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Executive Summary
The reliability of any structural design depends greatly on the ability of the engineer to
accurately estimate the material properties to be used in construction. Unlike conventional
construction materials such as concrete and steel for which established procedures for estimating
their mechanical properties exist, newer materials that have been recently introduced to civil
engineering applications lack such established procedures. In some cases multiple procedures
yielding different results exist. Fiber Reinforced Polymer (FRP) composite materials fall under
this category. Two methods exist for characterization of their mechanical properties, namely the
American Concrete Institute (ACI) 440.2R method and the American Society for Standards and
Materials (ASTM) D-7290 method.
This study investigates estimates of FRP strength and elastic modulus estimates using both
methods. The report starts with a literature review of the history of FRP use in structural
applications followed by a detailed description of the two methods for characterizing mechanical
properties of FRP composite materials. An experimental database is then assembled by
conducting laboratory tensile tests of carbon FRP coupons and bending tests of glass FRP
coupons. The mechanical properties for the tested coupons are estimated using both
characterization methods. Comparisons between estimates from both methods are conducted,
presented, and discussed. Because of the limited range of variables that the experimental
database covered, simulations of virtual specimens were further conducted and their results were
also compared. Finally, conclusions are drawn based on the experimental and simulation results.
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Abstract
The aging infrastructure in the United States puts a huge burden on bridge engineers and officials
who strive to ensure public safety and meet community demands. Strengthening existing bridge
structures instead of the more expensive replacement alternative has therefore been a more
feasible choice in many cases, which led to large research efforts to develop new strengthening
methods and explore the use of new materials. Fiber Reinforced Polymer (FRP) composites is
considered one of the new materials that continue to grow and gain popularity for structural
applications. Successful use of FRP relies on understanding its behavior and being able to
confidently assess its properties. Characterizing material properties from random samples is
important in order to better understand the behavior of FRP composites and implement them in
design codes. Reliable and consistent methods of characterizing the material resistance are
essential for the successful employment of any material. There are two popular statistical
methods used for finding characteristic values for FRP composites: The first method is
recommended by the American Concrete Institute (ACI) in publications produced by Committee
440 (Fiber-Reinforced Polymer Reinforcement), while the other is adopted by the American
Society for Testing and Materials (ASTM International) in a standard for Evaluating Material
Property Characteristic Values for Polymeric Composites for Civil Engineering Structural
Applications, ASTM D7290. In this study, tensile and flexural tests are conducted on different
FRP composite materials for the purpose of investigating the differences between these two
methods. The experimental results were complemented with simulations of virtual specimens.
The experimental and simulation results are then used to estimate the material properties
following both characterization methods and to conduct comparisons between both methods.
Conclusions are finally drawn based on the comparison results.
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1.0

Introduction

Around the late 1970s and early 1980s, interest in advanced polymer composite (APC) materials
by researchers started rising. Research and development into the use of APC in structural and
civil engineering during this period was largely influential in leading to the worldwide interest
given to its structural potential today. In civil engineering applications, these APC materials are
better known as fiber reinforced polymers or FRP (Hollaway 2010). FRP composites continue to
become increasingly popular in the field of civil engineering for structural applications due to
their desirable structural engineering properties. According to Ellingwood (2003), the main
structural properties that make FRP composites desirable include their high tensile strength and
strength-to-weight ratio. The material strength is usually either equal to or greater than that of
steel. Ellingwood (2003) also makes known other attributes, which include the fact that they can
be custom engineered for specific applications, and they can be environmentally inert and
corrosion resistant. Furthermore, FRP materials generally have positive fatigue properties.
Conversely, some cons of FRP structural systems/components include the facts that they behave
in linear elastic manner up to the point of failure and are nonhomogeneous, with their strength
depending on the orientation of the fibers. Furthermore, most FRP materials exhibit low
resistance at high temperatures, such as in the case of an extreme fire event, and more
importantly, there is only a limited body of knowledge about their long-term properties
(Ellingwood 2003). Overall, the desirable aspects of FRP composites seem to overshadow their
down-sides, which make these materials such an attractive, fairly new option in the structural
engineering field as is evident by the increase in adoption rate of FRP materials in rehabilitation
projects.
FRP composites consist of long filaments or short fibers, which are the load-carrying elements,
surrounded by a matrix (Srivastava and Prakash 1987). Ellingwood (2003) describes how the
matrix is a polymer matrix, usually a thermosetting resin such as polyester, vinyl ester, or epoxy.
The matrix protects the fibers against the environment and other sources of damage and also
supports their arrangement. The reinforcing fiber types can be glass, carbon, or aramid. A more
in depth discussion of each of these material components and their composition and
characteristics can be found in Hollaway (2010) among others. FRP materials can be used in
combination with other structural materials. They are used increasingly in strengthening,
retrofitting, and repairing reinforced concrete structures. There are also current studies on
reinforcing common steel sections with FRP composite materials. FRP composites can also be
used for stand-alone construction in different forms, such as prefabricated military structures,
light pedestrian bridges and bridge decks (Ellingwood 2003). Pultruded sections are FRP
composite material elements which are made into sections that resemble structural steel shapes,
which are used directly in structural engineering applications.
With the growing popularity of FRP composite materials and the many different functions they
can serve in structural engineering applications, their incorporation into design codes and
standards is essential. FRP composites have long been used in other industries or fields, such as
the aerospace, marine, automotive, and mechanical (Zureick et al. 2006). The practice in these
other fields is different than that of structural design in civil engineering (Ellingwood 2003). In
these other various industries, a final engineered product is usually mass produced in a quality
controlled facility for a specific purpose because components are used repetitively on a large
3

