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ABSTRACT

Structures throughout the United States, especially those made of reinforced concrete,
have been rapidly aging and are in dire need of repair. Given the circumstances it is only
natural that new, more efficient technologies, such as fiber reinforced polymer (FRP)
materials, emerge to solve this worldwide aging infrastructure. FRP systems have the
ability to be customized through the use of different FRP configurations, installations,
and also different material properties. Through the suggested design procedures,
engineers have the ability to determine the level of capacity of these existing systems and
then assess and design for their future needs. Whether reinforced concrete structures are
comprised of beams, columns, or slabs, FRP's can be used to improve strength and
ductility while benefiting from a large service life extension. The engineer should
evaluate all aspects of the project, including the structures location. The natural
environment has the ability to degrade these FRP materials depending on the exposure to
different elements, as well as, the duration of time exposed to these elements over the life
of the system. The material should be chosen and designed with these considerations in
mind to maximize the benefits of this rehabilitation technique.
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1. Introduction

Structures throughout the United States, especially those made of reinforced concrete,

have been rapidly aging and are in dire need of repair. Corrosion of steel reinforcement

causing spalling and delamination of has created a high demand for new rehabilitation

techniques. In 1996 the American Concrete Institute estimated that the size of the U.S.

concrete construction market is $8 billion/year, of which 70% is for repair and

remediation services, whereas only 30% ($2.4 billion) is for new construction. The repair

costs for RC, according to the American Concrete Institute, range between $650/m3 and

$1,300/m 3 of placed concrete. This urgency for infrastructure renewal, coinciding with

an era of restrained public spending, has demanded further optimization of repair and

strengthening technologies'. Given the circumstances it is only natural that new, more

efficient technologies, such as fiber reinforced polymer (FRP) materials, emerge to solve

this worldwide aging infrastructure. FRP's are used for flexural and shear strengthening

of beams, columns, and slabs. They can be applied either directly to the surface, through

external bonding, or embedded into the concrete via near surface mounting (NSM). FRP

sheets applied externally to beams or slabs are adhered with epoxy to the tension face of

the element for flexural reinforcement. For beams requiring shear reinforcement these

sheet may be wrapped around the sides of the web of the beam. Near surface mounting

involves the use of FRP bars embedded into the existing structure, and adhered with

epoxy resins.

1 J., Bonacci F., and Maalej M. "Externally Bonded FRP for Service-Life Extension of RC Infrastructure."
Journal of Infrastructure Systems (2000): 41-51.
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Although the use of steel plates to repair such structures has been common place for more

than 30 years, the use of fiber reinforced polymers has become increasingly attractive due

to its ease of application and additional strength capacity. While the fixed costs of the

FRP material itself can be relatively high, as compared to other rehabilitation methods,

the savings gained through minimal labor and downtime makes this technology a

competitive overall option. FRP's are typically produced with carbon, glass, or aramid

fibers in conjunction with a polymer resin. The resin serves to bind the fibers in place,

while acting as an adhesive to the concrete substrate and protecting the fibers from

harmful environmental effects. This thesis will hopefully act as a guide to the use of FRP

materials for the rehabilitation of reinforced concrete structures. The material properties,

environmental effects, and installation of such materials will be discussed.
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2. FRP Material Properties

Although there are a multitude of materials that FRP composites can be created from,

three more common materials shall be focused on in this thesis. These particular

materials are carbon, glass, and aramid fibers, each of which has a different set of

qualities making it suitable for certain applications. Each material also has the ability to

be used in various different FRP systems that may contain FRP strips, sheets, fabrics, or

bars. The general properties of these different materials and systems can be found in

Appendix A.

2.1. Carbon Fibers

Carbon fibers today in Structural engineering are used in FRP strengthening sheets,

fabrics, strips, and tendons. These carbon fibers have diameters ranging from 5 to 10

micrometers and have a characteristic charcoal color2. Carbon fiber has a two

dimensional atomic structure creating different properties longitudinally than in the

transverse direction. Along the longitudinal axis of the fiber the modulus and strength

are high as opposed to the transverse axis which provides little of either strength or

modulus. These fibers exhibit high durability in high temperature and moisture

environments when subjected to fatigue loading. Carbon fiber, however, is electrically

conductive so care must be taken when in use with the presence of metals, as this

transference of electricity can result in the degradation of the polymer resin. Carbon

Fiber properties can be found in table 12

2 Bank, Lawrence C. Composites for Construction: Structural Design with FRP Material. Hoboken, NJ:
John Wiley & Sons, Inc., 2006.
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Density
[g/cm 3(lb/in3 )]
2.57 (0.093)
2.46 (0.089)
2.46 (0.089)
2.47 (0.089)

Tensile
Modulus [Gpa

(Msi)]
72.5 (10.5)
73 (10.6)
74 (10.7)
88 (12.8)

Tensile
Strength [Mpa

(ksi)]
3400 (493)
2760 (400)
2350 (340)
4600 (667)

TABLE 1: Approximate Properties of Common Grades of Glass Fibers

2.2. Glass Fibers

Glass fibers, used in similar applications, are employed in FRP strengthening fabrics,

strips, and tendons. Due to the amorphous compound nature of glass, it is possible to

create different classes of glass fibers. Each of the classes has a different set of properties

which are summarized in figure 22.

Grade of
Glass Fiber
Standard
High Strength
High Modulus
Ultrahiqh Modulus

Density
[g/cm3(lb/in 3)]

1.7 (0.061)
1.8 (0.065)
1.9 (0.068)
2.1 (0.076)

Tensile
Modulus [Gpa

(Msi)]
250 (36.3)
250 (36.3)
500 (72.5)

800 (116.0)

Tensile
Strength [Mpa

(ksi)]
3700 (537)
4800 (696)
3000 (435)
2400 (348)

TABLE 2: Approximate Properties of Common Grades of Carbon Fibers

E - Glass fiber (Electrical Glass) is known for its electrical resistivity, and is used in

many structural FRP applications. A - Glass fiber (window glass) and C - glass fiber

(corrosion resistant glass) are used to produce more specialized structures. Finally, S -
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Glass Fiber

E
A
C
S

Max
Elongation
(%)
2.5
2.5
2.5
3

Max
Elongation

(%)
1.2
1.4
0.5
0.2



glass fiber (high-strength glass) is used to produce high performance fibers, which are

typically found in the aerospace industry.

These fibers are particularly sensitive to moisture, especially in the presence of salt

solutions, thus the resin must well protect the fibers after installation. Also, because of

the amorphous structure of the glass, creep is also an issue and attention must be paid to

this overtime2 .

