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ABSTRACT: This paper presents ultrasonic methodologies to measure the engineering constants of pultruded
fiber-reinforced polymeric (FRP) composite structural members. These ultrasonic methods have several advan-
tages over mechanical tests, particularly the ability to make a localized measurement of all of the engineering
constants in a structural component. This research blends immersion and contact ultrasonic methodologies with
surface acoustic wave measurements to completely characterize the elastic properties of FRP specimens. The
elastic constants that are measured nondestructively are compared to values measured with mechanical tests (for
exactly the same specimens), and the advantages of the ultrasonic methodologies are clearly shown.

INTRODUCTION

Recent interest in the use of pultruded fiber-reinforced poly-
meric (FRP) composite members for civil engineering appli-
cations has created the need for reliable methods that can com-
pletely characterize the engineering constants of these
materials. Pultrusion is a manufacturing process consisting of
pulling continuous fibers and mats, together with uncured
resin, through a dye of constant cross-sectional area. In the
dye, the mixture is heated and the resin is cured. Due to the
versatility of the manufacturing process, practically any con-
stant cross-sectional member can be made using this process.

Several disadvantages exist in using mechanical methods,
such as compression, tension or shear tests, for determining
the engineering constants of FRP components. Among these
disadvantages are the following:

* The testing procedure itself dictates a specific specimen
geometry, and it is therefore impossible to mechanically
measure (and compare) all of the engineering constants
for a single specimen.

* The dimensions of some shapes can be too small to be
mechanically tested in a certain direction [for example, it
is impossible to test a 50.8 mm by 50.8 mm (2 in. by 2
in) angle section in the transverse direction].

* Mechanical tests are global in nature, and they cannot
provide localized information pertaining to the spatial var-
iations of material properties.

* Constraints of the test procedure (such as the need for a
universal testing machine) make them difficult to use in
the real-time monitoring of in-service structures.

These limitations of mechanical tests highlight the need for
more robust methods to determine the engineering constants
of pultruded composite members; this paper examines the vi-
ability of one such methodology—ultrasonic testing.

This work uses ultrasonic methodologies to measure the en-
gineering constants of pultruded specimens. These ultrasonic
methods have several advantages over mechanical tests.
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¢ All of the engineering constants are measured for a single
specimen.

* The measurements are made over a local volume of ma-
terial, so that it is possible to evaluate spatial variations
within a specimen.

* The method examines small specimens (for example, the
transverse properties of a 101.6 mm by 101.6 mm angle).

» Ultrasonic techniques do not destroy the specimen, and
the potential for in-service monitoring of components or
tracking time-dependent material properties exist in long-
term tests.

It is important to note that in a mechanical test, a strain gauge
measures strain values over a small area of the specimen (~80
mm?). However, the strain experienced by this small area is
influenced by the surrounding material (since the entire spec-
imen is being loaded), resulting in more of an average value.
In contrast, ultrasonic wave speeds are only influenced by the
material through which the wave passes; these ultrasonic tech-
niques provide for a true local measurement of material prop-
erties.

This research blends immersion and contact ultrasonic
methodologies with surface acoustic wave measurements to
completely characterize the elastic properties of pultruded FRP
composite structural members. In this study, the surface acous-
tic waves are generated and detected optically with a Q-
switched, pulse laser and a heterodyne interferometer, respec-
tively, whereas the immersion and contact techniques use
piezoelectric transducers to generate and detect the ultrasonic
waves. The elastic constants that are measured nondestruc-
tively are compared to values measured with mechanical tests
(for exactly the same specimens), and the advantages of the
ultrasonic methodologies are clearly shown.

Previous researchers have used several forms of ultrasonic
immersion techniques to measure the elastic constants of var-
ious types of composite materials (Zimmer and Cost 1970;
Kline and Chen 1988; Stijnman 1995). The application of sur-
face acoustic waves for the characterization of anisotropic ma-
terials has been explored using several experimental ap-
proaches (Rose et al. 1990; Park and Calder 1994). Kim et al.
(1995) used contact transducers and group velocity data to
calculate all of the constants of an orthotopic plate. Kim et
al.’s dependence on contact transducers makes it difficult to
apply this technique to scan large structural components. In
contrast, the present study develops a procedure for measuring
the entire stiffness matrix (each of the elastic constants) with-
out the restriction of the specimen being placed in an immer-
sion tank. This added flexibility has great advantages over the
immersion technique in that a much wider range of specimen
sizes and geometries can be evaluated. Surface acoustic wave
techniques have great potential for components where immer-
sion is impractical; this research is a vital step toward devel-
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opment of a technique for the ‘‘in-service’’ monitoring of
structural components.

