection readings to verify the accuracy of the readings.  

Figure 5.9 shows the results of stop 1, which overloaded the north side, placing 

the wheel lines very close to directly over girders 1 and 2. The span behaved as expected 

and girders 1 and 2 saw most of the influence. This stop had the highest deflection seen 

of any stop at 0.077 inches (2.0 mm). Based on visual inspection, girder 1 is in the worst 

condition due to spawling. The load test also suggests that girder 1 is in the worst 

condition of the three based on the highest observed deflection being from stop 1. 

 

 

 

Figure 5.9.  Span 1 Stop 1 Vertical Deflection 
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Figure 5.10.  Span 1 Stop 2 Vertical Deflection 
 

 

Figure 5.11.  Span 1 Stop 3 Vertical Deflection 
 

-0.118

-0.078

-0.038

0.002

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

D
ef

le
ct

io
n

 (
in

.)

D
ef

le
ct

io
n

 (
m

m
)

Distance from West End (ft)

Girder 1

Girder 2

Girder 3

-0.118

-0.078

-0.038

0.002

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

D
ef

le
ct

io
n

 (
in

.)

D
ef

le
ct

io
n

 (
m

m
)

Distance from West End (ft)

Girder 1

Girder 2

Girder 3



 

 

79

   

The results of stop two are shown in Figure 5.10. This stop had the trucks 

centered, straddling girder two. As expected, girder two deflected slightly more than the 

other two girders for this loading. Based on field measurements, the trucks were placed 4 

inches (101.6 mm) south of being perfectly centered. This lack of symmetry could have 

caused error in the results, and could explain why girder 3 deflected more than girder 1 

for this stop. Additionally, if girder 3 is in better condition than girder 1, then girder 3 

would attract more load as the load is transferred transversely through the span. Stop 3, 

shown in Figure 5.11, overloaded the south of the bridge, with most of the weight over 

girders two and three. The results were as expected, with these overloaded girders having 

the highest deflection. Girder 1 had very little deflection from stop 3, which suggests that 

little load was transferred to it, as the other stiffer girders took the load. 

Figures 5.12 through 5.17 show a comparison of the theoretical deflection models 

to the deflection values measured with the total station in the field. The plots are broken 

up by load test stop, as well as by interior and exterior girders.  

The Tee-Beam analysis not considering the barriers predicted the maximum 

midspan deflection to be about 0.25 in. (6.3 mm) for the interior girder and about 0.28 in. 

(7.2 mm) for the exterior girders for each stop. These values are over 300% higher than 

any observed deflections. This model was overly conservative which suggests that the 

barrier walls and diaphragm have a large impact on the rigidity of the bridge working as a 

full unit.  
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Figure 5.12.  Span 1 Stop 1 Interior Girder Deflection Comparison 
 

 

 

Figure 5.13. Span 1 Stop 1 Exterior Girder Deflection Comparison 
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Figure 5.14. Span 1 Stop 2 Interior Girder Deflection Comparison 
 

 

 

Figure 5.15. Span 1 Stop 2 Exterior Girder Deflection Comparison 
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Figure 5.16. Span 1 Stop 3 Interior Girder Deflection Comparison 
 

 

 

Figure 5.17. Span 1 Stop 3 Exterior Girder Deflection Comparison 
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The Tee-Beam analysis considering the barrier walls predicted the maximum 

deflection at midspan to be about 0.10 in. (2.5 mm) for the interior girder and about 0.08 

in. (2.0 mm) for the exterior girders for each stop, which range from 18% to 80% higher 

than the observed midspan deflections. With the estimated barrier wall stiffness 

contributions added, the model was still conservative. One potential contributing factor to 

the model being conservative is that the modulus of elasticity of the concrete was 

calculated based off of a conservative estimate of the concrete compressive strength, 

whereas these in situ properties may be higher. Regardless of how conservative the Tee-

Beam analysis estimates were, the deflection results of the pre-strengthening load test 

showed that the girders are in good condition.  
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6. SUMMARY AND CONCLUSIONS 

6.1. SUMMARY 

The objective of this study was to validate cementitious composite systems for 

strengthening of RC in the field. Bridge P0058 in Howell County, Missouri was chosen 

from a list of structurally deficient candidate bridges to be the site for the demonstration 

of four composite strengthening systems. The systems used are FRP with carbon fibers, 

FRCM with carbon, FRCM with PBO, and SRG. 

The original bridge design was reviewed, and geometry was verified in the field. 

Field measurements of the concrete compressive strength showed a significant increase. 

Each cross section was reanalyzed with this increase in compressive strength to obtain 

the pre-strengthening capacity.  

A parametric study was completed to see which systems performed most 

efficiently on longer spans, and to observe the effect of adding additional plies of each 

system. From this study, a final design was chosen with each strengthened beam being 

enhanced by a minimum of 4% in flexure and 11% in shear. Each design followed the 

guidelines of ACI 440.2R-08 and ACI 549.4R-13 as applicable. 

A pre-strengthening load test was completed to obtain a baseline of the responses 

for comparison later on. Deflection data from static test stops were presented and will be 

used for comparison with future load tests.   

