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ABSTRACT 

 

The use of Fiber Reinforced Polymer (FRP) materials has proved to be one of the 

most exciting and effective technologies for external strengthening of reinforced concrete 

(RC) and masonry structures.  In this context, Near Surface Mounted (NSM) FRP rods 

are now emerging as a promising technique in addition to externally bonded FRP 

laminates.  Embedment of the rods is achieved by grooving the surface of the member 

and placing the rods in the epoxy-filled grooves. 

The overall objective of this research project was to investigate the effectiveness 

of NSM FRP rods as a strengthening system for RC and masonry structures.  The 

research protocol started from the characterization of the tensile properties of the FRP 

rods (material level).  Then, the mechanics of the bond of NSM FRP rods embedded in 

concrete and concrete masonry units was experimentally investigated by using coupon-

size specimens (sub-system level).  Finally, testing of eight full-size RC beams 

strengthened in shear with this technique was performed (structural member level).  

Results showed that NSM FRP rods can significantly increase the shear capacity of RC 

members.  A simple shear design approach was developed and, when applied to the tested 

beams, appeared to give a reasonable and conservative estimate of the ultimate load. 
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1.  INTRODUCTION AND BACKGROUND 

 

1.1.  STRENGTHENING OF STRUCTURES WITH FRP LAMINATES 

Strengthening of existing reinforced concrete (RC) and prestressed concrete (PC) structures 

may become necessary as a result of  many possible factors, such as inadequate design or 

construction, deterioration due to corrosion of the embedded reinforcement, need for increase in 

structural capacity, and seismic retrofit.  Aging and consequent deterioration of the infrastructure is 

nowadays a major challenge for the civil engineering community. 

The use of Fiber Reinforced Polymer (FRP) materials for external strengthening of RC, PC, 

and masonry structures has emerged as one of the most exciting and promising technologies in 

materials and structural engineering (Nanni, 1993).  The key properties that make these materials 

suitable for structural strengthening are excellent resistance to corrosion and high strength-to-

weight ratio.  As a result, their use in repair/rehabilitation can present many significant advantages 

with respect to the  conventional methods. 

Externally bonded FRP laminates have been successfully used to increase the flexural 

and/or the shear capacity  (sometimes also the stiffness) of RC beams, to provide confinement to 

RC columns, to strengthen masonry walls subjected to out-of-plane as well as in-plane loading.  A 

notable amount of experimental research has been carried out and is currently ongoing towards the 

characterization of RC and masonry structures strengthened with this technique (Dolan et al., 

1999).  At the same time, many successful installations have covered the industrial, commercial, 

and public markets all over the world (Thomas, 1998), so that strengthening with externally bonded 

FRP laminates can be considered close to achieve the status of mainstream technology. 

 

1.2.  NEAR-SURFACE MOUNTED FRP RODS 

A new FRP-based strengthening technique is now emerging as a valid alternative to 

externally bonded FRP laminates.  From this point forward, it will be referred to as Near-Surface 

Mounted (NSM) FRP rods.  Embedment of the rods is achieved by grooving the surface of the 

member to be strengthened along the desired direction.  The groove is filled half-way with epoxy 

paste, the FRP rod is then placed in the groove and lightly pressed, so forcing the paste to flow 
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around the bar and fill completely between the bar and the sides of the groove.  The groove is then 

filled with more paste and the surface is leveled. Details of the final product are shown in Figure 

1.1. 

Although the use of FRP rods for this application is very recent, NSM steel rods have been 

used in Europe for strengthening of RC structures since the early 50's.  The earliest reference that 

could be found in the literature dates back to 1949 (Asplund, 1949).  In 1948, an RC bridge in 

Sweden experienced an excessive settlement of the negative moment reinforcement during 

construction, so that the negative moment capacity needed to be increased.  This was accomplished 

by grooving the surface, filling the grooves with cement mortar and embedding steel rebars in them.  

Since no previous experience was available, different possible ways to obtain the grooves were 

examined in order to choose the most convenient one.  All the technological and design problems 

and considerations are reported in (Asplund, 1949). 