2.3. Aramid Fibers

Aramid fibers were one of the first fibers to be used in the creation of FRP materials;

these materials, however, are less common today. They have a high price, are difficult to

manufacture, and have poor compressive strengths. They do, however, have high

ductility and toughness and are thus used in materials where energy absorption is

necessary.

2.4. Epoxy Resins

The resin of a FRP material serves to act as a matrix or binder portion of the material and

is a substrate which bonds the fibers of an FRP together and, in many instances, bonds

the FRP to the structure. Epoxy resins are thus used in many FRP strengthening

applications because of their adhesive properties and strength. They can be applied

directly to dry fibers in the form of strips, fabrics, or sheets and the concrete substrate to

act as both the adhesive and matrix for the FRP fibers.
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The epoxy resins used in these FRP's are very similar to those in other structural

applications, such as concrete crack injections, anchorage in concrete, and the bonding

concrete elements. Epoxies have excellent corrosion resistance and undergo significantly

less shrinkage than other resins when cured. The average density of epoxy is 0.038 lb/in3

and the approximate costs range from $1.10 to $2.00 dollars per pound, depending on the

specified properties2. Once again, the material cost for these systems is higher and it is

the time saved in installation and downtime that make these systems competitive.
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3. FRP Flexural & Shear Strengthening ofBeams

3.1. Introduction

Many reinforced concrete structures today require strengthening or rehabilitation to allow

for the continued use of the structure. These rehabilitations could be to bring the

structure to meet its original design demands, future demands, or to repair a deteriorated

structure which has lost its capacity due to corrosion or other degradation. The use of

FRP materials in flexural strengthening in many ways is similar to the way steel plates

have been used in the past. Previously steel plates have been bonded or bolted to the

tension face of concrete members to increase their flexural capacity. Similarly these

plates were used on the webs of such beam to increase the shear capacity. These systems

are, however, susceptible to a number of factors which could degrade their performance.

First, corrosion could lead to deterioration of the steel-concrete bond interface. Secondly

due to the steels weight and length, members can be quite long in field applications, it is

difficult to handle these materials, and scaffolding is generally needed. Thirdly, because

of the possible length of these members a joint could be required in the material.

Welding of the steel causes debonding of the adhesive from the concrete and thus makes

installation more difficult'.

Strengthening of beams, slabs, and columns can be generated by applying FRP materials

to the tension face or web of the element, similar to the fashion described for typical steel

plate systems. FRP's can be comprised of strips or fabrics bonded to the surface of the

concrete or by rods embedded in the concrete by a process known as near surface
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mounting (NSM). The FRP has a much higher stress threshold and thus will remain in

the elastic state as the reinforcement within the structure reaches its inelastic limit.

Methods of flexural FRP strengthening and the associated failures shall be presented and

conclusions shall be drawn based on tests and field experience.

3.2. External Bonding of FRP Flexural and Shear Strengthening

External Bonding of FRP laminates is achieved by adhering the laminate to the surface of

the reinforced concrete member using an epoxy mixture. Adhesively bonded precured

carbon fiber-reinforced epoxy FRP strengthening strips were first studied and used in

Switzerland in the late 1980's by Urs Meier and his colleagues. In the late 1990's the

FRP sheet was developed, and since has been used commonly on many projects

throughout the world2. Each of these systems is installed in the field and are applied by

wet hand lay-up. To achieve maximum capacity of the system, the existing concrete

must first, however, be inspected to ensure that it is structurally sufficient. By

structurally sufficient it is meant that the concrete is not spalling and that there are not

excessive cracks in the surface of the members. If these imperfections are found, as is the

case with many rehabilitation projects, the concrete should be detailed and re-surfaced

prior to the application of the FRP system. The manufacturers of these externally bonded

systems typically provide their own design and installation guides for their proprietary

systems. Since the performance of the system is highly dependent on the adhesive or

saturating polymer used, the preparation of the concrete surface prior to the application of

the system, and the field installation and construction procedures, manufacturers typically

-13-



certify "approved contractors" to ensure that their systems are designed and installed

correctly2.

3.3. Near Surface Mounting (NSM) of FRP Flexural and Shear Strengthening

Near surface mounting of FRP bars is another promising way to rehabilitate concrete

structures. This system is implemented by first saw cutting grooves in the required

direction of FRP reinforcement. These grooves are then injected with epoxy resin until

the grooves are half-full. Following this the FRP reinforcement is laid into the grooves

and is gently pressed into the epoxy, causing the epoxy to flow around and encompass the

bars. The remainder of the groove is then filled with more epoxy resin and is smoothed

flush with the rest of the existing concrete substrate.

Experimental tests show that a key factor in the performance of NSM FRP is the bond of

the FRP bar to the concrete. One such experiment utilized an inverted, unreinforced, T-

shaped concrete beam, which was chosen to provide the largest tensile area. Two parallel

slits were then cut into the beam at the desired spacing and depth and the material in

between was then chiseled off and removed. The groove was then air blasted to remove

powdered concrete and loose material created by the chiseling process. The epoxy and

FRP material was then installed into the slots as described above. The specimens were

then tested and results are found in figure 1.

-14-



Banded Ultimate Average
Spec- length to Groove tensile bond
imen rod diame- size load strength
code ter ratio (in.) (lbs) (psi) Mode of failure

6-a 6 0.5 3,523 1,329 Splitting of epoxy
12-a 12 0.5 6,006 1,133 Splitting of epoxy
12-b 12 3/4 6,880 1,293 Splitting of epoxy +

concrete cracking
12-c 12 1 6,472 1,221 Cracking of concrete
18-a 18 0.5 9,452 1,189 Splitting of epoxy

Note: 1 in. = 25.4 mm; 1 lb = 4.448 N; 1 psi = 0.006895 MPa.

FIGURE 1: Bond Test Specimens and Results3

The results from this test show that sufficient cover of FRP bars is essential to control the

failure of the system. For four out of the five specimens in the test the failure mode was

found to be the splitting of the epoxy. This mode leads to an explosive, sudden failure in

which the load instantly fell through the beam being tested. When the bars were

embedded to a depth of I inch, the failure mode shifted to a crushing of the concrete.

Diagonal cracks first propagated through the concrete and the load carrying capacity of

the beam slowly dropped. Needless to say the slow failure of a system is much more

desirable, thus attention in the field and in the design should be paid to ensure the

intended capacity of the structure is achieved.

