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Abstract: 

The use of fiber reinforced polymers (FRP’s) for structural repair or retrofit has increased 

significantly in the last decade, with adoption for civil infrastructure occurring only in the last 20 

years.  These products are most often used to increase the capacity of damaged or deteriorated 

structures.   Much research has been performed in the arena of testing of various FRP’s bonded 

to both concrete and masonry substrates, the majority of which focusing on three areas; 

flexural strengthening, in-plane shear strengthening, and mechanical anchoring.  Anchorage is 

commonly the limiting factor in the application of FRP’s, due to the inability of the edge of the 

polymer matrix to reliably extend beyond a point of zero-interfacial stress.  Where interfacial 

stresses exist and the FRP is terminated localized disbondment often occurs, these localized 

failures then propagate across the entire bond of the structural system.  Various mechanical 

termination details have been tested to mitigate the potential failure modes near the ends of 

the fabric. There, however, has been very limited research performed on the behavior of 

dowels which are installed parallel to the FRP fabric and splayed onto the FRP fabric matrix.  In 

this research the mechanical properties of carbon fiber reinforced polymer (CFRP) dowels with 

a parallel orientation to uniaxial carbon fabric are experimentally tested to determine the 

tensile capacity of “dowel to splay” CFRP connections and to discover any dominant failure 

modes. 
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CHAPTER ONE 

1. Introduction: 

The term “Fiber Reinforced Polymer” (FRP) refers to a composite material which is comprised of 

fibers, running in a single direction (uniaxial) or in two directions (biaxial) and suspended in a 

resin matrix.  The resin serves two main purposes; to protect the fibers and to allow stresses to 

transfer between the fibers and the substrate via in-plane and interfacial shear.  Fiber 

reinforced polymers have been used for several decades in various capacities including aviation, 

piping, extruded structural members, and marine applications.  The limited stiffness, 

consistency, and durability of the first generation of products (mostly derivations of fiberglass, 

GFRP) prevented them from being used for widespread structural usage.  The first published 

code giving engineers guidance for the use of these products in structural design was the 

American Concrete Institute’s 440.2R-02 which was published in 2002.  The basis of this code 

uses two independent methods to permit engineers to design conservatively; statistically 

reducing the allowable strength by using the standard deviation of tested strengths, and 

limiting the allowable strain in the fabric based on the matrix’s axial stiffness relative to the 

strength of the substrate. 

The development of commercially available materials with superior material properties has 

been a significant contributing factor in the application of these products in the repair and 

retrofit of reinforced concrete.  The production of fibers made of Carbon creates a composite 

which is more than significantly stiffer, allowing the fibers to mobilize under lower strains.  

More importantly, modern materials can provide a more “consistent” product which in turn 
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lowers the standard deviation of the test data.  The reduced standard deviation in the tensile 

strength greatly increases the allowable strength of FRP material in question.  Despite the 

increases in material strengths and the addition of formal codes to allow for the design of 

structural members, FRP’s are often not a viable solution in many circumstances.  There are 

many situations where the fabric will not be able to terminate at a location of zero interfacial 

stress and at these locations they will likely fail in their dominant failure mode, disbondment 

from the substrate. 

 

Figure 1, Test Specimens 
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CHAPTER TWO 

2. Research Significance 

Fiber reinforced polymer products have proven to be a very important tool in the rehabilitation 

and retrofit of existing structure due to their relative low cost and low invasiveness of the 

installation process.  While the mechanical behavior of these products bonded onto concrete 

has received significant research, the experimental testing of round, co-linear CRFP anchors 

bonded to CFRP sheets has largely been overlooked.  Recent research which focuses on the 

benefits of FRP anchors (specifically CFRP) bonded to other sheets look specifically at the effect 

of the anchors on the disbondment of the FRP system.  Although this research is very critical to 

the application of FRP products in the field, it is not relevant to situations where the FRP must 

terminate away from a point of zero interfacial stress, such as locations where a shear wall 

meets a pilaster or where a structural wall meets a footing or mat foundation.  In these 

situations the mode of failure will either be the rupture of the CFRP anchor, the disbondment of 

a CFRP splay, or traditional failure modes associated with post-installed concrete anchors as 

described in ACI 318-08 Appendix D.  This research experimentally tests eleven samples in a 