Nowadays, FRP rods can be used in place of steel and epoxy paste can replace cement 

mortar.  The advantage is primarily the resistance of FRP to corrosion.  This property is particularly 

important in this case due to the position of the rods very close to the surface, which exposes them 

to the environmental attacks. 

The use of NSM FRP rods is an attractive method for increasing the flexural and the shear 

strength of deficient RC members and masonry walls and, in certain cases, can be more convenient 

than using FRP laminates.  Application of NSM FRP rods does not require surface preparation 

work (other than grooving) and requires minimal installation time compared to FRP laminates.  

Another advantage is the feasibility of anchoring these rods into members adjacent to the one to be 

strengthened.  Furthermore, this technique becomes particularly attractive for strengthening in the 

negative moment regions of slabs and decks, where external reinforcement would be subjected to 

mechanical and environmental damage and would require protective cover which could interfere 

with the presence of floor finishes. 
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Figure 1.1.  NSM Rods  

 

 

1.3.  PREVIOUS WORK ON NSM FRP RODS 

Very limited literature is currently available on NSM FRP rods.  Although only a few 

experimental studies are documented to date, some significant field applications of this technique 

have already been carried out in the United States during the past two years.  Laboratory studies 

and field projects will be outlined in the following. 

It is worth mentioning that what is herein called "NSM rods" has been given different names 

in the previos literature, such as "grouted reinforcement" (Asplund, 1949), or "embedded 

reinforcement" (Warren, 1998). 

1.3.1.  Laboratory Projects.  Experimental data on the bond between Carbon FRP (CFRP) 

rods and epoxy paste is reported in the Navy Special Publication SP-2046-SHR (Warren, 1998).  

Direct pull-out tests were conducted using smooth CFRP rods No. 3 (nominal diameter 3/8 in.) 

manufactured by DFI Pultruded Composites, Inc. embedded in two different types of Sika epoxies.  

The surface of some of the rods was slightly sanded to improve the bond characteristics.  The rods 

were embedded  4 in. (corresponding to 11 times the diameter) in an epoxy-filled pipe with a 

diameter of 2 in.  The test parameters were surface condition of the rods, type of epoxy and addition 

of sand to extend the epoxy volume.  Failure occurred at the rod-epoxy interface (pull-out). The 

ultimate load and, therefore, the average bond strength over the 4-in. embedment was reported.  The 

maximum average bond strength was obtained using sanded rods embedded in Sika 32 epoxy with 

Epoxy Paste 

FRP Rod 

Groove 
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no sand, manufactured by Sika.  The addition of sand was found to provide less variation in test 

results but also to slightly reduce the bond strength and the wetability of the epoxy. 

Yan et al. (1999) performed experimental tests to characterize the bond strength of NSM 

FRP rods.  The specimen used for this test consisted of two concrete blocks, two CFRP bars, and 

epoxy paste.  The concrete strength was 5000 psi.  The smooth CFRP rods had a diameter of 7/16 

in. and were sandblasted prior to the test to improve the bond characteristics.  The epoxy paste used 

was Concresive Paste LPL by Master Builders Technologies.  The specimens differed for the value 

of the bonded length, which was equal to 2 in. (4.6 diameters), 4 in. (9.2 diameters) and 6 in. (13.7 

diameters).  The specimens were prepared by filling the grooves with the epoxy paste and then 

placing the rods in the paste.  The paste was allowed to cure for 14 days at room temperature before 

testing.  The type of test performed was direct pull-out of the NSM FRP rods.  Two types of failure 

mode occurred:  the specimens with the two shorter bonded lengths failed by rupture of the 

concrete at the edge of the block,  those with the 6-in. bonded length experienced failure at the rod-

epoxy interface (pull-out).  Load at onset of slip, ultimate load and free-end slip at ultimate were 

recorded. 