DESCRIPTION OF MATERIAL

Coupon materials evaluated in this research are cut from
plates and angle sections; all are made using a vinylester ma-
trix reinforced with E-glass roving and nonwoven mats. The
thicknesses of these coupons range from 6.35 mm (0.25 in.)
to 12.7 mm (0.50 in.). The dimensions (length and width) of
the specimens used in the ultrasonic immersion tests vary from
one test to another and have no bearing on the results of a
specific test. To provide a comparison between the different
methodologies, many of the specimens are tested using ultra-
sonic techniques and then using destructive mechanical tech-
niques. When mechanical tests are conducted, the require-
ments of the mechanical tests dictate the specimen geometry.

Pultruded polymer composites are modeled as transversely
isotropic, with the pultrusion direction (fiber direction) per-
pendicular to the plane of isotropy (as shown in Fig. 1). This
assumption allows the stress-strain relations of these materials
to be expressed in terms of five independent elastic constants,
from which the engineering constants may be calculated (Zu-
reick and Eubanks 1988).

ULTRASONIC TECHNIQUES IN
ANISOTROPIC MATERIALS

For a general anisotropic material, the relationship between
ultrasonic phase velocity and the stiffness matrix is given by
the Christoffel equation, expressed as

Cpulily — pVZS,,‘)OL, =0 (¢))

where V = ultrasonic phase velocity that can be measured ex-
perimentally; Cy, = general 9 X 9 stiffness matrix; p = ma-
terial density; / = direction of propagation; a = polarization
direction; and 8, = Kronecker delta. Since the stiffness matrix
is symmetric (due to strain energy considerations), Cy, is re-
duced to a 6 X 6 matrix, C,,, with 36 components.

To establish the relationship between ultrasonic phase ve-
locities and the material elastic constants, adopt an orthogonal
coordinate system (x;, x,, x3) in which the x, axis coincides
with the fiber direction in a unidirectionally reinforced com-
posite (see Fig. 1). For the case of a transversely isotropic
material, the 6 X 6 stiffness matrix (C,,,) is expressed in terms
of five independent elastic constants

Cl 1 ClZ Cl 3 0 0 0
Cl 2 Cl 1 Cl 3 0 0 0
_ Cl 3 C] 3 C33 0 0 0
Cm=10 0 0 C. 0 0 @
0 0 0 0 Cu O
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where Cj; = C;; — 2Cg. The engineering constants (such as
the longitudinal modulus) can then be calculated from the elas-
tic constants using (Zureick and Eubanks 1988)
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where Ey; and E,, = longitudinal and transverse moduli, re-
spectively; and G,, and G,; = shear moduli in each plane.

The physics of wave propagation in an anisotropic material
is slightly more complicated than those of its isotropic coun-
terpart. For isotropic materials, three types of ultrasonic waves
exist as follows: (1) Longitudinal; (2) vertically polarized
shear; and (3) horizontally polarized shear. In a longitudinal
wave, the particle motion is in the direction of wave propa-
gation, while in the shear waves, the particle motion is per-
pendicular to the wave propagation direction (note that two
possible polarization directions exist, vertical or horizontal, for
shear waves in isotropic media). The speeds at which these
ultrasonic waves travel are referred to as phase velocities or
wave speeds. For the case of an isotropic material, the rela-
tionship between the longitudinal wave speed and elastic con-
stants is found from Christoffel’s equation [(1)] to be

V, = \/)‘—’Lp& @

where V, = longitudinal wave speed; A and p. = Lame’s elastic
constants; and p = density of the material.

