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Abstract

An ultrasonic pulse-echo inspection technique is
proposed for periodic monitoring of boltsin structural
timber connections. This technique utilizes ultrasonic
signal amplitudes and echo arrival times to detect
hidden damage in the form of plastic hinges, fatigue
cracks or sheared fasteners caused by structural
overload. Since fastener damage occurs primarily when
the yield load of the connection is exceeded, bolts can
be employed to estimate the magnitude of overload that
caused the hidden damage. Inspection results can
provide quantitative assessments of the structural
adequacy of connection in complex structural systems
including bridges and buildings which form essential
elements of our society’sinfrastructure.
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Introduction

Connections between structural members form essential
links for load transfer within a structure. Connections
typically employ relatively small elements to transmit
sizable structural loads, and the cross-sectional
properties of structural members are often reduced at
connections. Thus, while connections provide the load
transfer mechanism which transforms an arrangement
of individual members into a composite structural
assembly, connections also frequently comprise the
“weakest link” in structural systems. The critical nature
of connection performanceis graphically illustrated by
even a cursory review of recent structural failures
(Failla, 1987; Meyer, 1987; Douglas, 1992; Zarghamee
and Ojdrovic, 1995). From buildings to bridges, from
timber to steel to reinforced concrete: structural failures
often initiate from, or propagate through, connections
between structural members.

Since structural performance is inextricably linked to
the performance of connections, it would be desirable to
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monitor the condition of connections as a measure of
overall structural integrity. Unfortunately, the condition
of connectionsin many structuresisdifficult to assess by
visual inspection since highly stressed regions of
fasteners are typically hidden within structural
members. However, an inexpensive nondestructive
technique for internal inspection of connections could
provide a wealth of previously unavailable information
for assessing levels of structural damage to connections
and proximate structural members.

Ultrasonic inspection is routinely used to measure
thickness and detect internal flawsin metalsand other
structural materials. It is frequently employed to detect
cracks and corrosion in metal components at
inaccessible locations. However, ultrasonic inspection
techniques have not been developed for detecting
damage in timber connections. In existing wood
structuresit is quite common for only one end of a bolt
to be accessible for inspection purposes, although both
ends of a bolt may occasionally be accessible.
Therefore, an inspection methodology is needed for
propagating an ultrasonic pulse from one end of a bolt
through its entire length, and providing meaningful
inter pretations of. the resulting signal. Since portable
inspection equipment isreadily available from numerous
suppliers, ultrasonic pulse-echo inspection can provide
an effective and convenient technology for periodic
monitoring of fastenersin structural timber connections.

Objectives
Determine the effects of bolt length, diameter and
threaded shank length on ultrasonic signal
characteristics for ASTM A307 bolts commonly
used in timber structures, as a baseline for
subsequent inspection of damaged connections.

2. Evaluate ultrasonic signal characteristicsto detect
plastic hinge formation in ASTM A307 bolts for
double shear, wood-to-wood connections in order to



estimate structural damage and residual connection
capacity.

Background

Connection Damage

The adoption of yield-based connection behavioral
equations in international timber design codes and
standar ds has facilitated a greater understanding of the
mechanisms which precipitate failure in timber
connections. In particular, the yield theory originally
proposed by Johansen (1949) describes connection yield
as the interaction between plastic hinge formation in the
fastener and wood crushing in bearing beneath the
fastener. In U.S. practice, yield-based connection
provisions take the form of design equations which
predict when connection behavior will be dominated by
wood crushing (mode ), wood crushing combined with
rigid bolt rotation (mode I1), localized wood crushing
combined with formation of a single plastic hinge per
shear plane (mode II1), or localized wood crushing
combined with formation of two plastic hinges per shear
plane (mode 1V) (AF& PA, 1993).

While yield-based connection design procedures provide
adequate safety for new timber construction, it appears
that connection yield theory has not been employed for
structural diagnostic purposes. In particular, if plastic
hinge formation can bereliably detected in connections
which exhibit yield modes 111 or 1V, then it may be
possible to correlate fastener deformation with overall
load-displacement performance of the connection in
order to assess internal connection damage and estimate
residual connection capacity. This could be particularly
useful for evaluating structural integrity in the aftermath
of severe overload events, or when structural damage is
suspected due to failures in neighboring structural
assemblies.