scale. Product design in these industries usually allows for prototype testing. On the other hand,
in the field of civil engineering, structures are relatively larger, and each is individually
engineered as opposed to being mass produced. Much analysis and computation must be
performed in the design of structural systems. Civil engineers must design structures following
the appropriate codes and standards and work with a catalog of standard structural elements and
preapproved details. For nearly three decades now, committees on standards and specifications
worldwide have adopted probability-based limit states design procedures, which is known as
load and resistance factor design (LRFD). These design procedures require values for nominal
loads and nominal strengths or resistances for its design equation.
In Europe, Japan, Canada, and the United States, design codes, standards and guidelines for
externally bonded FRP systems have been developed, and the process remains ongoing. Several
documents on various types of FRP composites and functions in which they can serve have been
published over the past decade, e.g., ACI (2008). The nominal values of their properties (e.g.
strength and stiffness) must be clearly defined in appropriate standards before FRP composite
materials can be widely accepted and used by structural engineers. In the United States, this may
be the latest versions of standards published by the American Society of Civil Engineers
(ASCE), the American Institute of Steel Construction (AISC), or the American Association of
State Highway and Transportation Officials (AASHTO) bridge design specifications (Zureick et
al. 2006). As acknowledged by ASTM D5457-04, the concern with incorporating new structural
materials into these standards is establishing reference strengths or resistances for the limit state
design philosophy of LRFD and making sure that the determined values yield consistent
reliabilities with that of other materials. Therefore, characteristic values for strengths and
stiffness of FRP composite materials must be determined, and a standard procedure must exist
for doing so (Zureick et al. 2006). Standard methods are being developed by different
organizations, such as ASTM, ACI, and CSA for characterizing FRP composites, (ACI 2008) but
testing to support design specification of these materials has yet to be standardized (Ellingwood
2003).
Estimating properties of structural materials by a characteristic value is common for some
construction materials such as timber. A characteristic value represents a lower bound on the
material property structural member resistance factors for civil engineering design codes for
composite structures (ASTM 2006). In other words, this value produces a reference resistance to
be used for design purposes. When the statistical parameters and distribution type of a random
variable are known, the characteristic value is deterministic (Zupan et al. 2007). However, the
exact distribution type and parameters of a random variable are not known in practical
applications. They are usually estimated from random samples, hence, the characteristic value
itself is usually a random variable (Zupan et al. 2007). The samples involved can be fairly small,
and a distribution is usually assumed but may not be completely accurate in representing the
random variable due to the finite number of samples. Because different methods of
characterization exist, it should be expected that the characteristic value is affected by the
method used to determine it. It is important that a standard method for determining characteristic
values for FRP material resistance be either decided upon or developed. This is important in
order for structural engineers to become confident in adopting FRP composite materials and for
these materials to receive wide acceptance for structural engineering applications Zureick et al.
(2006).
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This report presents tests conducted on various carbon FRP (CFRP) and glass FRP (GFRP)
materials; two of the most widely used types of composite materials in civil engineering
applications. Based on the test results, characteristic values for the resistance of the different FRP
materials will be determined through two of the more commonly used methods of
characterization. The two characterization methods include the method utilized by ASTM
(ASTM 7290) and the one used by ACI, in ACI 440.2R. The values generated from the different
methods will be studied. The characteristic values determined from these tests only characterize
the short-term strength or stiffness of the material and do not account for time-dependent effects
or losses.
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2.0

Literature Review

Characterization methods exist for various types of materials for the purpose of establishing a
reference resistance for design. For example ASTM D5457 is a standard for characterizing
wood-based materials. According to Sriramula and Chryssanthopoulos (2009), what
distinguishes composite materials from other engineering materials is the high variability in their
mechanical properties of different products. This is especially true for FRP composites, which
are tailor-made for such specific applications. The uncertainties in dealing with the performance
composite structures can be generalized as resulting from either the material, geometric, or
structural aspects. The significance of characterization of mechanical properties in a way that
accounts for inherent uncertainties is essential for standardizing design procedures and
calibrating Load and Resistance Factor Design (LRFD) codes.
As stated earlier, the different methods of characterization for a given material may not yield the
exact same characteristic values. This particular study is aimed towards evaluating the
consistency between the two popular characterization methods used for FRP composite
materials, which are those employed by ASTM and ACI respectively. These two methods are the
American Society for Testing and Materials (ASTM International) standard for Evaluating
Material Property Characteristic Values for Polymeric Composites for Civil Engineering
Structural Applications (ASTM D7290), and the method recommended by ACI Committee 440
in its ACI 440.2R publication. A characteristic value obtained using the first method, ASTM
D7290, represents the 80% lower confidence bound on the 5th percentile of the population.
These values for the confidence bound and the percentile level were selected in order to produce
resistance factors that are consistent with other common construction materials used in LRFD
codes (Zureick et al. 2006). Conversely, the ACI method yields characteristic values that have a
99.87% probability of being exceeded by the actual material property values. Both methods will
first be presented in the following sections.

2.1

ASTM D7290-06 Characterization Method

The ASTM D7290-06 method is titled: Standard Practice for Evaluating Material Property
Characteristic Values for Polymeric Composites for Civil Engineering Structural Applications.
In this method, a two-parameter Weibull distribution is used to represent the probability
distribution function for a given material property. The characteristic value is defined as a
statistically-based material property that represents the 80% lower confidence bound on the 5thpercentile value of a specified population (ASTM 2006). These values for the lower confidence
bound and the percentile level were chosen in order for the characteristic values of the composite
materials to produce similar factors to that of other civil engineering materials for the LRFD
procedures (ASTM et al. 2006).
The procedure first requires the calculation of the mean and standard deviation for the measured
material property using Equations 1 and 2 respectively:
̅

(∑

)

(1)
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where:
̅ = sample mean
= sample standard deviation
= number of specimens
= measured or derived property
Next, any outliers that exist within the data set must be identified. To screen for these outliers,
ASTM D7290-06 calls on using the Maximum Normed Residual (MNR) method. This method
requires the calculation of the MNR statistic using Equation 3:
|

(

̅|

)

(3)

in which the data values are arranged in increasing magnitude: {

}.