Universal Testing Machine (UTM) in tension until failure.  The specimens vary in splay angle and 

number of CFRP layers in order to experimentally verify failure modes and subsequent 

maximum loads.  See Figure 1 for single-layer specimen geometry. 
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Figure 2, Discontinuity of Wall Reinforcing (Vertical Tension) 

 
Figure 3, Discontinuity of Wall Reinforcement (Shear) 

  



15 

CHAPTER THREE 

3. Literature Review of Relevant Modes of Failure: 

There are many modes of failure which have been exposed by researchers since the initial use 

of FRP products for structural design.  In general, the composite product itself does not have 

failures when used for “traditional” structural repairs and retrofits.  There is usually another 

mechanism which disables the FRP system that occurs to the tensile rupture of the fabric. 

The mechanisms of failure that are most relevant to the testing performed in this thesis are: 

1. Disbondment of composite system 

2. Non-linearity of uniaxial FRP fibers 

3.1. Disbondment: 

3.1.1. FRP to Concrete Disbondment 

The most notable and often researched is the disbondment of the FRP composite from the 

substrate.  The term “disbondment” when referring to FRP to concrete bonding is somewhat 

ambiguous because in many situations, especially involving the flexural reinforcement of steel 

reinforced concrete beams (RC beams) the substrate actually fails very close to the surface of 

the composite.  This failure is more similar to a horizontal shear failure of the substrate which 

leaves behind 1-2mm of concrete on the FRP sheet. 

The disbondment of composite systems from their concrete substrate has received significant 

amounts of research leading to the adoption of FRP’s in structural design.  Bonacci and Maalej 

(2001) compiled data from 127 different specimens which came from 23 separate studies of 
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reinforced concrete beams.  From the collection of this data, there were numerous important 

conclusions found which are relevant to this research. 

First, 63% of the total samples included in the data suffered from some form of disbondment.  

Excluding the GFRP samples from the data, 72% of the CFRP samples failed by disbondment. 

While it cannot be definitively concluded from the dataset due to large numbers of 

independent variables, it appears as the composite system becomes more stiff disbondment 

becomes more likely.  This concept is confirmed by ACI 440.2R-08 which defines the allowable 

strain in the composite (for flexurally reinforced concrete members) with the equation: 

��� = .083	 �
�
���� ≤ .9���  (Eq 10-2 , ACI 440.2R-08) 

 

Where: 

��� = allowable strain in composite 

�′� = compressive strength of concrete (psi) 

� = number of layers of composite material 

�′� = compressive strength of concrete (psi) 

�� = modulus of elasticity of FRP material (psi) 

�� = thickness of FRP material (inches) 

��� = ultimate strain at rupture of material 

 

This equation shows that the allowable strain of the FRP material is limited by either the upper 

bound of 90% of the strain of the material at rupture, or the ratio of substrate strength and the 

axial stiffness of the composite.  In short, as the stiffness of the composite increases relative to 

the strength of the concrete substrate, the allowable strain in the FRP is limited by ACI.  The 

allowable strain equation for shear strengthening is similar in nature but takes into account 
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whether or not the concrete beam is fully or partially wrapped, and uses reduction factors 

equivalent to the LRFD factors (0.75 reduction for shear and 0.9 for flexure). 

Another item of concern related to the disbondment of FRP is the effect of stress 

concentrations and their role in disbondment. ACI recommends that the FRP system shall 

terminate beyond points of inflection, points where �� is less than ���, or other points where 

the interfacial stress between the composite and substrate is zero.  The equation for defining 

the development length for FRP bonded to concrete is: 

��� = .0057	����
�
�    (Eq 13-2, ACI 440.2R-08) 

 

The equation shows the development length of the FRP increases as the stiffness of the 

composite increases and the strength of the substrate decreases. 