The strengthening systems were successfully installed in summer 2018. This 

project showed that cement based composite strengthening systems are a viable 

technology for future use. 
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6.2. FINDINGS AND CONCLUSIONS 

The design and installation process lead to several conclusions regarding field 

strengthening of bridge girders. The parametric study included in the design phase gave 

valuable comparisons in the theoretical performance of the four systems.  

• If one equal width ply of each system is installed on four identical girders, 

Carbon FRP has the highest theoretical moment capacity increase, followed 

by carbon FRCM, then PBO FRCM, and finally SRG. 

• All four systems are more efficient on the shorter spans, which have a 

shallower section containing less steel reinforcement.  

• When comparing the capacity gained by adding the same area of fibers added 

to the deeper and shallower cross sections, the average added capacity was 

18% higher on the shallow than the deep section for SRG. This is low 

compared to the other systems, which had increases of 60% for PBO, 83% for 

C-FRCM, and 74% for CFRP. While carbon FRP and Carbon FRCM were 

most impacted by the span length, their higher efficiency overall made them 

the best choice for strengthening the long spans. 

The load tests also gave valuable information about the condition of the bridge. 

The girders are in good condition overall, especially when compared to the theoretical 

maximum midspan deflection values calculated using Tee-Beam Analysis. The load tests 

also suggested that girder 1 is the most damaged of the span 1 girders, which agreed with 

the visual inspection done during site visits.  

It is anticipated that field installation will produce comparisons in the feasibility 

of each type of system for strengthening existing bridges. These expected findings are 
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based on the specific strengthening systems chosen, and the conditions in which they 

were installed.  

• Field application was successful for all four systems. This project is the first 

documented field implementation of cement based strengthening systems for 

research. The study demonstrated that cementitious systems are easier to work 

with in the field than systems using epoxy or other resins.  When installation 

takes place in late summer, the cementitious matrix is much less effected by, 

and easier to work with in the high heat. 

• A durability study area was created, so that pull off tests can later show how 

the bonding of the systems have held up over time exposed to field conditions.  

• A long term study of the performance of these systems was created. The 

Missouri Department of Transportation has agreed to allow the bridge girders 

to be brought to Missouri S&T once the bridge is decommissioned in 

approximately 5 to 8 years. This will allow for future studies discussed farther 

in Section 6.4. 

• A long term load testing study was also started by this project. Future load 

tests intended to be conducted about twice a year will show the increase in 

stiffness from the strengthening. The repeated tests will also capture potential 

loss of stiffness over time exposed to the environment.  

 

6.3. RECOMMENDATIONS 

This study showed that FRCM and SRG systems are a viable alternative to FRP 

and externally bonded steel systems, but taught some factors that are important for 

consideration. When deciding if strengthening is the best choice for a bridge, it is 
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important to check for access for lifts. With the naturally rough, rocky surface of a creek 

bed, it can be difficult to get equipment under the girders and it is labor intensive to set 

up scaffolding.  

This study also showed the importance of preparatory work before starting the 

installation. Field cuts are difficult to make accurately, so precise measurement and 

cutting should be done before bringing materials on site. This is extra critical for SRG 

systems, since bends for U-wraps requires equipment that cannot be easily transported to 

the field.  

It is important to note that field installation by manual layup is a labor-intensive 

task. While other strengthening techniques using steel plates or precured FRP laminate 

can be installed with as few as two people, it is not recommended to attempt manual 

layup installation without more manpower. 

 

6.4. FUTURE WORK 

The Missouri Department of Transportation has indicated that bridge P0058 is 

likely to be up for replacement in the coming years. The strengthening systems have been 

designed with the hopes of being able to do destructive testing once the bridge is out of 

service. The intent is to saw cut the deck of each span to create three large Tee beams that 

could be transported to the Missouri S&T SERL. Once on campus, the six strengthened 

girders can be tested to failure to show the actual ultimate strength after field installation 

and several years of field exposure. This is expected to show that the predictions of 

ultimate strength of ACI 440 and ACI 549 are conservative. This project will be a unique 

and valuable study of girders that are strengthened in the field, and then exposed to actual 

service conditions. 
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The six unstrengthened girders will provide control for comparison, as well as 

give the ability to strengthen some in the lab to gain additional data. Potential studies 

include: 

1. Using more plies of reinforcement. 

2. Different shear wrapping schemes, including changing the angle of orientation. 

3. Strengthening systems that use mechanical anchorage. 

4. Using new emerging strengthening systems.  
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APPENDIX A. 

MODOT DESIGN DRAWINGS 
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APPENDIX B. 

ANALYSIS OF EXISTING CAPACITY 
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APPENDIX C. 

PARAMETRIC STUDY OF FLEXURAL STRENGTHENING 
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APPENDIX D. 

SHEAR STRENGTHENING WRAPPING SCHEME 
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C-FRCM: (2 girders, 1 ply)

CFRP: (1 girder, 1 ply) 

SRG: (2 girders, 2 ply) and PBO: (1 girder, 2 ply) 

12" typical spacing

12" typical spacing

13" typical spacing

All wraps 12" wide
All schemes symmetric about center line
Dimensions shown in inches. 1 in. = 25.4 mm
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APPENDIX E. 

BILL OF MATERIALS 
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APPENDIX F. 

MANUFACTURER’S MATERIAL INFORMATION 
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APPENDIX G. 

TEE-BEAM ANALYSIS DEFLECTION CALCULATIONS 
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