Then the critical MNR value (CV), which in this case is based on a 5% significance level, must
be calculated from Equation 4:
(

√

)

(4)

If the MNR statistic is smaller than the critical value (i.e.
), then no outliers exist in
the sample. However, if an MNR value is found to be greater than the critical value, then the
MNR is a possible outlier and must be examined to determine if it should be removed from the
dataset (ASTM 2006). If reason is found for removing a value and it is determined to be
erroneous, the sample mean and standard deviation must be recalculated. This process is to be
repeated, until no remaining outliers exist in the dataset (ASTM 2006).
Since the two-parameter Weibull distribution is used, it can be expressed in the form shown in
Equation 5.
( )

( )( )

[ ( ) ]

(5)

where:
= the shape parameter
= the scale parameter
The maximum likelihood estimates, ̂ and ̂, of the parameters
calculated numerically, using Equations 6 and 7 respectively:

and , respectively, are

̂

∑
∑

̂
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Using these estimates, the coefficient of variation of the property may be calculated from
Equation 8:
√ (

̂)

(

(

̂)

(8)

̂)

where:
( ) = the gamma function
The nominal value (5th percentile of the two-parameter Weibull distribution) is calculated using
Equation 9:
̂[

]̂

(9)

Finally, the characteristic value of the material property, as the 80% confidence bound, on the 5th
percentile value, may be calculated as seen in Equation 10:
(10)
where:
= the data confidence factor
The purpose of this data confidence factor is to account for the uncertainty associated with a
finite sample size. Values for this factor can be found in Table 1, which is taken directly from
ASTM 7290-06.
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Table 1: Data Confidence Factor, on the 5th-Percentile Value for a Weibull Distribution
with 80% Confidence* (ASTM D7290-06)

Linear interpolation is permitted. For COV values below 0.05 ( ̂ >24.95), the values for
COV=0.05 shall be used.
*

2.2

ACI Characterization Method

ACI 440.2R is the American Concrete Institute’s Guide for the Design and Construction of
Externally Bonded FRP Systems for Strengthening Concrete Structures. The method for
characterization of FRP material properties is specified in ACI 440.2R-08. Equation 11 shows
the ultimate tension strength of FRP materials and is given as the mean tensile strength of a
sample of test specimens minus three times the standard deviation.
̅̅̅̅

(11)

where:
= the ultimate tension strength of the FRP material as reported by the manufacturer
̅̅̅̅ = the mean of the ultimate tension strengths of the test specimens that are tested for tensile
properties in accordance with ASTM D3039
= the standard deviation
Also, the ultimate rupture strain (Equation 12) or whatever material property is of interest, may
be reported in the same way.
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̅̅̅̅

(12)

where:
= the ultimate rupture strain of the FRP reinforcement and
̅̅̅̅ = the mean rupture strain of the FRP test specimens that are tested for tensile strain
characterization in accordance with ASTM D3039
This approach should provide a 99.87% probability that the actual ultimate tension properties are
greater than these statistical design values for a standard sample distribution (ACI 2008). It can
be seen that unlike ASTM D7290-06 characterization method, the ACI 440.2R characterization
method does not account for the sample size in its equations. To avoid sensitivity of estimated
mechanical properties of FRP composite materials to sample size, a minimum of 20 tests are
required.
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3.0

Methodology

In this section, the overall process of preparation and testing will be discussed for both the CFRP
tensile coupon tests and the GFRP flexure tests. The tests were conducted following ASTM
standards D3039 and D7264 for the tensile and flexure tests respectively.
As stated earlier, the main purpose of this study is to compare the characterization methods used
by ASTM and ACI. These characterization methods will be compared using results obtained
from testing different FRP material products through two types of testing, namely CFRP tensile
coupon tests and bending tests of pultruded GFRP rectangular cutouts from pultruded sections.
The first type of tests performed, the flat coupon tensile tests, will make-up the majority of this
study, because there were more of these tensile specimens available for testing than that of the
specimens to be tested in bending. The CFRP material products being used for the flat coupon
tensile tests were prepared by the supplier. Seven types of CFRP laminates impregnated with
epoxy resin and cut into approximately 1-in. wide tensile coupons were tested. CFRP laminates
are commonly used in external bonding/strengthening of concrete structures through a wet-layup
composite system and also for retrofitting concrete columns in the form of FRP jackets, which
are also placed via a wet-layup process. The specimens used for the bending tests were sections
of GFRP taken from commercially produced pultruded I-shaped beam section. The research
team at Louisiana State University used these pultruded beams for the strengthening of larger
steel beams in another study. All of these GFRP specimens varied between approximately 1 in.
and 2 in. in width and were all nearly 0.375 in. in thickness.
Through the years, studies have shown that when tested as part of a cured composite, the tensile
strength and ultimate rupture strain of the net-fiber are usually significantly lower than those
from dry fiber tests (ACI 2008). ACI 440.2R recommends characterizing the properties of an
FRP system as a composite, such as in the form of the tensile coupons or bending specimens
used for these tests. It should be noted that in this study, the ultimate rupture strain, which is also
an integral part in design procedures along with the ultimate strength, is studied in order to
determine the elastic modulus values. However, the quality of the recorded strains was not
reliable for many specimens due to slippage of the extensometer used in recording the ultimate
rupture strains. The stiffness was therefore characterized by directly determining the modulus or
modified modulus of elasticity for each specimen following the procedure described in
Section 3.2.2. Each specimen was tested, and its strength and elastic modulus (or modified
modulus) were determined. The characteristic values for these FRP material properties were then
determined using both methods. The values determined from the test results are then used in
comparing both statistical characterization methods that will be presented later in the report.
A major difference between the two characterization methods considered in this study is the
required number of specimens. ACI 440.2R recommends that a minimum number of 20
specimens be tested for characterizing the material properties. ASTM D7290-06 accounts for
sample size using a data confidence factor (see Table 1), which allows for estimating the
mechanical properties using any number of specimens up to a minimum of 10. The groups
available for testing in this study consisted of only between a maximum of 13 specimens to a
minimum of 5 specimens, which allows for investigating the effect of specimen size on the
estimated material properties.
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3.1