 Crasto et al. (1999) conducted experimental research on flexural strengthening of RC beams 

with NSM FRP rods.  The materials used were CFRP rods manufactured by DFI Pultruded 

Composites, Inc. and a two-part epoxy by Dexter Hysol, Inc.  The experimental program included 

the evaluation of the technique on 8.5-ft. RC beams, the scale-up to full-size (28-ft.) beams and the 

final application to deteriorated 34-ft. RC beams removed from a vehicular bridge after more than 

80 years of service.   

A number of tests was conducted on beams with varying ratios of steel/composite cross-

sectional area.  Rectangular grooves were machined into the tensile face of the beams to various 

depths, cleaned and dried.  The CFRP rods were sanded, wiped clean with acetone and embedded in 

the epoxy within the grooves.  The adhesive was then allowed to cure overnight under ambient 

conditions before the beams were tested under four-point bending.   

All tests showed that the NSM composite reinforcement improved the flexural stiffness, the 

value of bending moment at which the steel yields and the ultimate moment of the beams.  

Performance of the 8.5-ft. beams was compared with that of identical beams strengthened with an 
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equivalent amount of externally bonded FRP laminates and tested as part of a previous 

experimental program.  While the ultimate moment was very close, the failure modes were 

different.  Failure initiated in both cases with compression crushing of the concrete.  In the plate-

reinforced beam, however, secondary, catastrophic failure occurred almost instantaneously through 

composite fracture or composite/composite lap failure.  In the rod-reinforced beam, secondary 

failure was non-catastrophic, with limited debonding and partial fracture of the embedded rods, 

allowing the beam to sustain the applied load with gradual deformation up to the limits of the test 

fixture.  Similar results were obtained from testing of the longer beams. 

1.3.2.  Field Projects.  A strengthening project was carried out at the structural street level 

floor of Myriad Convention Center, Oklahoma City, OK (USA) in 1997-1998 (Hogue et al., 1999).  

The PC floor required strengthening in order to increase its live load bearing capacity.  The 

strengthening system implemented included a combination of externally bonded steel plates, CFRP 

sheets and NSM CFRP rods.  The strengthening system sought to address both flexural and shear 

deficiencies.  NSM rods were used in this case for shear strengthening of one of the RC joists.  

Vertical grooves 1/2-in. wide and 3/4-in. deep with a total length of 20 in. were saw-cut along the 

side surfaces of the joist at such positions that existing stirrups were avoided (Figure 1.2).  CFRP 

No. 3 rods were then inserted in the epoxy-filled grooves.  

NSM CFRP rods were used for strengthening of two RC circular structures in the United 

States in 1998 (Nanni, 1998).  Longitudinal and transverse grooves 1/2-in. wide and 1/2-in. deep 

were cut on the surface of the structures (Figure 1.3) and CFRP sandblasted rods with a nominal 

diameter of 5/16 in. were embedded in the epoxy-filled grooves (Figure 1.4). 
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Figure 1.2.  Vertical Grooves for Shear Strengthening with NSM FRP Rods  

(Hogue et al., 1999) 

 

 
Figure 1.3.  Grooves on the Surface of the Structure (Nanni, 1998) 

 

Pier 12 at the Naval Station San Diego, CA (USA) was strengthened in November 1998 to 

meet demand of operational changes accompanied by higher vertical loads (Warren, 1998).  NSM 

CFRP rods were used to increase the capacity of the deck slab in the negative moment regions.  The 

surface area was primed with penetrating epoxy sealer/primer and allowed to cure overnight.  Slots 

were saw-cut in the deck in the range of 7/8-in. deep and 5/8-in. to 3/4-in. wide.  The slots were 
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abrasive blasted to roughen the surface, air blasted to clean the concrete and primed before filling 

with epoxy encapsulate.  Carbon pultruded No. 3 rods were placed in sequence into the epoxy-filled 

slots and pressed to the bottom (Figure 1.5).  The slots were then filled up to within ¼ in. of the 

original concrete surface.  After the epoxy was cured, the surface was abrasive blasted and a UV 

protective layer was added to the top of the slot.  The surface was ready for use 24 hours after the 

installation. 