3.4. Modes of FRP Flexural and Shear Failure

Regarding externally bonded FRP systems, much more stress is able to be withstood as

compared to steel plates, and one will observe the existing steel reinforcement yielding

while the external FRP remains in the elastic state. Because the FRP will remain in the

3 Lorenzis, Laura D., and Antonio Nanni. "Characterization of FRP Rods on Near-Surface Mounted
Reinforcement." Journal of Composites for Construction (2001): 114-121.
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elastic state the member can fail abruptly as the concrete crushes and/or the FRP

delaminates from the surface due to cracking of the concrete. The design of these

systems largely aims to focus on ensuring these delamination failures do not occur. The

most commonly reported debonding mode found is known as "end peel", which initiates

at the end of the FRP plate and prorogates toward the mid span of the beam4. Instances

where there are long shear spans, or where the end peel mode of failure has been properly

mitigated, another mode of failure termed "intermediate flexural-crack induced

debonding" or "midspan debonding" may occur. This mode occurs when flexural or

flexural/shear cracks develop near the region of maximum moment. Under loading, these

open and induce high interfacial shear stress causing the delamination which propagates

across the shear span in the direction of decreasing moment .

Near surface mounting presents different failure modes due to the much different

installation. The material properties are essentially the same, as the bars are created with

the same resins and fibers (i.e. glass or carbon) hence the material itself will yield similar

to that of fabrics. Debonding of the bars from the concrete may happen if the proper

embedment depth is not achieved, for reasons described earlier. Concrete crushing is

also another mode of failure in the same fashion as with fabrics or laminates.

4 Sebastian, M. W. _2001 _. "Significance of midspan debonding failure in FRP-plated concrete beams." J.
Struct. Eng., 127_7, 792-798.
5 Harries, Kent A., and John Aidoo. "Debonding and Fatigue Related Strain Limits for Exerntally Bonded
FRP." Journal of Composites for Construction (2006): 87-90.
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3.5. Design for Flexurally Strengthened Concrete Members

To design FRP systems one must assess the condition of the existing beam and then

determine the system to use and its corresponding specifics. In what follows, is a

procedure which serves to guide engineers through the process of designing FRP retrofits

for flexural elements.

The first step in the process is to determine the flexural and shear capacity of the original

beam. To accomplish this, the engineer may use the existing plans, but only as a

reference in checking the beam itself. Because the as built conditions of these older

structures may differ widely from the designer's specifications, in field tests must be

done to verify the exact conditions, dimensions, and placement of the reinforcement of

the member. Material tests should also be performed to determine the properties of the

concrete. Next the section properties should be calculated and the strain on the tension

face, or underside, of the beam should be established. In most cases the tension side of

the beam has been cracked, thus shoring may be needed to correct the deflection of the

member before, and while, the FRP is applied. This should be taken into account when

the beam is inspected and section properties are being determined. Next, the general

loading conditions that the beam is under and the loads that are anticipated should be

determined. Also, the existing capacity of the beam under these conditions should be

assessed. This will help the engineer determine exactly what the member needs in terms

of rehabilitation, if at all. It is quite possible that the member will not require any

rehabilitation in the form of FRP, but may need to be refurbished by cleaning out the

corroded parts of the member and have the concrete recast to reach the desired capacity.

-17-



Early beam designs may have required more reinforcement due to large gross areas of

concrete which creates a larger capacity than originally called for. If it is determined that

a FRP system is indeed necessary, the next step in the process is to determine an

appropriate system. The systems mentioned earlier should all be considered and

decisions should be made based on the cost and efficiency of the system for the specific

application. Also, a major consideration in the design process is having a contractor that

is readily available to install the system. Project locations may have local specialized

installers experienced only in a certain system, namely surface applications or NSM,

which may ultimately govern which system is chosen. In this step different various

FRP's, such as glass and carbon based, should be considered as well. Following this step

one should determine the amount of strengthening that is required and configure the FRP

system. An estimate of the required FRP strengthening can be found as follows 2:

(i) Determine the factored moment that needs to be carried by the FRP, ApMn. Assuming

9 = 0.9 and determine AMn = (ApMn)/p9.

(ii) Approximate the stress in the FRP at failure as 80% of the effective strength, Kmffu ,

where Km = 0.8. Since the maximum allowable stress in the FRP is 90% of the design

strength, this assumes that failure due to concrete crushing may occur. Also, it

assumes that a designer would like to try to stress the FRP system as much as

possible to obtain an economically efficient design.

(iii) Approximate the depth of the compression block in the concrete as equal to c int eh

unstrengthened section, recognizing that it must be greater than a since the neutral

axis move downward after the FRP system has been applied.
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(iv) The additional nominal moment capacity carried by the FRP system is then given as:

nMn = xVfAfffe(h - c/2)

which gives the estimated required area of FRP strengthening as:

Af, req = An/IVfffe (h - c/2)

Or similarly, using Af = ntfwf, the approximate number of layers of the chosen FRP

system is found as:

n = AMn/ Vfffetfwf (h - c/2)

Now, continuing with design for FRP strengthening of members, the next step in the

process should be to determine the balanced reinforcement ratio. The balanced ratio

should be determined for the systems assessed in the previous step, considering systems

with different numbers of layers. The goal is to ensure that the existing steel

reinforcement has yielded, so the appropriate number of layers should be chosen to make

certain this happens. Following this, the capacity of the designed system(s) should be

determined to make sure the flexural capacity of the member exceeds that of the required

flexural capacity. Given that the fixed costs of the FRP are the most expensive part of the

rehabilitation process over-designed sections may need to be iterated to reduce the

amount of FRP used in the system. Finally, the FRP system must be detailed to ensure

the appropriate strength is reached to prevent delamination of the strip at mid-span and

the ends of the FRP. Also the strength of the beam itself must be checked where the FRP

is terminated to ensure there will be no shear of flexural failure.

3.6. Design for Shear Strengthened Concrete Members
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As designed for flexural elements, the first step in shear strengthening of a member is to

determine the members exact properties, dimensions, and reinforcement placement.

Similarly, the existing shear capacity of the beam must be determined before the FRP

system can be designed. With this information the engineer is now able to make a choice

on the type of system to employ, and ultimately must chose whether to use a way lay up

system, using a sheet of FRP material and wrapping it around the web and underside of

the beam, of the use of a pre-cured laminate system applied with an adhesive to the web

of the beam. Next, the engineer is tasked with determining the amount of FRP layers,

first assuming continuous coverage of the beam, then secondly for an intermittent spacing

of the wrap. In this step the shear reduction factor, Ki, is determined using ACI 440.2R-

02:10-11, where the existing beam properties and the wrap properties are all factors.