In an anisotropic material, the directional dependence of the
elastic properties of these materials manifests directional de-
pendencies of wave speeds and even particle displacement po-
larizations. It is useful to introduce the concept of slowness
curves to better illustrate these directional properties. The
slowness vector, in any given direction, may be defined as the
reciprocal of the phase velocity. The slowness diagram (a plot
of the slowness vector magnitudes versus direction) of an iso-
tropic material is three concentric spherical sheets. The small-
est of the three spherical sheets corresponds to the longitudinal
velocity. It is a sphere, since the longitudinal velocity does not
change with propagation direction. The other two spherical
sheets are identical, since both shear waves travel at the same
phase velocity in an isotropic material. For an anisotropic ma-
terial, the directional dependence of the wave speeds creates
a slowness curve that may be nonspherical. Furthermore, two
distinct and independent slowness curves for each shear wave
may exist. With this in mind, the concept of a quasi-shear
wave is needed; a quasi-shear wave is a shear wave that has
particle motion that is not purely perpendicular to the wave
propagation direction but may have some components of par-
ticle displacement in the direction of wave propagation.

Using the coordinate system shown in Fig. 1 and the trans-
versely isotropic assumption, Christoffel’s equation [(1)] may
be expressed solely in terms of both the five independent elas-
tic constants (Cy;, Cy;, Cess Cu, C13) and the phase velocities
(wave speeds). Longitudinal waves propagating in the x, and
x, directions yield the following equations, respectively

Ch = Pvin ®)
Ci= pVIZJS ®

For a shear wave propagating in the 1-2 plane (plane of iso-
tropy), Christoffel’s equation [(1)] yields
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Ces = pV*(8) (10)

For a quasi-shear wave traveling in the 1-3 plane and with
polarization of the 1-3 plane, Christoffel’s equation [(1)] yields

Vo) = |[b = VB — 4 an
2p
where
b= C, sin®(8) + Ci; cos’(0) + Cu,
and

¢ =C,,Cy sin*(0) + [Cl + C11Cy; — (C13 + Cu)’lsin’(B)cos’(8)
+ C33C“ COS‘(e)

For a transversely isotropic material, the relationships be-
tween the surface acoustic wave speed and the elastic con-
stants may be expressed for surface acoustic waves traveling
in the principal directions (Royer and Dieulesaint 1984). For
a surface acoustic wave traveling in the x, direction on a free
surface that lies in the 1-3 plane, the relationship between elas-
tic constants and phase velocity is given by

CuC«G(Css = {)=(Co— Ca){Cn(Csa —{)— Cfs}z (12)

where {; = pV%, (Vi = phase velocity of the surface acoustic
wave traveling in the x; direction on a free surface that lies in
the 1-3 plane). The relationship for a surface acoustic wave
traveling in the x, direction on the same free surface as just
mentioned (1-3 plane) is given by

Cnccsﬁ(cu = {)=(Cs — ;I){CII(CII =~ 0)—(2Cs — C")z}z
(13)

where {, = pV32, (Va = phase velocity of the surface acoustic
wave traveling in the x, direction on a free surface that lies in
the 1-3 plane). The relationship for a surface acoustic wave
that travels in the x, direction on a free surface that lies in the
1-2 plane is given by

Caacuﬁ(cn —{)=(Cu— §2){C33(C11 - (- C?a}z (14)

where {, = pV% (Va = phase velocity of the surface acoustic
wave traveling in the x, direction on a free surface that lies in
the 1-2 plane). Note that (12)—(14) are for surface acoustic
waves traveling in principal directions. The only surface
acoustic waves used in this research travel in one of the pre-
viously mentioned principal directions.

CONTACT TECHNIQUES TO MEASURE C,, AND C;,

The first methodology developed in this work uses a com-
bination of immersion and contact procedures to measure the
five independent elastic constants that completely characterize
an FRP composite specimen. Egs. (8) and (9) show that the
elastic constants C,, and Cs;, respectively, are only dependent
upon the longitudinal phase velocities in their corresponding
propagation direction. Consequently, V., and V;; are mea-
sured directly using a pair of 1 MHz contact piezoelectric
transducers. One transducer is used as the sender and the other
is used as the receiver. It is important to note that these contact
measurements require a couplant (silicon gel in this case) to
couple each transducer to the specimen.