CFRP Tension Tests

3.1.1 Materials and Preparation
Seven types of carbon fiber sheets provided by the manufacturer. They varied in carbon fiber
strength, density, and directionality (uni- and bi-directional). The groups will be identified as
Groups A, B, C, D, E, F, and G, with respect to the order as they were previously mentioned.
The laminates were woven from yarns consisting of 12,000 fibers. The density of the dry carbon
fiber laminates ranged between 300 and 600 gm/m2.
The ASTM standard for testing coupons in tension (D3039-00) has specific requirements
regarding the specimens, their tabs and preparation. Tabs are usually flat, rectangular pieces of
material that can be either the same material or another material of appropriate durability. These
tabs are usually bonded to the ends of coupon specimens with the purpose of evenly transferring
the load from the grips of the testing machine to the specimen so as to prevent premature,
localized failure. The geometry requirements may be found in Table 2 (ASTM 2000). The
specimens made for this study satisfied these requirements.
Table 2: Specimen Geometry Requirements (Reproduced from ASTM D3039-00)
Parameter
Coupon Requirements:
shape
minimum length
specimen width
specimen width tolerance
specimen thickness
specimen thickness tolerance
specimen flatness
Tab Requirements (if used):
tab material
fiber orientation (composite tabs)
tab thickness
tab thickness variation between tabs
tab bevel angle
tab step at bevel to specimen

Requirement
constant rectangular cross-section
gripping + 2 times width + gage length
as needed
within 1% of width
as needed
within 4% of thickness
flat with light finger pressure
as needed
as needed
as needed
within 1% of tab thickness
5 to 90%, inclusive
feathered without damaging specimen

Since the tested FRP products were provided by the manufacturer in the form of sheets,
preparation was required to get them ready for testing. Tabs had to first be applied to the sheets.
A limited supply of tapered tabs was available for application on the supplied impregnated sheets
(prior to cutting them into 1 in. coupons) for testing. Since there were only enough of these tabs
to be applied to the first four groups (Groups A through D), a second type of tab was made for
the remaining groups. All tabs were applied perpendicular to the direction of the fibers and with
a 6-inch span of plain FRP material in between the two interior ends of the tabs. The tabs were
bonded to the sheets using a two-part epoxy, which consisted of the resin and a hardener. The
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second type of tabs that were made for the remaining FRP sheets consisted of a 0.25 in. thick
plexiglass sheet, cut into 2 in. wide strips. Although these second type of tabs were not tapered,
they were applied in the same fashion to the fiber sheets as the first type of tabs. Once the tabs
were bonded to the sheets, they were cut in to approximately 1 in. wide coupons. Both types of
these coupon specimens can be seen in Figure 1 below.

Figure 1: CFRP tensile coupon specimens: tab type 1 (bottom) tab type 2 (top)
3.1.2 Tensile Coupon Testing
The CFRP coupons were tested in tension and followed the test procedures stipulated by ASTM
D3039 (ASTM 2000). It should be noted that the accuracy of width measurements was ⁄ of
an inch which translates to about 2.5% of the width. The accuracy level is below that required by
ASTM D3039 of 1% of the width. Coupon thickness was even harder to measure due to the
variability caused by the geometry of the woven fabric. To avoid measurement error caused by
this inherent geometric condition, the thickness readings of the specimens were not taken, and
the strength results were reported in kilopounds per linear inch (kip/in) instead of a stress, which
would have relied on the highly variable thickness of the coupons. Three measurements of the
width were taken for each specimen directly before testing along the length of the coupons; one
at the top, one at the bottom and one in the middle. The average of these three readings was
recorded and used in subsequent calculations. The specimen dimensions for each group can be
seen in Table 3.
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Table 3: Width measurements of CFRP tensile coupon specimens of each group
Groups:
Specimen
#
1
2
3
4
5
6
7
8
9
10
11
12
13

A

B

C

D

E

F

G

0.963
0.988
0.988
0.988
1.000
1.000
1.000
1.000
1.000
0.988
1.000

0.988
0.979
1.000
0.988
1.000
0.988
0.988
1.000
1.000
1.000
0.988
0.988
0.981

1.000
1.006
1.000
1.000
1.000
1.000
0.988
1.006
1.013
1.013
1.000
1.013

Widths (in.)
1.000
1.000
1.000
1.000
1.000
0.972
1.025
0.977
0.990
0.988
1.013
1.021
0.983

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.975
1.710

1.030
0.980
1.013
1.000
1.005
1.003
0.990
1.008
0.978
1.005
1.007
0.990
0.980

1.013
1.000
0.975
1.000
1.000

The equipment used for performing these tests includes: an MTS 810 Servohydraulic Material
Testing System with a 50-kip capacity. The testing machine was controlled by an MTS Teststar
IIs™, which was connected to a personal computer loaded with the Multi-Purpose Testware
(MPT) software. An MTS extensometer with a 1-inch gage length was used for strain
measurements. Each specimen was centered within the flat wedges in the hydraulic grips of the
testing machine, and the extensometer was placed in the center of the span of the coupon. The
testing machine had a stationary head on top and a movable head on bottom. This entire set-up,
with one CFRP tensile coupon in-place in the testing machine and the extensometer attached can
be seen in Figure 2.
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Figure 2: CFRP Specimen 10 from Group B set-up in MTS testing machine before testing
The movable head was set to move at a constant strain rate. The tests were ended once the
applied load dropped below 50% of the peak load applied, which would usually indicate that
rupture had occurred. The load and strain readings were recorded every 0.1 seconds on the PC.
As stated earlier, the results from the tensile tests were not reported as actual stresses. Instead,
modified stress values were determined, which were in units of force per length (kip/in). These
values were determined from the dividing the force applied to each specimen by the specimen’s
actual width. Modified stress values were considered to eliminate possible errors through
inaccuracy in measuring/determining the nominal thickness of each specimen. Actual stresses
would have relied on the highly variable thickness of the coupons. The ultimate strength values
were determined in the same manner, by dividing the maximum force resisted by the specimen
by its width. Also, instead of having the modulus of elasticity for each specimen, a modified
modulus of elasticity (kip/in) was determined. The average modified elastic moduli values were
determined based on each modified stress-strain response in the longitudinal strain range from
0.001 to 0.003, except for one specimen that exhibited a transition region. This specimen was
specimen number 13 from Group F, and the appropriate longitudinal strain range chosen for this
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one was 0.003 to 0.005. The tensile chord modified modulus of elasticity was calculated with the
strain range determined and the corresponding modified stress range. This can be seen in
Equation 13, which is reproduced from ASTM D3039-00.
(13)
= tensile chord modified modulus of elasticity (kip/in)
= difference in applied modified tensile stress between the two selected strain points (kip/in)
= difference between the two selected strain points (nominally 0.002).