After completion of the upgrade, some spans of the deck were tested using simulated 

outrigger loads.  Strain gages attached to the CFRP rods allowed to monitor the performance of the 

strengthening system, which proved to be satisfactory.  Half-scale tests of the upgrade systems were 

also conducted.  RC slabs strengthened with NSM CFRP rods were tested under three-point 

bending.  The strengthened slabs exhibited significant gains in strength and ductility over the 

baseline slab, the failure mode being punching shear.  Prior to ultimate load, some rods had begun 

to separate from the slab surface.  There were no rod failures prior to ultimate load. 

 

 

 
Figure 1.4.  Filling of Grooves with Epoxy Paste (Nanni, 1998) 
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  Figure 1.5.  Embedding CFRP Rods in the Top Surface of the Deck (Warren, 1998) 

 

 Bridge J-857 was located on Route 72 in Phelps County, MO (USA).  It consisted of three 

solid RC decks simply supported by two bents.  Each bent consisted of two piers connected at the 

top by an RC cap beam. Due to the realignment of Route 72, the bridge was decommissioned and 

scheduled for demolition.  Therefore, it presented an excellent opportunity for in-situ testing to 

failure after strengthening with FRP composites (Alkhrdaji et al., 1999).   

The bridge was strengthened in August of 1998 while in service.  Two of the three decks 

were strengthened using two different FRP systems, namely, externally bonded FRP laminates and 

NSM FRP rods, while the third deck was left as a benchmark.  The NSM reinforcement consisted 

of CFRP rods with 7/16-in. diameter and surface roughened by sandblasting to improve bond 

properties.  Strengthening to approximately 30% of the nominal moment capacity was desirable to 

upgrade the bridge decks for HS20-modified truck loading.  The design called for 20 NSM CFRP 

rods spaced at 15 in. on-center.  The rods were embedded in 20-ft long, 3/4-in. deep, and 9/16-in. 

wide grooves cut onto the soffit of the bridge deck parallel to its longitudinal axis, as illustrated in 

Figure 1.6.  The grooves were sand blasted to remove dust and any loose materials that could 

interfere with the bond between epoxy paste and concrete.  Strain gages and fiber optics sensors 
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were applied to concrete, steel reinforcement and FRP reinforcement to monitor strain during 

testing. 

Each of the three decks was tested to failure by applying quasi-static load cycles.  For the 

deck with NSM rods, failure was initiated by the rupture of some CFRP rods at the location of the 

widest crack.  This deck exhibited the highest capacity with a failure load of 596 kips, 

corresponding to an increase in the moment capacity of 27% over the unstrengthened deck.  At 

service levels (i.e., before yielding of the steel reinforcement), both decks strengthened with FRP 

composites exhibited higher stiffness than the unstrengthened control deck. 

 

 
Figure 1.6.  Installation of NSM CFRP Rods in the Bridge Deck  

(Alkhrdaji et al., 1999) 

 

Two columns were also strengthened with NSM CFRP rods to increase their flexural 

capacity (Figure 1.7).  The intended levels of flexural strengthening were such that two different 

failure modes would be achieved, one controlled by rupture of the CFRP reinforcement (6 rods, 3 

on each face of the column) and one by crushing of concrete (14 rods, 7 on each face of the 

column).  The rods were mounted on two opposite faces of the columns and fully anchored 

(minimum 15 in.) into the footings to ensure that the full capacity of the strengthened section would 
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be attained at the base of the column.  The grooves and the drilled holes were filled with a viscous 

epoxy grout. 

 

 
Figure 1.7.  Columns Strengthened with NSM Rods (Alkhrdaji et al., 1999) 

 

A strengthening and load-testing program at the decommissioned Malcolm Bliss Hospital in 

St. Louis, MO (USA) was conducted in 1999 (Tumialan et al., 1999).  The building, a five-story 

RC-frame addition built in 1964, offered a unique opportunity for performing in-situ 

experimentation.  Static load tests up to failure were carried out in order to validate strengthening of 

masonry walls and RC joists using externally bonded FRP laminates and NSM FRP rods.  