A function generator is used to send two cycles of a sinu-
soidal signal to the sending transducer; this generates a lon-
gitudinal ultrasonic wave that travels through the specimen
and is detected on the opposite side by the second (receiving)
transducer. The output from the receiving transducer is cap-
tured on a 150-MHz digital oscilloscope. The input voltage
that is sent from the function generator to the first transducer
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is also used to trigger the oscilloscope. The delay between the
trigger (the time when the ultrasonic wave begins to propagate,
or the source) and the arrival of the ultrasonic wave at the
receiving transducer is measured (directly on the scope) and
used to compute the length of time the longitudinal wave takes
to travel through the specimen thickness (see the travel time
shown in Fig. 2). This ultrasonic path length is measured using
a pair of calipers, so that the corresponding longitudinal phase
velocities are calculated by dividing the measured path length
by the measured travel time. Note that the specimen densities
are measured in accordance with Method A of ASTM D792
with a modification that accounts for the water absorbed by
the specimen (Littles 1997). With the specimen densities and
longitudinal wave speeds measured, the constants C;, and Cs;
are calculated using (8) and (9).

IMMERSION TECHNIQUES TO MEASURE C,,, C,,,
AND C

The remaining three independent elastic constants are found
using immersion techniques. The immersion setup consists of
a tank filled with water and two 3.5-MHz piezoelectric im-
mersion transducers. The specimen is placed in a goniometer
directly between the two transducers in the water tank. This
allows the angle of the incident ultrasonic wave to be changed
by rotating the specimen (see Fig. 3).

Note that the driving frequency of the immersion transduc-
ers is 3.5 MHz, while the driving frequency of the contact
transducers is 1 MHz. This difference is not due to any ex-
perimental requirement but is based on the limitations of ex-
isting equipment. A study is developed to investigate any pos-

Signal From Specimen Signal To
Function Generator  Rotation Oscilloscope
Control

Tank Filled with Water
FIG. 3. Immersion Setup




sible influence of the driving frequency (1 MHz in the contact
tests versus 3.5 MHz in the immersion tests) on the measured
longitudinal travel times: a pair of broad-band contact piezo-
electric transducers are used to measure longitudinal wave
speeds over a wide range of frequencies (between 0.25 and
3.5 MHz). These results (Littles 1997) show that the phase
velocities are independent of frequency within the frequency
range of this study (0.25-3.5 MHz). As a result, the fact that
the immersion and contact transducers are driven with differ-
ent frequencies has no influence on the measured travel times
(and consequently on the elastic constants). It is important to
note that this is true since the smallest wavelengths used in
this study (on the order of 1.5 mm) are larger than the mi-
crostructure of the material; this behavior has been confirmed
by previous researchers [for example, Kline and Chen (1988)].

The calculation of the phase velocity in the immersion setup
consists of first measuring the time of arrival of a wave that
travels through the water path in the absence of the specimen.
The arrival of this signal is taken as the initial time, #. The
specimen is then placed in the immersion tank and the arrival
times, ¢, of the ultrasonic waves are recorded over a range of
angles. The velocity of the ultrasonic wave in the specimen is
calculated for each incident angle. The equation used for the
velocity calculations is given as

1,1 27 o
V(o) = VI + = 7 cos(9)) (15)

where T = 1, — t; d = specimen thickness; V,, = ultrasonic
phase velocity in water; 6, = angle that the incident wave
makes with the specimen, and 0 = angle at which the wave
travels in the specimen (Pearson and Murri 1986).

Velocity measurements (as a function of rotation about the
x, axis) are made at 1° increments of an incident angle (6,)
that varies from 36-62°. This range is chosen because it is
beyond the critical angle for these materials; at these angles
the only detected wave is the one which has propagated
through the specimen as a quasi-shear wave propagating in the
1-3 plane with polarization in the 1-3 plane. This set of mea-
sured velocities is used with (11) to calculate the constants Cy,
and C,;. The Gauss-Newton nonlinear regression method
(Chapra and Canale 1988) is used to obtain these constants
from the measured set of phase velocities. Note that the 6 used
in (11) is equal to 6,, where 6, is determined using Snell’s law

sin(0,) _ sin(8,)
ve) - vV,

To measure the shear wave speed as a function of angle of
rotation about the x; axis, the previously described procedure
is repeated for angles about the x; axis. The velocity data for
this specimen orientation is used with (10) to calculate Cig.
Note that Cy (and hence the shear wave speed propagating in
the 1-2 plane and polarized in the 1-2 plane) is not a function
of rotation angle about the x, axis. Consequently, the same
values should be measured no matter what incident angle is
used. However, these measurements are made over the same
range as in the previous case to account for any experimental
error that may occur and (most importantly) are used as a
check on the transversely isotropic assumption. The average
value of these 26 measurements is taken to be the actual Cg,
value. It is critical to note that the standard deviations of the
Ces values are quite small [generally below 1% of the average
value (Littles 1997)], thus confirming that the assumed trans-
versely isotropic characterization of the pultruded material is
correct.