3.2

GFRP Flexure Tests

3.2.1 Materials and Preparation
The standard for testing flexural properties of GFRP coupons was ASTM D7264 – Standard Test
Method for Flexural Properties of Polymer Matrix Composite Materials (ASTM 2007). The
flexure specimens consisted of rectangular bars that were cut out of pultruded structural I-shaped
beams. There was a total of 10 GFRP specimens. As stated in ASTM D7264, no laminate is
perfectly symmetric, so in testing the flexural properties of these GFRP specimens, variability is
expected. Three of these 10 specimens (Specimens 5, 7, and 10) were interior cuts, taken from
the flange of the pultruded beam. This means that both sides of the specimen were cut in the
process of making them. The rest of the 10 specimens were flange edge pieces, meaning only
one side of the coupon was cut using a table saw while the other was the finished product as
received from the manufacturer. The specimens were cut at an average width of approximately
1.30 in. The average thickness of the coupons was 0.384 in which is almost identical to the
nominal flange thickness of ⁄ of an inch.
3.2.2 Flexure Testing
In these flexure tests of the GFRP, the appropriate procedure (Procedure A) of ASTM D7264
(ASTM 2007) was followed. The same MTS testing machine described earlier (see
Section 3.1.2) was used. An MTS bending fixture (Model No. 642.10B) with a 22 kip force
capacity was placed on the bottom, movable head, in order to be able to perform the flexure tests.
The tests were set up to be a three-point loading configuration, in which the GFRP specimens
rested on two roller supports and was loaded by a single loading nose midway between the two
supports, which is one of the arrangements allowed in ASTM D7264. The rollers had a radius of
0.5 in. A flat metal plate with a rounded edge was gripped by the top, stationary head of the MTS
testing machine and used as the loading nose, and its edge had a radius of 0.271 in. The bending
fixture was set so that the total support span was 11 ¾ in. between the contact points on the
rollers. Therefore, on average, support span-to-thickness ratio was approximately 30:1. This was
within the range of ratios recommended by ASTM D7264-07 to ensure that shear deformations
would be negligible. The measurements for each specimen’s width and thickness were taken
prior to testing, using a Caliper with an accuracy of 0.001 in. The dimensions of each GFRP
specimen may be seen in Table 4.
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Table 4: Dimensions of GFRP flexure specimens
Specimen #
1
2
3
4
5
6
7
8
9
10

Thickness (in.)
0.380
0.383
0.377
0.393
0.401
0.383
0.387
0.385
0.374
0.386

Width (in.)
1.453
1.390
1.535
1.272
1.273
1.270
1.271
1.281
1.277
0.954

Each GFRP specimen was placed on the rollers and aligned with the nose and supports. The
same 1-inch gage length MTS extensometer that was used in the tensile coupon tests was used
here also. It was placed directly under the loading nose, in the center of the span length and on
the bottom of the GFRP specimen to capture the maximum strain values of each specimen. The
complete arrangement for the flexure tests can be seen in Figure 3.
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Figure 3: GFRP Specimen 8 set-up in MTS testing machine before testing
The bending fixture was set to move up at a constant displacement rate of 2 in. in 40 minutes or
0.05 in/min. The displacement and applied force were collected every 0.25 seconds, by the data
logger, and stored on the computer. The strain readings were only taken for the beginning
portion of each test-run because the extensometer had to be detached from the bottom of the
specimen once the specimen deflected excessively and the space between the specimen and the
bending fixture did not allow for accommodating the extensometer’s body. The testing procedure
included a process to pause the machine at a certain displacement threshold to allow for removal
of the extensometer after which the test was continued to failure. Sufficient ranges of the strain
readings were taken so that the flexural modulus of elasticity could be determined for each
specimen.
The maximum flexural stress for a simply supported beam loaded at the midpoint will occur at
the section’s extremities (top and soffit) at mid-span. This stress is calculated using Equation 14,
which may be found in ASTM D7264-07. The flexural strength is equal to the maximum stress
(as determined from Equation 14) that corresponds to the peak applied force preceding failure.
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(14)
= stress at the outer surface in the load span region (ksi)
= applied force (ksi)
= support span (in.)
= width of beam (in.)
= thickness of beam (in.)
In calculating the modulus of elasticity of the flexural specimens, a strain range of 0.001 to 0.003
was used, as suggested by ASTM D7264. Using the strain obtained from the appropriate range
and the corresponding stress range, the flexural chord modulus may be calculated using Equation
15, which is reproduced from ASTM D7264-07.
(15)
= flexural chord modulus of elasticity (ksi)
= difference in flexural stress between the two selected strain points (ksi)
= difference between the two selected strain points (nominally 0.002).
It should be noted that the strain readings for Specimen 1 were flawed and not usable. Therefore,
the modulus of elasticity for this single specimen was determined using the relationship between
the applied force and deflection. The common equation for the maximum deflection of a simply
supported beam loaded in the middle was rearranged to obtain Equation 16, for the modulus.
(16)
= deflection-based flexural chord modulus of elasticity (ksi)
= deflection of the beam (maximum; at mid-span) (in.)
= moment of inertia of the rectangular beam (in.4)
In estimating the flexural modulus of elasticity here, the force-deflection curve was plotted in
order to determine an appropriate linear region to use. The range of deflections chosen was from
0.1 in. to 0.7 in., and a linear trend line was fitted to this area of the plot to determine this
specimen’s modulus of elasticity
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4.0
4.1