The program on masonry walls strengthened with FRP composites included testing of 

unreinforced masonry walls subjected to out-of-plane loading and reinforced masonry walls under 

in-plane loading.  Parameters such as the type of composite system, strip width, and FRP 

installation methods were evaluated.  Figure 1.8 shows the installation of NSM FRP rods on a 

masonry wall to be strengthened for out-of-plane loading. 
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Figure 1.8.  Installation of NSM FRP Rods on Masonry Walls  

(Tumialan et al., 1999) 

 

1.4.  OBJECTIVES  

 As the technology of NSM FRP rods emerges, a complete investigation on the structural 

behavior of RC and masonry members externally strengthened with this technique is needed.  In 

order to achieve a comprehensive understanding of the structural behavior, the research protocol 

should start from the characterization of the material properties, investigate the mechanics of the 

strengthening system and finally analyze the performance of the structural members. 

 The overall objective of the present study was to carry out a preliminary investigation on 

NSM rods as a strengthening system for RC and masonry structures.  In more detail, the objectives 

of the investigation were as follows: 

• characterize the tensile properties of the FRP materials when data from the manufacturer 

was not available (material level); 

• characterize the bond behavior of NSM FRP rods embedded in concrete or in masonry units, 

using coupon-size specimens (sub-system level); 

• investigate the structural behavior of RC beams strengthened in shear with NSM FRP rods 

using full-size specimens (structural member level); 
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• develop a simplified design approach for shear strengthening of RC beams with NSM rods. 

 

1.5.  DOCUMENT LAYOUT 

Section 2 of this document details the materials used in the experimental program.  Their 

properties, either taken from the technical literature or experimentally determined, are reported. 

Section 3 is about the experimental characterization of bond of NSM FRP rods in concrete.  

The experimental tests conducted on a total of 22 coupon-size specimens are described and the 

results presented and discussed. 

Section 4 illustrates the experimental characterization of bond of NSM FRP rods in concrete 

masonry units.  The experimental tests of 6 coupon-size specimens and their results are presented. 

In Section 5, shear strengthening of RC beams with NSM CFRP rods is investigated.  

Results of tests conducted on 8 full-size beams with T-shaped cross-section are presented.  Finally, 

a simple design approach is proposed and applied to predict the experimental results. 

Section 6 outlines overall conclusions and recommendations for further research. 
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2.  MATERIALS USED IN THE EXPERIMENTAL PROGRAM 

 

2.1.  INTRODUCTION 

This section presents the properties of the materials used in the experimental program.  

These materials included concrete, reinforcing steel rebars, FRP rods, epoxy paste and concrete 

masonry blocks.  Standard tests were performed to determine the concrete compressive strength and 

the yield strength of the reinforcing steel.  Tensile characterization through laboratory testing was 

performed for the FRP rods when data from the manufacturer or the technical literature was 

unavailable.  Tensile testing was conducted in accordance with a protocol which is already a 

standard test method in Japan (JSCE, 1997) and is currently under consideration to become a 

standard in North America (Benmokrane, 1998).  For the epoxy paste, the material properties were 

provided by the manufacturer. 

 

2.2. CONCRETE 

The coupon-size and the full-size concrete beams tested in this experimental study were all 

prepared by a local contractor, with a ready-mix concrete company supplying the concrete.  

Concrete compression cylinders were made according to ASTM C31-95 every time a set of beams 

was poured, in order to determine the concrete compressive strength.  Cylinders with 4-in. diameter 

and 8-in. length were prepared for the coupon-size specimens, while the cylinders for the full-size 

beams had 6-in. diameter and 12-in. length.  All cylinders were tested in accordance with ASTM 

C39-94, within two days of testing of the corresponding specimens.  A minimum of three cylinders 

were tested for each batch of concrete produced, and the compressive strength of the concrete was 

taken as the average of the obtained values of the representative samples. 