3.1.2. FRP to FRP Disbondment 

Substantial research has also taken place to analyze the failure of the FRP to FRP interface when 

splicing together two FRP sheets along the length of the fabric.  Yang and Nanni (2001) 

published research which looked at the effect of lap lengths of CFRP coupons when tested in 

pure tension.  A double-coupon arrangement was utilized to prevent intrinsic eccentricities on 

single-ply lap specimens.  The tested lengths include increments of ½” from ½”-2” and then 3”, 

4”.  While the eccentricities are small, even a small rotation of the specimens will produce 

tensile stresses in the epoxy of the lap splice instead of pure interfacial shear as intended. 
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Figure 4, Eccentric Coupon 

 

Figure 5, Symmetric Coupon 
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The CFRP coupons in the tests were found to achieve their ultimate strength in as little as 1½” 

of lap length.  The results can be interpreted as a ratio of the experimental results divided by 

the strength of a continuous coupon.  The capacity of the specimens went from 34.6% for the 

½” lap length, 63.3% for 1” and 83.8% for 1½”.  After the laps increased beyond 1½”, no 

increase in strength was seen.  It was noticed, also, that the strength of the coupons increased 

somewhat linearly before reaching their maximum value.  The paper goes on to recommend 

that a practical field-use value is 4” for lapping, especially when the FRP will be subjected to 

high cycle fatigue loading. 

While ACI 440.2R-08 provides guidance for tapering multiple layers of FRP and for determining 

development lengths for FRP on concrete, it defers to the manufacturer and independent 

testing for FRP to FRP failure modes.  ASTM D-5868 (2008) is the current standard for 

manufactures to test their FRP to FRP properties.  In this standard, titled Lap Shear Adhesion for 

Fiber Reinforced Plastic (FRP), a test is defined which quantifies the shear strength of one 

square inch of bonded surface.  This resource also acknowledges both the benefits of relying on 

bond strength as opposed to mechanical or other fasteners due to inherent stress 

concentrations and the need to standardize a shear test so FRP products can be compared to 

one another. 

3.2. Effect of Nonlinear Fibers in FRP Matrix 

A key factor in the failure of splayed anchor systems due to the effect of nonlinear fibers 

associated with the splay.  The majority of the strength of the FRP system comes from the 

material properties of the fibrous material which are usually intended to be utilized only in pure 



20 

tension.  As splay angles increase beyond colinearity with the FRP fabric large components of 

shear are introduced into the matrix which are distributed by the resin.  ACI 440.2R-08 states in 

Section 6.7 that small differences in the orientation, as small as five degrees, can cause 

substantial reduction in strength and modulus and any deviation must be approved by the 

design professional associated with the design. 

Research on this topic was conducted by Yang and Nanni (2002), titled Strength and Modulus 

Degradation of CFRP Laminates from Fiber Misalignment.  In this research coupons of different 

amounts of misalignments were tested in direct tension in a UTM.  The angle variance was from 

0 to 40 degrees for single-ply and 0 to 90 degrees for double-ply specimens.  Most importantly 

for the subject matter of this thesis, strength and stiffness of single-ply samples were analyzed 

for samples between 5 and 10 degrees, which would be common angles used within a CFRP 

splay anchor. 

 
Figure 6, Stress-Strain Curve for Single Ply, Courtesy of  

ASCE Journal of Materials in Civil Engineering 

 

 



21 

 
Figure 7, Normalized Strengths for Single Ply, Courtesy of  

ASCE Journal of Materials in Civil Engineering 

 

The data shows that the effect on the stiffness of the CFRP samples were not greatly affected 

by the 5 to 10 degree difference in fiber alignment in the coupons, however a large reduction in 

strength at rupture was observed. 

The authors recommend a strength reduction of 13.6% for CFRP laminates to account for fiber 

misalignments, with no reduction factor required for stiffness.  Also evident in the data are the 

sudden decreases in stiffness for the 5 and 10 degree samples at a strain of approximately 

0.007.  At this point the epoxy partially fails in shear, allowing some rotation and relative 

relignment of the fibers.  After this “realignment” the fibers are able to be reloaded until 

failure. 
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Figure 8, Creation of Shear Component within Splay 

 

3.3. Failure Mechanisms in CFRP Anchors 

As the use of FRP products becomes more widespread, significant research has been dedicated 

to studying the behavior of composite anchorage systems to prevent premature disbondment.   