Results

Test Results

4.1.1 CFRP Tension Tests
The majority of the test specimens failed suddenly with rupture of the coupon, preceded by the
sound of resin cracking and individual fibers rupturing. A few specimens experienced tab
problems, such as slippage, which prevented fiber rupture. For these specimens, it was possible
to obtain the modified elastic modulus values but not the strength values. ‘Void’ was labeled in
the place of a specimens’ property of interest, whenever that property was not able to be
determined, due to a sufficient reason (e.g. problems during testing). The test results for each
group can be seen in the following tables. The strength results are in Table 5 and the modified
modulus of elasticity results are in Table 6. These tables also include the strength estimates
obtained using both methods (ACI 440.2R and ASTM D7290) and the ratio of the estimates to
portray the difference. The results will be further discussed later in Section 4.2).
The modified stress-strain curves were plotted for each group of CFRP tensile specimens. A
sample of these plots can be seen in Figure 4 for Groups G.
4

Modified Stress ( *t) - (kip/in)

3.5
3
Specimen 1
Specimen 2
Specimen 3
Specimen 4
Specimen 5
Specimen 6
Specimen 7
Specimen 8
Specimen 9
Specimen 10
Specimen 11
Specimen 12

2.5
2
1.5
1
0.5
0

0

0.004

0.008

0.012

0.016

0.02

Strain ( ) - (in/in)
Figure 4: CFRP Group G, Modified Stress-Strain Curves
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Table 5: Tensile strength (kip/in) test results and estimates of both characterization methods for each group
Specimen #

Groups:

A

B

C

D

E

F

G

Type:

YJ-T70012K-T

YJ-T700-12KUD300

YJ-TC35-12KUD300

YJ-TC35-12KT600

YJ-TC35-12KT600G2

YJ-T700-12KUD500

YJ-T700-12KT600

2.77854
2.55729
3.19530
2.66430
3.23444
2.37184
1.91922
2.73549
2.83079
void
3.18177

2.07657
2.35656
2.33415
2.36107
2.32357
2.41029
2.04480
2.18957
2.18814
2.07241
2.49943

1.65705
0.21426
0.12930
1.01429
1.25743

2.25969
0.15306
0.06773
1.80051
1.84129

void
void
void
4.79468
void
4.60259
5.03305
4.65654
void
4.55638
4.90209
void
5.05834
4.80052
0.20429
0.04256
4.18766
4.19616

3.21175
2.96763
3.10887
3.50554
3.69490
2.81453
3.02657
2.97609
3.22449
2.89616
3.44476
3.00019

2.74690
0.40887
0.14885
1.52030
1.78701

2.45754
2.05719
2.48499
2.06733
2.33055
2.05249
2.14586
2.30437
2.22650
2.23467
2.17432
2.21678
1.96015
2.20867
0.15747
0.07130
1.73626
1.75076

1.72414
1.27692
1.77490
1.78361
1.72571

ACI:
ASTM:

1.75646
1.66064
1.89523
1.97676
1.72673
1.83413
1.59243
1.97628
1.92157
1.74083
1.84085
1.81045
1.86846
1.81545
0.11689
0.06439
1.46477
1.51252
0.96843

0.85075

0.99172

0.80664

0.97786

0.99797

1.00514

1
2
3
4
5
6
7
8
9
10
11
12
13
Mean, μ
Standard Deviation, σ
(σ/μ)
Characteristic Values
Ratio (ACI/ASTM)
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3.15596
0.26951
0.08540
2.34743
2.33543

Table 6: Modified Elastic Moduli (kip/in) test results and estimates of both characterization methods for each group
Specimen #

Groups:

A

B

C

D

E

F

G

Type:

YJ-T70012K-T

YJ-T700-12KUD300

YJ-TC35-12KUD300

YJ-TC35-12KT600

YJ-TC35-12KT600G2

YJ-T700-12KUD500

YJ-T700-12KT600

242.5688
157.2133
216.8986
189.1049
160.6980
250.4528
218.1064
229.4630
215.8616
213.1061
218.0802

158.9595
177.7605
212.1805
181.9943
193.9121
176.8712
164.1077
230.2056
171.1102
156.4726
175.7284

155.6481
40.6197
0.26097
33.7889
61.7783

181.7548
22.5405
0.12402
114.1334
114.4102

311.7538
325.5016
void
342.8380
340.9665
345.4146
360.1630
318.2874
337.9870
293.7752
252.7144
358.1178
279.7590
322.2732
32.8499
0.10193
223.7236
249.2551

173.9688
153.2732
168.9389
153.8125
174.2826
155.3833
179.7336
146.1362
190.0959
152.0151
156.0406
174.7057

210.1412
29.9200
0.14238
120.3812
142.4312

178.5498
161.4733
169.3996
233.9902
229.6172
173.8245
200.5962
165.7692
231.7637
203.4797
223.8323
211.7738
171.2184
196.5606
27.6478
0.14066
113.6172
129.1836

128.9340
115.0009
145.9402
218.3688
169.9966

ACI:
ASTM:

195.8982
133.6690
133.7460
134.0007
158.9285
132.0661
165.3049
146.7105
152.9794
136.0975
135.1729
204.4974
143.0621
151.7025
24.0526
0.15855
79.5447
84.9259
0.93664

0.84519

0.87950

0.54694

0.99758

0.89757

0.98396

1
2
3
4
5
6
7
8
9
10
11
12
13
Mean, μ
Standard Deviation, σ
(σ/μ)
Characteristic Values
Ratio (ACI/ASTM)
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164.8655
13.7605
0.08347
123.5840
125.5981