Next, the actual shear capacity of the system is to determined, and it is made sure that the

wrap or pre-cured laminate specified are able to be purchased or manufactured by

commercial companies. Again, the cost of FRP systems is reduced if commercially

available FRP sheets or laminates are chosen. Following this, one should calculate the

factored strength of the beam and compare it to the demand on the member. Also, using

ACI 440.2R-02 the maximum reinforcement and spacing limits should be checked.

Finally, the FRP system should be detailed to ensure the end and mid-span peeling will

not occur, and that the shear capacity is sufficient where the FRP is terminated.
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4. FRP Confinement of Columns for Strengthening

4.1. Introduction

The use of FRP wraps on both rectangular and circular columns has shown that by

confining the concrete columns, ductility and axial strength can be improved

dramatically. Currently two types of FRP encasements exist for columns: (1) the column

is wrapped in-situ, or (2) the column is poured into a jacket. The primary difference

between these two methods is that the wrapped columns usually will not carry any direct

axial load from the column. The additional axial strength of this type of system is

brought about by the increased hoop stresses the column is able to carry. Thus the fibers

of these wraps are generally only arranged in the transverse direction when applied in the

field. When the concrete column is poured into a jacket, the fibers are arranged at an

angle from the hoop direction. This allows the jacket to withstand both axial forces and

hoop stresses from the column' 7 . The dimensions and shape of the column itself also

plays a crucial role in the determination of increased ductility and strength. It should also

be said that FRP wrapping of columns is only effective for use on short non slender

columns, and that slender columns present a different set of complications. Columns

with a ratio less than 10 exhibit elastic behavior up until approximately 70% of their

ultimate strength when loaded. For columns with a slenderness ratio larger than 10 the

area of FRP which ruptures drops dramatically. This indicates that these columns fail

6 Li, Guoqiang. "Experimental Study of FRP Confined Concrete Cylinders." Engineering Structures 28
(2006): 1001-1008.
7 Parvin, Azadeh, and Aditya S. Jamwal. "Performance of Externally FRP Reinforced Columns for
Changes in Angle and Thickness of the Wrap and Concrete Strength." Composite Structures 73 (2006):
451-457.
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due to global buckling and not due to high local hoop stresses. Leading to the conclusion

that full FRP covering will not greatly affect the failure load of slender columns .

Confinement of columns is also useful in the dissipation of energy encountered during

seismic activity. The ductility of the column is greatly increased which is crucial for the

survival of structures through major earthquake events. The benefits of FRP column

confinement are easily seen through the exploration of empirical results, the details of

which are to follow.

4.2. FRP Confinement of Columns

First, the influence of the shape of the column on strength must be observed to determine

the overall benefit of these systems. One such test, performed on rectangular, circular,

and elliptical columns, found that the more elliptical the column shape became the less

effective the column was axially. It is also found that the amount of FRP reinforcement

required for a square cross section is nearly double that of which is required for a circular

cross-section 9. This largely indicates that circular columns wrapped with FRP material

are certainly more efficient than square or rectangular. However, large gains were still

observed with the addition of an FRP wrap to square and rectangular columns. Tests

results of a rectangular section can be seen in figure 2, which compare rectangular

8 Pan, J. L., T. Xu, and Z. J. Hu. "Experimental Investigation of Load Carrying Cpacity of the Slender
Reinforced Concrete Columns Wrapped with FRP." Construction and Building Materials 21 (2007): 1991-
1996.
9 Sheikh, Shamim A., and Yimin Li. "Design of FRP Confinement for Square Concrete Columns."
Engineering Structures 29 (2007): 1074-1083.
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column cross-sections of varying proportions and the amount of FRP lateral

reinforcement to the amount of axial load until failure ° .

low-100-

800-

600-

400-

200-

0-

Savb= 1.0

* a= 1.25

766.3
750 7,A

Unconfined

786 772 770

One layer

I

FIGURE 2: Rectangular Column Cross-section vs. Axial Load until Failure

One contributing factor to the increase of axial strength is due to the increased ductility of

the column with the FRP. The FRP allowed for a higher level of axial strain within the

column which in turn leads to a rupture of the FRP membrane. In most cases it was

observed that failures occur at the corners of the columns where high levels of stress

concentration are found. Figures 3 and 4 respectively show the axial strain versus the

10 Kumutha, R., R. Vaidyanathan, and M. S. Palanichamy. "Behaviour of Reinforced Concrete Rectangular
Columns Strengthened Using GFRP." Cement and Concrete Composites 29 (2007): 609-615.
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number of layers of FRP, and the percent ultimate load gain versus the number of

layers1° .

4000

3000

200010
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,

- ab•=1,.0
--- a1b=125

, .I

0 0.6 1 1.5 2
Number of layers

FIGURE 3: Axial Strain vs. Number of Layers of FRP

0 0.5 1 1.5 2

Number of layers

FIGURE 4: Percent Load Gain vs. Number of Layers FRP

The columns which were not wrapped were observed to have violent and often explosive

failure modes under axial compression. These columns often failed due to the
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longitudinal reinforcement buckling out of the column. In the case of the FRP wrapped

columns failure modes were much more ductile and were due to the concrete crushing

rather than the reinforcement buckling. The failures in the wrapped columns were often

found due to a rupture at a corner due to stress concentration. Thus, attention in the field

should be to round the corners of columns to avoid stress concentrations. Additional

layers of FRP should be placed toward the ends of the columns where higher forces are

anticipated1o. These stress concentrations are the very reason why circular columns are

more efficient to rehabilitate than square columns. The circular cross-section eliminates

these concentrations allowing the FRP to withstand uniform stresses throughout. These

results can also be greatly increased via pre-tensioning the FRP strands. Pre-tensioning

of these strands requires a process in which an expanding grout is injected behind the

FRP. The level of pre-tensioning can then be controlled by the amount of expanding

agent injected. In cases of traditional use of FRP's the wrapping failed at half the lateral

strain as that of the pre-tensioned jacket, which indicates a 100% increase in the

effectiveness of the FRP". This system, however, would only serve to contribute to the

stress concentration in square or rectangular columns and thus, once again, is most useful

in applications to circular columns.

Many columns used in the industry today are also loaded eccentrically, so it would be

advantageous to study the effects of using and FRP column under these circumstances.