Results are reported in Table 2.1.  Specimens are identified with the designation codes to be 

used in the following sections of this document. 

 

 

 

 

Table 2.1.  Concrete Compressive Strength 

Specimen Batch Size of Concrete Cylinders No. of  Average Standard 
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Code No. (Diameter, in., x Length, 
in.) 

Cylinders Compressive 
Strength (psi) 

Deviation 
(psi) 

G4D6a 
G4D12a 

1 3960 92 

G4D12b 
G4D12c 

3 4080 108 

G4D18a 1 3960 92 
G4D24c 4 3880 105 
C3D6a 
C3D12a 

2 4100 96 

C3D12b 
C3D12c 

3 4080 108 

C3D18a 2 4100 96 
C3D24b 4 3880 105 
C3S6a 
C3S12a 

2 4100 96 

C3S12b 
C3S12c 

3 4080 108 

C3S18a 2 4100 96 
C3S24a 4 3880 105 
C4S6a 1 3960 92 
C4S12a 
C4S18a 
C4S24a 

4 

4 x 8 3 

3880 105 

BV 
B90-7 
B90-5 

B90-5A 
B45-7 
B45-5 
BSV 

BS90-7A 

5 6 x 12 4 4560 110 

 

 

2.3. REINFORCING STEEL 

ASTM standard steel rebars were used as tension, compression and shear reinforcement in 

the full-size beams.  No. 9 rebars were used as tension reinforcement, No. 4 and No. 3 rebars were 

used as compression and shear reinforcement, respectively.  Tensile testing was performed in 

accordance with ASTM A370-97.  Three coupon specimens were tested for each set of rebars.  The 

yield strength was taken as the average of the three values.  Results are presented in Table 2.2. 
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Table 2.2.  Yield Strength of Reinforcing Steel in the Full-Size Beams 

Rebar Size 
(No.) 

No. of Coupon 
Specimens 

Average Yield 
Strength (ksi) 

Standard Deviation 
(ksi) 

9 62.7 0.5 
4 51.8 0.6 
3 

3 
50.0 0.6 

 

 

2.4.  FRP RODS 

 The mechanical properties of FRP rods are influenced by factors such as fiber type and 

content, matrix type, and manufacturing method.  A characterization of their tensile performance is 

necessary for their application as NSM reinforcement. 

Three different types of FRP rods were used in this experimental program, namely, Glass 

FRP (GFRP) deformed, CFRP smooth and CFRP deformed rods (Figure 2.1).  Rods of two different 

diameters (No. 3 and No. 4) were used, except for CFRP deformed, of which only No. 3 rebars were 

available on the market.  The tensile properties of these rods, either provided by the manufacturer or 

available in the technical literature or determined by laboratory testing, are reported in the 

following. 

2.4.1.  CFRP Deformed Rods.  CFRP deformed No. 3 rods manufactured through the 

hybrid pultrusion process and commercially known with the name of Carbon C-Bar were supplied 

by Marshall Industries Composites Inc.  For this type of FRP rebar, tensile characterization  was 

performed in the laboratory.   

2.4.1.1.  Specimens for Tensile Testing.  An essential requirement for conducting tensile 

tests is a suitable anchor device to grip the specimens without causing slippage or premature local 

failure during the test (Yan et al., 1999).  The conventional method for tensile testing of steel rebars 

consisting of steel grip jaws is not suitable for tensile testing of FRP rods.  The reason is that FRP 

rods are sensitive to compressive forces in the transverse direction.  The transverse compressive 

strength, controlled by the resin properties, is usually less than 10% of the longitudinal tensile 

strength, controlled by the fibers.  The stress concentration due to gripping can easily crush the 

specimen and result in premature failure.  A grouted anchor consisting of a steel pipe filled with 

expansive grout was utilized for the test (Dye et al., 1998).  The internal pressure due to expansion 

of the grout prevents the rod from slipping out of the pipe when direct tension is applied.  This type 

of anchorage device distributes the gripping force to a much larger area of rod surface and may 
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prevent premature failure. The dimensions of the pipes were: length 18 in., outside diameter 1.66 in, 

wall thickness 0.14 in. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.  FRP Rods Used in the Experimental Program 

 

BRISTAR 100 expansive cement manufactured by Onoda Cement Corporation was used as 

grout.  It was mixed according to manufacturer’s specifications with a water-to-cement ratio by 

weight of 0.29.  After pouring, the specimens were allowed to set for 72 hours before testing. 