4.1.2 GFRP Flexure Tests
Due to the low elastic moduli of these pultruded GFRP bending specimens, not all of the
specimens were able to be tested up to failure. Most of the specimens that were tested to failure
would fail on the bottom side (tension side) of the bar, as would be expected. The main source of
failure was delamination due to interlaminar shear, but some resin cracking at the specimen’s
soffit was also evident in many of the specimens.
The stress-strain curves for the GFRP flexure specimens can be seen in Figure 5. As previously
mentioned, the elastic modulus of the GFRP Specimen 1 had to be determined using the forcedeflection relationship. Therefore, in the plot of Specimen 1 in Figure 5 is just an estimated
representation, based on the computed elastic modulus, of how the actual stress-strain plot would
appear.
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Stress (  ) - (ksi)

12

9
Specimen 1*
Specimen 2
Specimen 3
Specimen 4
Specimen 5
Specimen 6
Specimen 7
Specimen 8
Specimen 9
Specimen 10

6

3

0

0

2

4

6

Strain ( ) - (in/in)

8
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Figure 5: GFRP Flexure Specimen Stress-Strain Curves
*
Specimen 1 is an estimation of the stress-strain plot, based on its elastic modulus calculated
using the force-deflection relationship

The results are summarized in Table 7. Both the flexural modulus of elasticity and the flexural
strength for each specimen are listed in the table. Those specimens that did not reach failure are
indicated with ‘void’ in the flexural strength column. The last column includes the failure
classification, using the failure identification codes of ASTM D7264. Each failure classification
consists of three letters. When an ‘M’ precedes the classifications, this indicates a multimode
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failure. The letters used in these classifications are described as follows. The first characters ‘T’
and ‘S’ stand for ‘Tension’ and ‘interlaminar Shear’, respectively. The middle character ‘A’
indicates that the failure occurred at the loading nose. The third characters ‘T’, ‘B’, and ‘M’
stand for ‘Top’, ‘Bottom’, and ‘Middle’ respectively, indicating the location along the thickness
of the specimen. The characteristic values and the ratio of the estimates for the two different
methods are also included in Table 7, as they were in the tables for the CFRP specimens.
Table 7: Material property test results and estimates of both characterization methods
Specimen #

Flexural Chord Modulus
of Elasticity (ksi)

Flexural Strength
(ksi)

1675.85666
1993.11792
2580.03781
2227.84362
2003.67813
1763.65700
2450.59810
1892.80030
2562.16683
2239.39449
2138.91509
323.90706
0.15144
1167.19390
1323.16144
0.88213

void
29.51273
void
39.86290
41.18981
31.41663
46.94134
void
44.12886
void
38.84205
6.96098
0.17921
17.95912
22.80081
0.78765

1
2
3
4
5
6
7
8
9
10
Mean, μ
Standard Deviation, σ
(σ/μ)
Characteristic Values

ACI:
ASTM:

Ratio (ACI/ASTM)

4.2

Failure
Type
SAB

SAB
SAT
TAB
M(SAM,TAB)

SAB

Discussion of Results

4.2.1 Characteristic Value Estimates
In order to implement the characterization procedures of ACI and ASTM (D7290), code was
written, using MATLAB® to perform the calculations. Since the ASTM D7290 method involves
the use of sample size modifier which requires a sample size of at least 10, the groups in this
study with less than 10 specimens had to be obtained differently. This table (the Data Confidence
Factor table), which is incorporated into ASTM’s procedure (D7290) are traced back to earlier
work by Bain (1978). Obtaining the characteristic values for these smaller samples manually is
possible by referring to Bain’s tables and findings. Alternatively, MATLAB® built-in functions
for Weibull distributions were used to characterize these smaller sample sizes. To determine
ASTM’s characteristic values of these small groups, containing less than 10 specimens, the
appropriate confidence bound (80%) and percentile (5th) for the estimates were determined with
the MATLAB® Weibull functions. The estimates obtained using these MATLAB® functions
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yield slightly less conservative results. This is because these functions are based on Fisher
Matrix confidence bounds, and these bounds are better suited for larger sample sizes.
Based on the presented results of estimates obtained using both characterization methods, it can
be stated that the simplistic ACI method yields more conservative approach. All of the ratios of
the ACI to ASTM estimates are under 1 except for the strengths of CFRP Group G, which is also
almost equal to unity ( 1.005). The lowest estimate ratio is for the modified elastic modulus of
CFRP Group D, which is about 0.547. This is by far the largest difference between the two
estimates, but this is not surprising because this group only has 5 specimens. Also, Specimen 2
of this group was considered a possible outlier, when performing the check with the MNR
procedure in ASTM D7290, but there was no assignable cause for removing this Specimen from
the dataset. In addition to the sample size being small, the difference between the two estimates
was likely compounded due to the fact that the MATLAB® functions had to be used, which
causes even less conservative estimates and widens the gap between the conservative ACI
estimate. The best ratio (closest to unity) is for the strengths of CFRP Group F, which is
approximately 0.998. Table 8 shows the sample size, COV, and ratio of estimates for every
group tested.
Table 8: Summary of all test groups
CFRP
Strengths:

Modified
Moduli:

GFRP

Groups:
A
B
C
D
E
F
G
A
B
C
D
E
F
G
Strength:
Modulus:

Sample
Size

COV

ACI/ASTM

13
10
13
5
11
7
12
13
11
13
5
11
12
12
6
10

0.0649
0.1365
0.0809
0.0813
0.0694
0.0440
0.1013
0.1878
0.1278
0.1417
0.2524
0.1474
0.0891
0.0925
0.1567
0.1505

0.9684
0.8507
0.9917
0.8066
0.9779
0.9980
1.0051
0.9366
0.8452
0.8795
0.5469
0.9976
0.8976
0.9840
0.7877
0.8821