One such test was conducted' 2 using circular columns at a length of 925mm and diameter

"1 Mortazavi, Ali A., Kypros Pilakoutas, and Ki S. Son. "RC Column Strengthening by Lateral Pre-
Tensioning of FRP." Construction and Building Materials 17 (2003): 491-497.
12 Hadi, M.n.s. "Behaviou of FRP Strengthened Concrete Columns Under Eccentric Compression
Loading." Composite Structures 77 (2007): 92-96.
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205 mm with an eccentricity of 50 mm from the center of the column. The different

column wrapping configurations are found in table 3 below and the results are found in

figures 5 and 612

Configuration of the column specimens

Column Dimensions (mm) Internal reinforcement Confining material

Height Diameter Horizontal Vertical

R 925 205 Yes None None
GO None 3 layers GFRP None

GI None 3 layers GFRP I layer GFRP

G3 None 3 layers GFRP 3 layers GFRP

CO None 3 layers CFRP None

CI None 3 layers CFRP i layer CFRP

C3 None 3 layers CFRP 3 layers CFRP

TABLE 3: Column Wrap Configurations

S- 4 9

Ecctrc Load, kN
C-wnR cmlCcowmnnoo - Coj mnG - -. Colann s

FIGURE 5: GFRP Deflection vs. Eccentric Loading
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FIGURE 6: CFRP Deflection vs. Eccentric Loading

As one can see, the columns wrapped with CFRP, having fibers in both the horizontal

and vertical directions, performed much better than the reference column which was a

traditional column with steel reinforcement, both with respect to the strength and

ductility. The GFRP column also performed much better than the reference column.

FRP confinement of columns is also a very useful solution to retrofit reinforced concrete

columns for seismic activity. Dissipation of the energy encountered during a major

earthquake is crucial for the survival of the structure, and thus recent research has sought

to determine the effects of FRP confinement on ductility and strength of columns. One

such study examined the effect of seismic activity on short columns with rectangular

cross-sections 3 . For this examination a short column has been defined to have a

slenderness ratio of three. The tests were then carried out with eight different types of

'3 Colomb, F., H. Tobbi, E. Ferrier, and P. Hamelin. "Siesmic Retrofit of Reinforced Concrete Short
Columns by CFRP Materials." Composite Structures 82 (2007): 475-487.
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columns as shown in Figure 6. These specimens varied the number of layers of CFRP,

whether the FRP was continuous or partial, and the last specimen tested the use of Glass

Fiber Reinforced Polymers (GFRP) versus the traditional CFRP. Configurations are

depicted in figure 7.

FIGURE 7: FRP Wrap Configurations"3

Each sample was tested as a fixed-fixed column connection and used a 500kN

compression, 170kN tensile hydraulic jack to simulate an earthquake. The wrapped

columns had a much higher ductility and thus, as predicted, where able to maintain a

higher ultimate load during the tests. The results can be found in table 4.
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Ultimate loads and associated failure mode

Experimental results

Ultimate load (kN) Failure mode

SC 1 128.30 Shear
SC-PW-2C 217.90 Shear
SC-FW-2C 256.60 Bending
SC-FW-3C 260.10 Bending
SC-PW-3C 1 211.56 Shear
SC-PW-3C 2 199.11 Shear
SC-PW-3C 3 218.66 Shear
SC-PW-9G 223.47 Shear

TABLE 4: FRP Wrap Configuration Results' 3

The failure modes of the wrapped columns due to this seismic load completely changed

in comparison to the traditional column (SC 1). The fully wrapped column failed in a

ductile bending failure rather than a sudden brittle shear failure, as seen in table 4. The

partially wrapped, or strip reinforced, columns showed a large increase in the ductility of

the column, and failed due to both shear and bending in the column. FRP reinforced

columns typically exhibit two primary modes in practice: 1) FRP rupture, and 2) FRP

debonding' 4. The strip reinforced column, partially wrapped, provides a system that

allows the column to behave more ductile, and thus dissipate more energy. This is due

primarily to two mechanisms: (1) the concrete is allowed to crack between the FRP

strips, and (2) the reinforcement within the column is allowed to reach its yielding

point13 . It was found that the fully FRP covered columns improved due to the increase

of transfer of forces to the embedment. The embedment then allowed rotation of the

column, but due to the columns increased bending strength, larger moments were able to

14 Chen, J. F., and J. G. Teng. "Shear Capacity of FRP-Strengthened RC Beams: FRP Debonding."
Construction and Building Materials 17 (2003): 27-41.
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be withstood. It is also worthy to note the ductility of fully wrapped columns can be

increased by use of GFRP's, rather than the CFRP systems in this study, with higher

strain limits with similar confinement levels. These materials, however, require more

layers to supply an equivalent strength and ductility to the column 15.

4.3. Deisgn of FRP Confined Columns for Axial Strengthening

To begin designing a FRP system for the axial strengthening of columns the engineer

must first, as always, determine the specific properties of the existing column. The

members exact properties, dimensions, and reinforcement placement must be determined.

Similarly, the existing axial capacity of the beam must be determined before the FRP

system can be designed. With this information the engineer is now able to determine the

amount of strengthening that is required to satisfy the current of future needs of the

column. The appropriate FRP system is then chosen and the effective design strength

and strain for the hoop wraps should be determined. The maximum nominal axial load

capacity of a FRP strengthened nonslender nonprestressed normal-weight concrete

column reinforced internally with spiral steel is determined using the equationl 6:

Pn(max) = 0. 8 5 [0.8 5yff'cc(Ag - Ast) + fyAst]

For a FRP strengthened nonslender nonprestressed normal-weight concrete column

reinforced internally with tied steel reinforcement the maximum nominal axial load

capacity of a is determined using the equation16:

1s Binici, Baris. "Deisgn of FRP's in Circular Bridge Column Retrofits for Ductility Enhancement."
Engineering Structures (2007): 1-11.
16 (1999), Building Code Requirements for Structural Concrete and Commentary, ACI318-99, American
Concrete Institue, Farmington Hills, MI
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Pn(max) = 0. 8 0[0 . 80Vff'cc(Ag - Ast) + fyAst]

where Ag is the gross area of concrete, Ast is the area of the internal longitudinal steel,

and fy is the yield stress of the internal longitudinal steel. Then, according to ACI