The total length of the test specimens was 5 ft., which included test section and anchoring 

section.  The length of the test section was larger than the minimum suggested value: the greater of 

4 in. and 40 times the nominal diameter of the FRP rod (JSCE, 1997; Benmokrane, 1998).   

Three specimens were prepared.  Figure 2.2 illustrates the specimens ready for testing. 

2.4.1.2.  Tensile Test Procedure .  Tensile tests were performed using a Tinius-Olsen 

Universal Testing Machine.  The specimen was set up across the two cross-heads of the machine 

and aligned with the axis of the machine grips.  The anchor at one end rested on the top cross-head.  

A 3/4-in. thick steel plate with a slot on it was inserted between the anchor and the cross-head to 

distribute the load.  An identical plate was attached at the lower end of the bar for the same purpose.  

A strain gage with gage length of 1/2 in. was applied at the center of the test section in the direction 

of tensioning.   Figure 2.3 illustrates the test setup. 

GFRP 
Deformed 

No. 3 and 4 

CFRP 
Smooth 

No. 3 and 4 

CFRP Deformed 
No. 3 
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The test was performed in displacement control mode.  The loading was applied at a rate of 5 

kips per minute, corresponding to 45 ksi per minute.  This rate is within the suggested values of 14.5 

ksi and 72.5 ksi per minute (JSCE, 1997; Benmokrane, 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.  Specimens of CFRP   Figure 2.3.  Tensile Test Setup 
Deformed Rods Ready for Testing 

 

2.4.1.3.  Tensile Test Results.  All specimens showed a linear elastic behavior up to failure 

and experienced tensile failure, which indicated that the bar had developed its full tensile capacity, 

and the anchor was efficient.  Figure 2.4 shows the stress-strain relationship of the tested specimens.  

Figure 2.5 is a detail of a failed specimen. 
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Figure 2.4.  Stress – Strain Relationship of CFRP No. 3 Deformed Rods  

 

Tensile strength, modulus of elasticity and ultimate strain were computed using load and 

strain data recorded during the test and the nominal cross-sectional area of the rod.  Test results are 

summarized in Table 2.3.  The modulus of elasticity was calculated from the difference between 

20% and 60% of the tensile capacity according to the load-strain curve.  The ultimate strain was 

computed dividing the ultimate stress by the calculated modulus of elasticity. 

 
Figure 2.5.  Tensile Failure of CFRP No. 3 Deformed Rods  
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Table 2.3.  Results of Tensile Testing on CFRP No. 3 Deformed Rods  

Specimen 
No. 

Nominal 
Diameter 

(in.) 

Cross-
Sectional 
Area (in2) 

Tensile 
Strength 

(ksi) 

Tensile 
Modulus 

(ksi) 

Ultimate 
Strain 
(%) 

1 268 14580 1.84 
2 280 14980 1.87 
3 

0.375 0.110 
268 15990 1.68 

Average 272 15200 1.79 
Standard Deviation 6.9 700 0.1 

Coefficient of Variation 2.5% 4.6% 5.6% 
 

 

2.4.2.  GFRP Deformed Rods.  GFRP No. 3 and No. 4 deformed rods commercially known 

with the name of C-Bar were supplied by Marshall Industries Composites Inc.  These rebars are 

manufactured through the hybrid pultrusion/compression molding process.  The outer core is 

composed of a sheet molding compound with chopped fiber mats embedded in urethane modified 

vinyl ester.  The inner core is composed of unidirectional E-glass fibers embedded in recycled PET 

resin material (Marshall, 1998).  Table 2.4 reports the primary properties of interest of C-Bar No. 3 

and No. 4 as specified by the manufacturer. 