It is of interest to examine proximity of the two method estimates and the influence of such
factors as the sample size and the coefficient of variation have. A visual of these for the results
can be seen below in Figure 6. It can be observed from this figure how several of the ratio of
estimates for many of the smaller sample sizes are farther from unity, especially the CFRP Group
D with only 5 specimens and the largest COV.
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(ACI Estimate)/(ASTM Estimate)

1.1
1
0.9
0.8
0.7
5 Specimens
6 Specimens
7 Specimens
10 Specimens
11 Specimens
12 Specimens
13 Specimens

0.6
0.5

0

0.05

0.1

0.15

0.2

0.25

0.3

COV
Figure 6: Visualization of ACI to ASTM estimates plotted at their respective COV (Shown
for the different sample sizes of all types tested CFRP & GFRP)

4.3

Further Investigation

Because of the limited number of physical samples in the results discussed earlier, it was decided
to conduct further studies using results obtained using simulations for virtual specimens. The
goal is to study the effects of sample size and coefficient of variation on a wider range of values
than the physical specimens covered in order to be able to study the closeness of results obtained
using both methods.
4.3.1 Simulations
A total of thirty cases were considered. The cases included varying the coefficient of variation
from 0.05 to 0.25 at increments of 0.05. In addition, sample sizes were varied at the following
numbers: 5, 10, 15, 20, 30, and 40 specimens. As mentioned earlier, ACI’s method calls for a
minimum number of 20 specimens when testing the material properties of FRP composites. In
order to accomplish these simulations, the random number generator in MATLAB® for the
Weibull distribution was used to create virtual samples with the target properties. The results of
the simulations resembled the actual results, from the previous section (Figure 6) and can be seen
in the following two figures, Figure 7 and Figure 8. They each show the plotted results of
separate simulation runs.
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Figure 7: Results from first simulation run
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Figure 8: Results from second simulation run
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0.25

0.3

Scatter plots from additional simulations were similar to the two shown here (Figures 13 & 14).
It appears that for coefficients of variation up to around 0.12, the estimate ratios are very near
unity regardless of the sample size. The ACI method is more conservative than the ASTM
method (D7290) and the discrepancy between the two estimates begins to increase almost
linearily after a COV of about 0.13 onward. It is more difficult to see any obvious relation or
tendency when observing the different sample sizes. A few points reflect a ratio greater than 1.0 ,
which indicates that the ACI method is less conservative. It can be seen that as the COV
increases, the ACI estimates can become extremely small. For example, all of the points seen
above a COV value of 0.25 are approaching zero, which may seem unreasonable but is expected
since Equation 11 subtracts three multiples of the standard deviation from the mean value of the
results translating into characteristic value equal to 25% of the mean value.
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5.0
5.1

Conclusions

Summary & Conclusions

This report has presented the difference in estimates of mechanical properties obtained from two
commonly used methods for characterizing FRP composite materials. Reliable and accurate
estimates of mechanical properties are the first steps towards safe designs and removal of
barriers towards more acceptance by the design community. Tests were conducted for CFRP
coupons in tension and GFRP coupons in bending to develop realistic datasets of material
properties. Because of the limited number of products and sample sizes, simulations of virtual
results were also conducted to complement the experimental results.
It was observed from this study that the ACI 440.2R characterization method yields more
conservative estimates of mechanical properties than the estimates obtained using ASTM D7290
characterization method. The virtual simulations show that at higher coefficients of variation
(COV), the ACI estimates approach zero as a result of Equation 11 which subtracts three
multiples of the standard deviation from the mean value. If a broader range of COV was to be
observed, it is possible for these ACI values to become negative, which is not physically
possible. Having conservative estimates may be thought of as being better or safer, but after a
certain range for the COV, the amount of conservatism becomes unreasonable for the ACI
440.2R characterization method. This could be detrimental to a relatively new and upcoming
material, such as FRP composites, and hinder it from reaching its full potential.
The factors that influence the dissociation between the estimates of the two methods (i.e. sample
size and COV) were closely examined. Some consistency between both methods was observed at
COV smaller than 0.12, but dissociation escalates at COV values greater than 0.12. It also
seemed from studying the influence of sample size that larger sample sizes can yield more
accurate results. Based on these results, it seems that there is potential for accepting smaller
number of coupon tests so long as the COV falls below the identified threshold of 0.12 without
sacrificing the conservatism that is implied in the ACI characterization method. Materials with
higher COV values may be penalized if the ACI characterization method is used as opposed to
using the ASTM D7290 characterization method. Code committees should discuss this issue
further to help users avoid unnecessary conservatism.
In general, it was observed that sample sizes below 10 yielded highly variable results. Therefore,
while it may be possible to reduce the number of required coupons from the recommended
number of 20 as per ACI 440.2R characterization method, a minimum number of 10 coupons
seems to be required to ensure consistency in the obtained results.

5.2

Recommendations for Further Research

As discussed earlier, the results for the test samples having less than 10 specimens were
calculated slightly differently than the other test groups. These groups with less than 10
specimens included: CFRP Group D for the modified modulus, CFRP Groups D and F for the
strength, and the GFRP specimens for strength. The characteristic values for these had to be
calculated with existing functions built into MATLAB®, which were based on the Fisher Matrix
bounds, which are known to be more generous estimates and better suited for large sample sizes.
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These were used for the ASTM estimates of these small samples. Although these and the regular
ASTM estimates (obtained via the Data Confidence Factor table) were very close, further
research and calculation can be carried out to provide even more consistent ASTM estimates for
these few test groups. In order to obtain results, for samples with less than 10 specimens, that are
completely consistent with the data confidence factor values, used in ASTM D7290, one should
refer to Bain (1978). Bain’s findings are what the data confidence factors were based on.
Therefore, if a similar study on this topic is undertaken it is first recommended to try and have
sample sizes of at least 10, but if there are cases in which smaller ones exist, one should then
refer to Bain.
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