440.2R-02, the confined compressive strength, fee , of the column is:

fcc = fc(2.25sqrt(1 + 0.79fi/f' c- 2f/f c - 1.25)

where f'c is the conventional concrete compressive strength, and f, is the confining

pressure provided by the FRP wrap. The confining pressure is then determined using the

equation from ACI 440.2R-02:

fi = KapfEfefe/ 2

where Ka is an efficiency factor which depends on the shape of the column, pf is the FRP

reinforcement ratio, and Efe = 0.004 < 0.75ffr. The efficiency factor, r,, is equal to a

value of one for circular columns. Although the ACI code does not currently allow for

the use of FRP on non-circular columns for axial strengthening, the growing amount of

research in the application of FRP wrapped rectangular and square columns is increasing

steadily. Once non-circular columns are permitted by the code additional values of rC

will then be provided. The FRP reinforcement ratio, pf, is determined using the equation:

pf = AJA, = 4ntt/D

where Af is the cross-sectional area of FRP, n is the number of layer of FRP, tf is the

thickness of FRP, and D is the diameter of the column. Each of the above equations is

assuming that the wraps are continuous and constant throughout the length of the column.
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Now, with these equations the engineer can then determine the number of layers of the

strengthening system chosen. To do this the equations above can be rewritten and used in

the following design methodology2:

(i) Determine the required confined concrete compressive strength, f'e:

f ce = [(Pnreqd/0. 8 5 ) - fyAst]/[(phV(Ag - At)]

where Ph = 0.85 for spiral hoops, 0.8 for tied hoops, and is the reduction factor for the

maximum nominal axial capacity.

(ii) Determine the required confining pressure, fl, from the quadratic equation:

fl2 (4/(f,) 2) + fl((4(f'c/f' + 1.25) - 40)/40) + (f'cdf' + 1.25)2 - 2.252 = 0

(iii) Finally determine the number of layers, n, of the FRP material chosen:

N = fiD/2tfEfefe

The final step is to then recalculate the capacity for the number of layers chosen and to

check the service-level stresses in the concrete and steel. For the design of FRP wrapped

columns under eccentric loading, traditional load-moment, P-M, diagrams can be

generated to determine if the FRP system chosen and designed shall be sufficient.
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5. FRP Degradation

The use of FRP materials is a relatively new field and the materials must be tested to

ensure they do not degrade in the presence of environmental factors. Environmental

factors include ultraviolet radiation, exposure to salt-water mixtures, freeze thaw cycles,

and high temperatures due to fires. Each of these modes of degradation will be explored

and conclusions will be drawn from test data.

5.1. Ultraviolet Radiation Resistance

When FRP's are externally bonded to structures they encounter the risk of exposure to

ultraviolet (UV) degradation. UV rays have the ability to degrade the resin matrix that

surrounds the fibers and can even degrade the fibers themselves after sufficient exposure.

Accelerated experimental tests were performed by Uotomo et al using an ultraviolet-ray

chamber to simulate the average amount of sun found in Choshi, Japan in June'7 . From

this data an equation calculation the thickness of the deteriorated resin layer with respect

to time was determined' 8, and can be see as follows:

6 = 0.03 t 0.26

where, 6 is the depth of deteriorated resin in mm and t is the amount of time in the

degradation chamber in hours. Figure 8 illustrates FRP rods when exposed to the natural

environmental daylight while figure 9 shows the degradation of three specimens of fiber

rod (carbon, glass, aramid) as compared to the derived equation results.

17 Uotomo, T. et al (1998), "Strength and Durability of FRP Rods for Prestressed Concrete Tendons",
Report of the Institute of Industrial Science, The University of Tokyo, Vol. 39, No. 2, No. 24418 Yamaguchi, T. (1998), "Study of Deteriorated FRP Rods for Concrete Reinforcement on Ultra-Violet
Rays and Creep Rupture", Doctoral Thesis, University of Tokyo
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As one can see, each of the FRP rods were found to have some form of deterioration over

the three year span; the AFRP rod reduced 30-32%, GRRP rod reduced 1-19%, CFRP

reduced 9-17%. The equation above assumes that the strength found is due purely to a

deteriorated resin layer. Tests were also run on fibers, in which case no special strength

reduction was found in the carbon and glass fibers, however there was a strength

reduction in the aramid fibers.

5.2. Salt-Water Resistance

Saline environments cause corrosion to steel members, which can often times lead to

rapid deterioration of reinforcement and other elements in structures. This situation is

common for structures exposed to the elements, thus structures which are strengthened

with FRP are exposed to similar conditions. In researching carbon, glass, and aramid

fibers it is seen that that CFRP's show very little degradation, while glass and aramid

fibers show reductions of strength and stiffness of up to 50% when exposed to a 4% Cl-

solution19. Another study performed specifically on CFRP rehabilitated beam members

sought to determine the deterioration rates of beams when exposed to up to 300 wet-dry

cycles with a 3% NaC1 solution 20. Forca-Tow CFRP sheets were used on one group of

test specimens and were wrapped in and U-shape fashion around the bottom of the beam.

Another group of beam employed the use of CarboDur strips applied to bottom flange of

the beams. Results of this study are found in figures 10, 11, and 12.

19 Byars, Dr. Ewan A., Peter Waldron, Valter Dejke, and Sotiris Demis. "Durability of FRP in Concrte
Deterioration Mechanisms." FRP Composites in Civil Engineering 11 (2001): 1517-1525.
20 Soudki, Khaled, Ehab El-Salakaway, and Brent Craig. "Behavior of CFRP Stengthened Reinforced
Concrete Beams in Corrosive Environment." Journal of Composites for Construction (2007): 290-298.
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FIGURE 11: Load-deflection relationship for beams strengthened with CarboDur strips
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FIGURE 12: Load-deflection relationship for beams strengthened with Forca-Tow sheets

As one can see from these results the CFRP sheet system has a higher resistance to salt-

water corrosion as compared to that of the CarboDur strips. However, each of these

systems significantly improves the performance of the beams as compared to that of the

unstrengthened beams.

5.3. Freeze-Thaw Resistance

Freeze-thaw cycles can cause huge implications and deteriorate structures rapidly. In

traditional reinforced concrete freeze thaw cycles can cause cracks in the concrete leading

to further expansion and contraction enlarging these cracks. Tests were performed by

Uomoto et a117 to determine if these cycles negatively affect the performance FRP's and

the results can be found in figure 13.
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As one can see the reduction in tensile strength was nominal in all cases. The largest

change in strength was found in the GFRP fibers; however, this change was only 8% over

the course of 300 freeze thaw cycles.

5.4. High Temperature Resistance

High temperatures may have a great affect of the tensile strength of FRP materials.

Kobayashi et al21 performed tensile strength tests in temperatures ranging from -100 C to

600C, results are presented in figure 14. As one can see both the strength and the elastic

modulus of each material is reduced upwards of 30%.