In addition to wood crushing and plastic hinge
formation in fasteners, other forms of damage in
laterally-loaded wood connections may include fastener
shear, fatigue crack propagation in the fastener under
dynamic loading conditions, fastener corrosion, or
splitting of a wood member dueto prying action of the
fastener. While wood splitting can often be detected by
visual inspection, the other forms of fastener damage
require an inspection technique capable of assessing
internal connection conditions. Fortunately, ultrasonic
pulse-echo inspection techniques provide effective, low-
cost methods for detecting internal damage to fasteners
in timber connections.
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Ultrasonic Inspection of Slender Rods

The theory of wave propagation in straight cylindrical
objects such asrods and dowels has been established in
previous research (McSkimin, 1956; Varey, 1976).
When an ultrasonic pulse is introduced at one end of a
rod, the cylindrical shape of therod creates a waveguide
which confines and directsthe pulse asit traversesthe
length of the rod. Pulse-echo inspection of rods using
bulk longitudinal (dilatational) waves is often
accomplished by coupling an ultrasonic transducer
(probe) to one end of the rod for transmitting pulse
energy into the specimen. The wavelength of the
ultrasonic pulse should be at least one order of
magnitude smaller than therod diameter (I < D/ 10) to
ensure bulk wave propagation in the rod (Bray and
Stanley, 1989). The ultrasonic signal received at the
transducer after the pulse has reflected from the opposite
end of the specimen will take the form of multiple
echoes spaced a constant distance apart in the time
domain (see Figure1).

The initial echo in the time domain display represents
the pulse energy which traversesthelength of the bolt as
a longitudinal wave, reflects from the opposite end, and

returnsto the probe. However, in long slender rods a
portion of the bulk wave ener gy encountersthe sidewalls
of the cylinder due to beam spreading as the pulse
propagates away from the ultrasonic transducer. When

the longitudinal wave strikes a surface boundary, both

longitudinal and transverse (shear) waves are reflected

back intotherod at angles determined by Snell’s Law

(Krautkramer and Krautkramer, 1990). Since the edge
of the spreading longitudinal wave is almost parallel

with the longitudinal axis of the rod, a large angle of
incidence(q, @90°) occurs at the sidewall. The
resulting angle of longitudinal wave reflection is also
approximately 90°, meaning that the reflected

longitudinal wave continuesto propagate approximately
paralld to the longitudinal axis of the rod. The portion

of the wave energy which reflects from the sidewall asa
longitudinal wave continues traversing the length of the
rod at the bulk longitudinal wave speed of the material,

thus merging with the pulse ener gy which takes a direct

path down the length of therod to create theinitial echo

in thetime domain display (see Figures 1 and 2).

Based on Snell’s Law, the angle of reflection for mode-
converted transverse waves in  seel rods is
approximately 33° (Krautkramer and Krautkramer,
1990). The second echo in the time domain display
representsthe portion of the pulse energy which reflects
from the sidewall as a transver se wave, crosses the rod

diagonally at a relatively steep angle (g, @33°), and



experiences a second mode conversion to a longitudinal
wave when it reflects from the opposite surface of the
rod. Since transverse waves travel significantly slower
than longitudinal waves, the delayed arrival of the
second echo can be determined by calculating the
additional timerequired for the transver se waveto travel
diagonally across therod. It can be shown that the time
interval (D T) between successive trailing echoes is
related to the rod diameter (D), speed of longitudinal
wave propagation (C,), and speed of transverse wave
propagation (C)) in therod material in the following
manner (Light and Joshi, 1986):

- e

TqG

A portion of the pulse energy remainsin the form of a
transverse wave after the second reflection from the
sidewall of the rod. The reflected transverse wave
crosses therod again at an angle of approximately 33°
and reflects from the opposite surface. Once again, both
longitudinal and transverse reflected waves are
generated The third echo in the time domain display
represents the portion of the pulse energy which crosses
the rod twice in the form of a transverse wave before
being converted back to a longitudinal wave to traverse
the remaining length of the rod. The arrival of the third
echo lags D T behind the second echo arrival. This
process continues, resulting in a series of trailing echoes
which lag behind the initial echo at incrementsof DT
(see Figures 1 and 2).