The applicability of many of these tests, however, is limited relative to this thesis due to the 

typical configuration of the tested anchors.  Installing the anchors perpendicular to the line of 

action of the force is most common because the intent of the anchors in these tests is to allow 

for more usable strain in the surface bonded FRP laminate, not necessarily to pass a load 

through a discontinuity.  Given these limitations, general conclusions can be made which 

contribute to the behavior of anchors installed parallel to the line of action of the force in the 

FRP. 
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Niemitz, James, and Breña (2010) performed experimental tests using various CFRP anchor 

geometries installed through CFRP fabric to correlate failure strength with different parameters 

such as; perpendicular or parallel pattern, anchor diameter, splay diameter, and quantity of 

anchors.  Modes of failure they noted include FRP anchor splay delamination, shear rupture of 

FRP anchor, and FRP sheet rupture.  Along with the specimens that were bonded along with 

CFRP anchors, there were CFRP sheets that were only bonded to the concrete blocks and 

specimens which were only connected by CFRP anchors.  This method allows the researchers to 

test the individual components of the system as well as their combined behavior. 

Of the specimens tested, the highest PTest/PUlt ratio achieved was 0.83 where PUlt is the ultimate 

strength of the CFRP sheet.  This specimen contained multiple, smaller diameter, anchors that 

were positioned perpendicular to the tensile force.  It failed with a primary failure mode of 

sheet rupture that was preceded by the edged of the sheet (outside the anchor confined 

region) becoming disbonded.  In general the values of the CFRP-only bond varied between 33 

and 45% while the anchor-only specimens varied between 22 and 74%.  It should be noted that 

the anchor-only specimen that achieved 74% also featured numerous small anchors positioned 

perpendicular to the load.  The bonded specimens which also utilized CFRP anchors 

outperformed all control specimens.  Figure courtesy of ASCE Journal of Composites for 

Construction. 
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Figure 9, Niemitz CFRP Anchor Test Apparatus and Anchor Layouts, Courtesy 

of ASCE Journal for Composites in Construction 
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CHAPTER FOUR 

4. Experimental Program 

4.1. Objective and Scope 

The intended goal of this experimental testing is to determine the influence of the CFRP dowel 

splay angle and the effect of multiple CFRP layers on the strength, and consequently the 

achievable strain in the FRP sheet.  Failure modes will be noted as well as the ductility of these 

failures, with higher preference being given to more ductile ones.  From the experimental data 

recommendations will be made, including: 

• Recommending reduction factors to account for reduced capacity of the system due to 

fiber misalignment. 

• General comments on constructability and field implementation. 

• Determining dominant modes of failure for this type of “dowel to splay” CFRP anchor 

system. 

4.2. Description of Specimens 

Eleven total specimens were made from a commercially available uniaxial carbon fabric and 

two-part epoxy.  For the remainder of this thesis notation such as “2L30A” will be used.  2L30A, 

describes a sample where 2 layers of CFRP are used for the fabric, the splay angle is 30 degrees, 

and it is sample A of two samples (A or B for each set of geometry).   Also fabricated were eight 

CFRP coupons which were tested in tension until failure to determine the potential ultimate 

strength of the anchor specimens.  The specimens with two layers had the dowel splay in 
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between the fabric layers to determine if there was a substantial gain in strength by doubling 

the bond area. 

To eliminate potential failure that would be associated with the grips of the UTM or premature 

failure of a concrete anchor block, pipe assemblies were fabricated and tapped to provide 

sufficient strength and a substantial mechanical profile for the epoxy to adhere to.  In all 

specimens a uniform fabric sheet width of 12” was used so the amount of fibers in the anchor 

would always be greater than or equal to the amount of fibers in the CFRP sheets. 