CONTACT AND IMMERSION
EXPERIMENTAL RESULTS

The combined immersion and contact procedures are used
to examine samples cut from angle and plate members with

(16)

nominal specimen thicknesses of 6.35 mm (% in.), 9.53 mm
(¥ in.), and 12.7 mm (% in.) (Littles 1997). As an example,
the engineering constants are found (nondestructively) for a
152.4 mm by 152.4 mm (6 in. by 6 in.) polyester-reinforced
angle section with nominal thicknesses of 9.53 mm (¥ in.).
This particular experiment is chosen because the member ge-
ometry enables mechanical tests to be conducted to determine
E,;, as well as E;;. Due to specimen grip requirements, the
specimen length required to conduct uniaxial compression
tests for this thickness is approximately 139.7 mm (5.5 in.).
Consequently, specimens are cut out of a pultruded 152.4 mm
by 152.4 mm (6 in. by 6 in.) angle member with their length
in either the x, or x; direction. This enables a comparison to
be made between the mechanical (destructive) and combined
ultrasonic contact and immersion (nondestructive) techniques
for values of E;, and E;;. The specimens are loaded in com-
pression at a constant rate of 1.27 mm/min (0.05 in./min) and
a length of 63.5 mm (2.5 in.) is placed in the grips at either
end.

A comparison of the results from the nondestructive (ultra-
sonic contact and immersion) and destructive mechanical (uni-
axial compression using ASTM D3410) tests are given in Ta-
bles 1 and 2. Note that these tables only present one of the
moduli for each of the destructive mechanical tests (E,; in
Table 1 and E,, in Table 2). This demonstrates a limitation of
the mechanical tests; destructive techniques yield only one of
the engineering constants for each specific test, whereas the
nondestructive techniques yield all five independent elastic
constants for each specimen tested (from which all of the en-
gineering constants are calculated). Note that the mechanical
results of shear moduli are not presented in Tables 1 or 2,
because none of these are mechanically tested in shear. It
should also be noted that the shear moduli values obtained in
the nondestructive tests are higher than expected, especially
G,;. This demonstrates one of the problems with the proposed
nondestructive tests; it is difficult to obtain accurate shear
moduli with the combined ultrasonic contact and immersion
technique. However, current research is developing an accurate
single-sided technique.

An investigation is conducted to observe the spatial varia-
tion of engineering constants for a 152.4 mm by 152.4 mm (6
in. by 6 in.) angle specimen. The nondestructive procedure is

TABLE 1. Comparison of Nondestructive with Destructive
(ASTM D3410) Test Results for E,,

Nondestructive Destruc-
measurements tive mea-
surements
Ez Ey, G, Gi2 Eas Difference
Specimen | (GPa) | (GPa) | (GPa) | (GPa) (GPa) (%)
(1) (2) (3) (4) (5) (6) (7)
1 2486 | 8.39 6.83 4.28 25.99 —-43
2 2390 | 8.39 6.97 423 22.83 +4.7
3 2339 7.03 6.12 4.24 21.68 +79
4 2372 | 7.35 6.24 4.23 22.27 +6.5

TABLE 2. Comparison of Nondestructive with Destructive
(ASTM D3410) Test Resuits for E,,

Nondestructive Destruc-
measurements tive mea-
surements
Ess E,, Gz, G,, E,, Difference
Specimen | (GPa) | (GPa) | (GPa) | (GPa) (GPa) (%)
(1) 2) 3) (4) (5) (6) (7)
5 2454 | 820 | 661 | 4.24 8.67 -54
6 2477 | 8.17 | 6.68 | 4.26 8.43 -3.1
7 2439 | 7.26 6.32 4.15 8.85 —18.0
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