Table 2.4.  Properties of C-Bar (Marshall, 1998) 

Bar Size 
(No.) 

Nominal 
Diameter 

(in) 

Cross-
Sectional 

Area 
(in2) 

Tensile 
Strength 

(ksi) 

Tensile 
Modulus 

(ksi) 

Ultimate 
Strain 
(%) 

3 0.375 0.110 121 6000 2.00 
4 0.500 0.196 116 6000 1.90 

 

 

2.4.3.  CFRP Smooth Rods.  CFRP No. 3 and No. 4 smooth pultruded rods were supplied 

by DFI Pultruded Composites, Inc.  Prior to application, the rods were sandblasted to enhance the 

bond characteristics.  The sandblasting machine was an ECONOLINE operated at 80 psi air 

pressure.  The sandblasting material consisted of 50 micron glass beads manufactured by Comoco 

Inc. 
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Laboratory tensile tests on this type of FRP rods have been conducted by previous 

researchers (Warren, 1998).  Results are reported in Table 2.5. 

 

Table 2.5.  Properties of DFI Pultruded CFRP Rods (Warren, 1998) 

Bar Size 
(No.) 

Nominal 
Diameter 

(in.) 

Cross-
Sectional 

Area 
(in2) 

Tensile 
Strength 

(ksi) 

Tensile 
Modulus 

(ksi) 

Ultimate 
Strain 
(%) 

3 0.375 0.110 225 23900 0.94 
4 0.500 0.196 202* 23900* 0.85* 

*To be verified. 

 

 

2.5.  EPOXY PASTE 

The material used to embed the NSM FRP reinforcement in the grooves was an epoxy-based 

paste commercially known as Concresive Paste LPL, manufactured by Master Builders 

Technologies.  Table 2.6 reports the mechanical properties of the paste, as specified by the 

manufacturer. 

 

 

 

Table 2.6.  Properties of Concresive Paste LPL (Master Builders, 1996) 

Tensile Strength (ASTM D 638) (psi) 2000 
Elongation at Break (ASTM D 638) (%) 4 

Compressive Yield Strength (ASTM D 695) (psi) 8000 
Compressive Modulus (ASTM D 695) (ksi) 400 

 

 

2.6. CONCRETE BLOCKS 

Concrete masonry products are defined as solid or hollow, depending on whether they 

contain 75% or more net solid horizontal cross-sectional area.  In practice, hollow blocks are more 

frequently used because of their reduced weight, ease of handling, ease of reinforcing, and overall 

economy.  The percent solid typically is in the range from 50 to 60 %. 
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Concrete masonry units come in a large variety of sizes and shapes.  The most common 

concrete block has a nominal size of 8 x 8 x 16 in; for convenience, this size is referred to as the 

standard block.  The actual block dimensions are 3/8 in. less than the nominal values, to allow for a 

standard mortar joint thickness. 

The compressive strength of a concrete masonry unit is important from two points of view: 

first, the higher the strength, the better the durability under severe weathering conditions and, 

second, unit strength tests with mortar strength tests can serve as the basis for satisfying the required 

masonry compressive strength.  Hollow blocks can be manufactured in strengths, ranging from 1500 

to about 4000 psi based on net area, to suit low-rise and high-rise construction. 

There is no widely accepted method for determining the tensile strength of concrete blocks.  

Splitting tensile strength tests across the face shells have shown that the ratio of splitting tensile 

strength to compressive strength ranges from 0.08 to 0.16 (Drysdale et al., 1994). 

Standard concrete masonry blocks were involved in one phase of the experimental program.  

Hollow two-cell blocks with a percent solid of 50% were selected (Figure 2.6).  The net 

compressive strength of the blocks was experimentally determined as part of another research 

project (Tinazzi et al., 2000) and resulted to be 3200 psi.  The tensile strength was not obtained. 

 
Figure 2.6.  Standard Concrete Blocks 