 
Figure 10, Pipe Threaded for Mechanical Profile 
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Figure 11, Plate Tab added for UTM Grips 

 

Next, CFRP dowels had the lower 8” of fabric saturated and they were rolled into rods so they 

could pre-cure prior to insertion into the pipe assemblies.  This method made the assembly of 

the specimens much easier because the pre-cured dowel portion could easily insert into the 

pipe assemblies.  However, it was discovered later in the construction process that a small 

amount of epoxy had run into the base of the splay fibers which caused a small amount of fiber 

misalignment at the base of the splay in several of the specimens. 

 
Figure 12, Stitching Removed from Splay Portion 
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Figure 13, Pre-Curing of Dowel Portion 

 

After the dowel assemblies were allowed to cure for approximately 72 hours, they were 

inserted into the pipe assemblies which were pre-filled with mixed epoxy.  Excess epoxy was 

allowed to overflow out of the pipe, this method also pushed out an air that would have been 

trapped between the dowel and the pipe wall.  The anchorage assemblies were then allowed to 

cure, labeled for their respective geometric properties and then laid out on waxed paper which 

had the appropriate geometry drawn as a template. 
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Figure 14, Waxed Paper Template 

 

 
Figure 15, Specimen Saturated on Template 

 

After all specimens were allowed to cure 2”x1/8” steel flatbar was ground to make a 

mechanical profile, cut to 6” width and epoxied to the fabric end of the specimens.  These bars 

prevented stress concentrations when the fabric is gripped by the UTM jaws.  They were then 
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transported to The University of Arizona’s laboratory at the Civil Engineering and Engineering 

Mechanics building. 

4.3. Testing Methodology 

The test samples were tested on the MTS 810 Universal Testing Machine which recorded the 

tensile force in the jaws as the machine elongated the samples at a constant rate of .0084” per 

second.  The data was recorded by the controlling computer and was then exported to Excel for 

analysis.  At the time of testing the integrated extensometer was not functioning and no 

internal strain values within the CFRP sheets was recorded.  However, even with the 

extensometer malfunctioning, the approximate strain in the fabric can be found using Hooke’s 

Law.  After failure images were taken of each specimen and the mode of failure categorized as 

anchor rupture or anchor disbondment. 

 
Figure 16, UTM Grip Plates 
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Figure 17, Specimen in UTM 

 

 
Figure 18, Specimen in UTM 
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CHAPTER FIVE 

5. Testing Results and Discussion  

The tensile testing of the CFRP specimens produced results which provide substantial insight for 

implementing this type of anchor in the field.  There were numerous complications associated 

with the creation of these samples that would, at least in part, be a part of field installation.  

The first issues involved the creation of the pre-cured dowels.  After saturation it proved rather 

difficult to tightly roll the anchors without getting any epoxy on the splay portion of the anchor 

and after rolling them the material would “slump” and air pockets would be created within the 

anchor dowel.  This problem would be partially mitigated if the splays and dowels are saturated 

and installed at the same time.  Another issue that proved to be critical to the capacity of the 

specimens was the alignment of fibers and the stress concentration at the top of the dowel 

where the splay begins to fan onto the fabric.  The summary of the data is as follows: 

Table 1, Results from Tensile Coupon Tests 

Coupon 
Width 

(in) 
Thickness 

(in) 
Length 

(in) 
Area 

(in
2
) 

Max 

Load 

(kip) 

Max 

Elongation 

(in) 

Strain 

at 

Failure 

Peak 

Stress 

(ksi) 
Modulus 

(ksi) 

1 0.993 0.135 10.5 0.134 15.2 0.20 0.019 113.4 5952.8 

2 0.980 0.137 10.0 0.134 21.9 0.17 0.017 163.1 9595.1 

3 0.992 0.115 10.0 0.114 22.2 0.18 0.018 194.6 10811.1 

4 0.995 0.120 10.0 0.119 21.4 0.15 0.015 179.2 11948.6 

5 0.985 0.125 10.0 0.123 11.2 0.18 0.018 91.0 5053.6 

6 1.012 0.118 10.5 0.119 18.1 0.20 0.019 151.6 7957.5 

7 0.935 0.11 10.5 0.103 21.9 0.20 0.019 212.9 11178.9 

8 0.957 0.125 10.0 0.120 22.0 0.21 0.021 183.9 8757.5 

                    