21 Kobayashi, K., Uotomo, T., and Cho, R (1988), "Prestressed Concrete Structure Using FRP Tendons,
Prestressed Concrete, Vol. 30, No.5, pp 19-26
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Given these results one can see that the performance of these materials is extremely

dependent on the temperature. In the event of high temperatures or fire exposure the FRP

material should be sufficiently insulated to ensure the integrity of the structure is

maintained.
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6. Conclusion

In a time of aging infrastructure fiber reinforced polymers prove to be a viable option for

the repair of reinforced concrete. To further illustrate the effects of these systems, a finite

element model was developed, see appendix B, to test the use of FRP strips on beam. It

was concluded that the FRP indeed influenced the beam by greatly lowering the neutral

axis of the beam. This results in much more of the concrete being put into compression,

while the strips are in large amounts of tension, efficiently utilizing each of the materials

strengths. The improper design of these systems can lead to often abrupt ruptures of

these systems, which threatens the safety of the public. Due to this very reason, these

systems have to be designed in great detail and precision to ensure that the right amount

of epoxies are used, and that the right length, type, thickness, and/or embedment depth of

the FRP is used to ensure ductile failure modes.

FRP systems have the ability to be customized through the use of different FRP

configurations, installations, and also different material properties. Due to these

allowable customizations, more project engineers can design and install these systems

utilizing a local certified manufacturer, which ultimately decreases the cost of such

repairs. Through the suggested design procedures, engineers have the ability to

determine the level of capacity of these existing systems and then assess and design for

their future needs. Whether reinforced concrete structures are comprised of beams,

columns, or slabs, FRP's can be used to improve strength and ductility while benefiting

from a large service life extension. The materials of these FRP systems, however, are not
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only driven by the local costs of these systems. The engineer should evaluate all aspects

of the project, including the structures location. The natural environment has the ability

to degrade these FRP materials depending on the exposure to different elements, as well

as, the duration of time exposed to these elements over the life of the system. The

material should then be chosen and designed with these considerations in mind to

maximize the benefits of this rehabilitation technique.
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7. Appendix A

Fiber volumea
Fiber architecture

Tensile strength, longitudinal [ksi (MPa)]
Compressive strength

Shear strength, out-of-plane [ksi (MPa)]

Bond strength [ksi (MPa)]
Tensile modulus, longitudinal [Msi (GPa)]
Compressive modulus, longitudinal [Msi (GPa)]

CTE, longitudinal [10-6 F-1 (106 oC-1)]

CTE, transverse [10-6 °F-1 (10-6 °C-1)]
Barcol hardness
24-hr water absorption (% max.)

Density [lb/in3(g/cm 3)]
a Estimated
b NR, not reported by manufacturers

Glass-Reinf.
Vinylester
Bar [0.5 in
(13 mm)
diam.]
50 - 60

Unidirectional
90- 100

(620 - 690)
NRb

22 - 27
(152- 186)

1.7
(12)

5.9-6.1
NR

3.7-4.9
(6.7- 8.8)
12.2- 18.7

(22.0- 33.7)
60
NR

0.072
(2.1)

Glass-Reinf.
Vinylester
Bar [1.0 in
(25 mm)
diam.]
50 - 60

Unidirectional
80

(552)
NR
22

(152)
1.7

(12)
5.9
NR
3.7

(6.7)
18.7

(33.7)
60
NR

0.072
(2.1)

Carbon-
Reinf.

Vinylester
Bar [0.5 in
(13 mm)
diam.]
50 - 60

Unidirectional
300

(2070)
NR

NR

1.3
18
NR

-4 - 0
(-7.2 - 0)
41 - 58

(73.8 -104.4)
NR
NR

NR

Carbon-
Reinf.

Vinylester
Bar [1.0 in
(25 mm)
diam.]
50 - 60

Unidirectional
327

(2255)
NR

NR

NR
21
NR

0.38
(0.7)

NR
NR
NR

0.058
(1.6)

TABLE 5: Properties of Typical Commercially Produced FRP Reinforcing Bars2
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Fiber volume b

Fiber architecture

Nominal Thickness [in. (mm)]

Width [in. (mm)]

Tensile strength, longitudinal [ksi (MPa)]
Tensile strain (max.), longitudinal (%)

Tensile modulus, longitudinal [Msi (GPa)]

CTE, longitudinal [10 -6 o F-1 (10-6 oC1)]

Standard
Modulus
Carbon-

Reinf. Epoxy
Strip

65 - 70
Unidirectional
0.047 - 0.057

(1.2-1.9)
2-4 (50-

100)
390-406

(2690 - 2800)
1.8

22.5 - 23.9
(155- 165)

NR

High-
Modulus
Carbon-

Reinf. Epoxy
Strip

65 - 70
Unidirectional

0.047
(1.2)

2-4 (50-
100)
188

(1290)
NRc
43.5
(300)

NR

CTE, transverse [10-6 oF-1 (10-6 OC-1)] NR NR
Barcol hardness NR NR

a All strips must be bonded with manufacturer-supplied compatible adhesives
b Estimated

CNR, not reported by manufacturers

Glass-Reinf.
Epoxy Strip

65 - 70
Unidirectional
0.055 - 0.075

(1.4- 1.9)
2-4 (50-

100)
130

(900)
2.2
6.0
(41)

NR

NR
NR

Glass-Reinf.
Vinylester

Strip
60

Unidirectional
0.079
(2.0)
0.63
(16)
300

(2070)
2.7
19.0

(131)
-4 - 0

(-7.2 - 0)
41 - 58

(73.8 -104.4)
48 - 55

TABLE 6: Properties of Typical Commercially Produced FRP Strengthening StripSa,2
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Properties of Typical Commercially Produced FRP Sheet and Fabric Strengthening Materialsa
High-

Standard Modulus
Modulus Carbon- Glass-Reinf.

Carbon-Reinf. Reinf. Epoxy Glass-Reinf. Vinylester
Epoxy Strip Strip Epoxy Strip Strip

0.0065 - 0.013 0.0065 0.014
Thickness [in. (mm)] (0.165 - 0.330) (0.165) (0.356) NRb

24 24 48
Typ. Width [in. (mm)] (600) (600) (1200) NR
Fiber Architecture Unidirectional Unidirectional Unidirectional Unidirectional

550 510 220- 470 508
Fiber tensile strength, longitudinal [ksi (MPa)] (3790) (3520) (1520 - 3240) (3500)
Fiber tensile strain (max.), longitudinal (%) 1.67 - 1.7 0.94 2.1 - 4.5 1.7

33.0 54.0 10.5 33.0
Fiber tensile modulus, longitudinal [Msi (GPa)] (230) (370) (72) (230)

a All dry fiber sheet must be used with manufacturer-supplied compatible polymer resins
b NR, not reported by manufacturers.