Avg 0.981 0.123 10.188 0.121 19.24 0.18 0.018 161.2 8906.9 

StdDev             0.002 41.3 2478.8 
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Table 2, Summary of Strength Results of Splay Specimens 

Specimen Max Load (kips) 
Avg Stress at 

Failure (ksi) σTest/σUlt Failure Mode 

2L30A 17.77 24.68 0.15 Anchor 

2L30B 25.28 35.11 0.22 Anchor 

2L60A 12.67 17.60 0.11 Anchor 

2L60B 16.52 22.95 0.14 Anchor 

2L90A 17.52 24.34 0.15 Anchor 

2L90B 17.58 24.41 0.15 Anchor 

1L30A 18.68 21.89 0.32 Anchor 

1L30B 12.82 35.62 0.22 Anchor 

1L60A 12.66 35.18 0.22 Disbond 

1L60B 14.05 39.03 0.24 Anchor 

1L90B 11.28 31.33 0.19 Disbond 

 

Table 2 shows that 9 of the 11 anchors tested failed where the splay begins at the top of the 

pipe apparatus.  Identifying this failure mode is an important portion of this research because 

this geometry will be inherent in any field application.  The data in Table 2 also shows that 

specimens with lower splay angles, in this case 30 degrees, had higher failure loads than 

specimens with larger splay angles. 

Plotting the force versus time (kips/seconds) shows a general trend between the samples, and 

that is the stiffness of the samples stays relatively consistent between the geometries and this 

is independent.  In the two layer specimens the two slopes of the lines of best fit differ by 0.04 

kips/second which is less than a 10% variation.  Similar behavior can be seen in the single layer 

samples. 
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Figure 19, Data from 2L30A 

 

 
Figure 20, Stiffness Coefficient for 2L30A 

 

 

Figure 21, Data for 2L30B 



35 

 

 

Figure 22, Stiffness Coefficient for 2L30B 

 

 
 

Figure 23, Data from 1L30A 
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Figure 24, Stiffness Coefficient for 1L30A 

 

 
Figure 25, Data for 1L30B 

 

 
Figure 26, Stiffness Coefficient for 1L30B 
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In the single layer samples the difference between the stiffnesses were near 20%, but were still 

closer than the relative strengths which varied by 50% (18 and 12kips, respectively).  These 

results are consistent with the findings by Yang and Nanni (2001) in Strength and Modulus 

Degeneration of CFRP Laminates from Fiber Misalignment. 

Dramatic under-utilization of the CRFP sheet strength was seen in the data due to the 

premature failure of the splay at the top of the dowel.  The results in Table 1 show an average 

utilization ratio of 19.4% of the potential strength when compared to the capacity of the CFRP 

sheet.  The two specimens which failed by the splay disbonding from the sheets did so after the 

CFRP sheet cracked vertically between the dowel and the upper grip.  This vertical split allowed 

the sheet to “fold” around the splay causing prying action on the bond interface, and 

subsequent disbondment.  This failure mode would not exist in the field because the fabric 

sheets would be bonded to the substrate and would therefore remain in-plane. 

 
Figure 27, Disbondment of 1L90B 
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Figure 28, Disbondment of 1L90B 
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CHAPTER SIX 

6. Summary, Conclusions and Recommendations for Future Work 

6.1. Summary and Conclusions 

In the testing of CFRP dowels, which were splayed onto one or between two CFRP sheets, it was 

found that the dominant mode of failure was the rupture of the CFRP dowel where it begins to 

splay onto the fabric.  Universally, the specimens which had the smoother transitions between 

the dowel and splay proved to have the highest utilization ratio in the testing.  This result is 

especially important to field implementation because this characteristic will be inherent in any 

dowel to splay design.  To maximize system capacity extra precautions and care during 

installation must be taken to alleviate the stress concentrations at this location.  In this 

experiment, additional misalignment of fibers took place at the splay to dowel transition due to 

the two-stage curing of the anchors (first dowel, and then splay to fabric).  Consequently, an 

important recommendation for field implementation is to not pre-cure the dowels but to install 

the dowel and splay at the same time.  It is important to note that in addition to the stresses 

induced by the misalignment due to the splay, there were additional bending stresses at this 

location due to inherent eccentricities between the centroid of the anchor and the centroid of 

the CFRP sheets. 

As suggested by other research, the stiffness of the system was less effected by the 

misalignment of fibers in the system than the strength.  Based on the data collected, this author 

recommends no greater than 15% of the ultimate failure stress of the uniaxial CFRP fabric is 
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allowed in this type of anchorage system.  An increase in this value will likely be seen if the 

dowel and splay sections are saturated at the same time, as mentioned previously. 

6.2. Recommendations for Future Research: 

While having inherent issues with field installation such as stress concentrations at the dowel-

splay transition, there is significant potential to adopt a CFRP connection such as this for 

widespread structural use.  Items of consideration for future research include: 

• Testing rectangular dowels to reduce inherent eccentricities and stress concentrations 

· The majority of test specimens in this experimental program failed where the 

splay transitioned into the round dowel.  If the splays transitioned into a 

rectangular cross-section, with a 2:1 aspect ratio or greater, the shear flow 

between the fibers would likely decrease and there would be a reduction of the 

eccentricity between the centroid of the fabric and the centroid of the dowel. 

• Testing dowel-splay specimens which are not two-stage cured 

· The two-stage curing process of creating the specimens generated additional 

stresses in the splay transition due to increased non-linearity of the fibers and 

the premature introduction of resin in the splay due to capillary action.  By 

saturating and bonding the entire length of the splay-dowel assembly to the 

fabric at the same time to time, an increase of the failure load would be likely. 

• Testing the dowel-splay assemblies in a way that prevents the out-of-plane rotation of 

the CFRP fabric. 
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· In the experimental testing some of the specimens, particularly the single layer 

ones with shorter splay lengths, had the tendency to “fold” slightly in the out-of-

plane direction.  This behavior is inconsistent with the behavior of a fabric which 

is bonded to some type of substrate.  It is recommended that this behavior 

should be mitigated to isolate the failure modes relevant to field 

implementation. 

  



42 

Appendix A: Images 

 
Figure 29, Fabricated Pipe Support 

 

 
Figure 30, Threading Ø1” Pipe 
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Figure 31, Assembling Pipes 

 

 
Figure 32, Flooding Pipe for Dowel Insertion 
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Figure 33, Dowels being Pre-Cured in Pipes 

 

 
Figure 34, Dowel being Test Fit on Fabric 
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Figure 35, Saturating Fabric for Coupon Creation 

 

 
Figure 36, Coupons Cut from Cured Fabric 
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Figure 37, Measuring Coupons 

 

 
Figure 38, Saturating and Installing Splays onto Initial Specimen 
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Figure 39, Installation of Grip Plates 

 

 
Figure 40, Cured Initial Specimen 
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Figure 41, Laying out Specimens 

 

 
Figure 42, Creation of Specimen Templates 



49 

 
Figure 43, Cured Specimens 

 

 
Figure 44, Epoxy and Measuring Cup 
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Figure 45, Specimen 1L30A in UTM 

 

 
Figure 46, 1L60B in UTM 
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Figure 47, Failure of 1L90B 

 

 
Figure 48, Failure of 1L60B 



52 

 
Figure 49, Failure of 1L60A 

 

 
Figure 50, Failure of 2L90B 
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Figure 51, Failure of 2L90A 

 

 
Figure 52, Failure of 2L60A 
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Figure 53, Failure of 2L60B 

 

 
Figure 54, Failure of 2L30A 
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Figure 55, Failure of 2L30B 

 

 
Figure 56, Failure of 1L30B 
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Figure 57, Failure of 1L30A 

 

 
Figure 58, Failed Specimens 
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