TABLE 7: Properties of Typical Commercially Produced FRP Sheet and Fabric Strengthening Materials2

-44 -



8. Appendix B - Finite Element Modeling of a FRP Strengthened Beam

To further examine the benefits of FRP for the rehabilitation of concrete structures, the

use of finite element software, such as ADINA, can be used to model this configuration

accurately. To begin the modeling of an actual beam reinforced with FRP, a line model

was first built to check the validity of the more complex 3D models that are used later on.

The input dimensions and material properties of this model can be found in table 8. In

this simpler model it was assumed that there was no FRP laminate on the tension face.

Input Dimensions of Concrete
E = 2.51E+10 Pa
I =  9.51E-05 m4

w= 0.254 m
h= 0.165 m
L= 1.829 m

v (Poissons ratio) = 0.2
p = 2400 kg/m3

a = 1.20E-05 /0F

TABLE 8: Finite Element Concrete Beam Properties

To load the structure, a distributed line load of 31.438 kN/m was applied in the in the

negative Z direction. The boundary conditions used in this model, and all models to

follow, were that of a simply supported beam, in which a pin was modeled at one end and

a roller at the other. The model, loading, and boundary conditions can be seen in figure

15. This model was generated using two end points and connecting them with a line

element. The mesh was a 2-Node mesh subdivided into 10 sections along the length of

the beam.
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FIGURE 15: Line Model Configuration

Under the loading condition shown, diagrams could then be generated which show the

deflection of the member, figure 16, and the moment distribution of the member, figure

17.

FIGURE 16: Line Model Displacement Diagram
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FIGURE 17: Line Model Moment Distribution

This model was then validated through hand calculations to assure the accuracy of the

results. To check the moment of this simply supported member the equation M = w12/8

was applied. Also, to check the deflection of the member the equation y = -5w14/384EI

was applied. The results in comparison to the line model can be found in table 9.

Model Validation
Hand

Calculations Line Model % Error
Moment (M) 13146 N-m 13234 N-m 0.664954
Deflection(y) -0.001919 m -0.001919 m 0

TABLE 9: Line Model Validation

As one can see the model is very accurate in comparison to the hand calculations

performed and thus a more complex model can now be generated to gather information in

greater detail.
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The next step was to create a more complex 3D model, which depicts the actual

dimensions of the beam, and apply a pressure to the surface of the beam equivalent to

that of the distributed line load in the line model. This particular model, as in the mone

model, does not include the FRP system. These results will be compared later to the

same beam with an FRP system. Initially, a cross-section was generated in ADINA and

then extruded to represent the actual concrete beam. The same material properties and

dimensions as the line model were input, and the model itself including loading and

boundary conditions can be seen in figure 18.

FIGURE 18: 3D Model Configuration without FRP

The mesh used in this model was an 8-Node mesh with the member subdivided into 4

along its length, width, and height, as seen in figure 4. This mesh is a very course mesh,

as it is more desirable to use a 27-Node mesh subdivided more frequently, however,

ADINA is limited to 900 total nodes. With this restriction the mesh used was the
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maximum mesh allowable. Under the loading condition shown, diagrams could then be

generated which show the deflection of the member, figure 19, and the stress distribution

in the 11 direction of the member, figure 20.

FIGURE 19: Displacement Distribution of 3D Model without FRP

FIGURE 20: Stress Distribution of 3D Model without FRP

A cut section was also made at the center of the beam, where the maximum stresses

occur, observed in figure 21.
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FIGURE 21: Stress Distribution of 3D Middle Cross-Section without FRP

The model was then validated using hand calculations similar to those used for the line

model. To check the validity of the stresses found the equation for stress a = My/I where

M is the moment, y is the distance from the neutral axis, and I is the moment of inertia.

A comparison of the calculation to the model can be found in table 10.

3D Line Model Validation
Hand

Calculations Line Model % Error
Stress (a) 1.14E+07 Pa 2.36E+06 Pa -383.48%
Deflection (y) -0.00192 m -0.00042 m -356.80%

TABLE 10: 3D Model Validation

As one can see, the model is not very accurate, and is most likely caused by the use of

such a course mesh. To refine the results and obtain a more accurate model, a much finer

mesh has to be used, and thus the full version of the ADINA software must be used.
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Now with the concrete beam modeled without the use of a FRP laminate, the benefits of a

concrete beam with a FRP laminate can be realized. This model was built identically to

the previous model, however, a shell element was added to the bottom surface of the

beam to represent the FRP material. The properties of this material are found in table 11.

Input Dimensions of FRP Laminate
E = 2.28E+11 Pa
w= 0.254 m
h= 0.00165 m
L= 1.829 m

Poissons ratio (v) = 0.04
p = 16 kg/m3

a = 1.30E-05 /oF

TABLE 11: 3D Model FRP Material Properties

The. loading, boundary conditions, and mesh for this model were identical to that of the

previous model. The shell element was meshed similar to the beam element in that it was

subdivided into 4 along its length and width.

The model was then run and the deflection of the member is observed in figure 22, and

the stress distribution in the 11 direction of the member is observed in figure 23.
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FIGURE 22: Displacement Distribution of 3D Model with FRP
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FIGURE 23: Stress Distribution of 3D Model with FRP

A cut section was also made at the center of the beam, where the maximum stresses

occur, observed in figure 10.
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FIGURE 24: Stress Distribution of 3D Middle Cross-Section without FRP

Of course, because the same limiting mesh was employed there lies a possibility that

there are errors in these results as well. A finer mesh would be needed to determine the

exact values of the stress and deflection of the member. Also, in this model there is an

assumed fixity between the FRP shell element and the concrete beam element. In

actuality the epoxy will factor into the performance of the system of a whole, as that is a

possible location for failure. Nevertheless, one can see that the neutral axis of the beam

is lowered greatly, resulting in more of the concrete being put in compression, where it is

strongest, and the FRP being put in large amounts of tension. This is exactly why these

systems are designed. In many rehabilitation projects on reinforced concrete, the existing

concrete has spalled and the internal reinforcement has corroded further as a result. With

these systems the tension face of the concrete only need to be recast with this laminate

applied in addition, and the structure is able to be redesigned to hold the capacity it was

designed to hold, or have the capacity increased. This is a new technology that promises

to revolutionize the way repairs to structures are evaluated and executed.
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