Varey (1976) demonstrated that the relative amplitudes
of successive trailing echoes due to wave propagation in
a cylindrical object are functions of the cylinder
diameter and length. In general, the amplitude of the
initial echo will be greater for large diameter rods since
mor e of the pulse energy simply traverses the full length
of the rod without experiencing mode conversion due to
reflection from sidewalls. However, for a constant rod
diameter, longer rod lengths produce increased
amplitude of higher-order trailing echoes since mor e of
the ultrasonic energy undergoes multiple transverse
wave reflections from the sidewall of the cylinder. Varey
suggested that the energy contained in an ultrasonic
pulseisredistributed in a series of successive pulses due
to transver se wave reflections from the sidewalls of the
rod. Changes in echo amplitude in the time domain
signal simply reflect the changesin proportion of total
pulse energy which reflects multiple times from the
surface of the rod. Thus, each combination of rod

length and diameter can be expected to exhibit a unique
series of trailing echo amplitudes.

Ultrasonic Inspection of Bolts

Based on earlier work by McSkimin (1956) and Varey
(1976), Light and Joshi (1986) developed a cylindrically
guided wave technique (CGWT) for inspecting bolts and
studs in nuclear power plants for corrosion damage.
The CGWT employs pulse-echo inspection principles by
coupling an ultrasonic transducer to one end of a bolt
and evaluating the resulting ultrasonic signal
characteristics. Stress corrosion cracks were observed to
create an unusually early echo arrival dueto the shorter
travel path for a portion of the ultrasonic pulse which
reflected directly back to the transducer from the surface
of the crock. Simulated corrosion wastage (loss of
fastener cross section) was observed to create additional
trailing echoes at smaller magnitudes of D T due to the
reduced rod diameter and associated reduction in
transverse wave travel path (Light and Joshi, 1987).
The CGWT was reported to be effective for detecting
cracks with depths as small as1.3 mm (0.05in.) to 1.8
mm (0.07 in.) and simulated corrosion wastage greater
than 25% of the bolt diameter. Similar techniques could
be employed to detect fatigue cracks, sheared fasteners
and corrosion damage in timber connections. However,
ultrasonic inspection techniques for detecting fastener
plastic hinge formation in timber connections have not
been reported in the literature.

Experimental Plan

Test Setup

Ultrasonic inspection of bolts was conducted using a
commercial high-voltage pulser-receiver to excite a 5
MHz longitudinal ultrasonic transducer. A spring-
loaded probe holder was fabricated to ensure consistent
coupling pressure between the transducer and the head
of each bolt. Commercial gel couplant was used to
facilitate ener gy transfer between the transducer and the
test specimen. A computer-based digital oscilloscope
software package was used in conjunction with an
analog-to-digital card to display and storethe ultrasonic
signals.

Baseline Ultrasonic Tests

Baseline ultrasonic inspections were conducted on
unthreaded A36 steel dowels and commercial ASTM
A307 bolts having lengths of 100 mm (4 in.), 140 mm
(5.5 in.), 180 mm (7 in.) and 250 mm (10 in.), and
diameters of 12.7 mm (0.5 in.), 15.9 mm (0.625 in.) and
19.1 mm (0.75 in.). The head and threaded end of each
bolt were machined on a lathe to provide smooth
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surfaces for ultrasonic coupling of the transducer to
either end. The initial threaded shank lengths for the
bolts ranged from 30 mm (1.2 in.) to 56 mm (2.2 in.).

Pulse-echo ultrasonic inspections wer e conducted from
each end of the bolts. The effect of bolt diameter was
investigated by comparing ultrasonic signals for bolts of
nominally equivalent length, but varying diameters.
Similarly, the effect of bolt length was investigated by
comparing signals from bolts having the same diameter,
but different lengths. The effect of threaded shank was
studied in six bolt sizes by adding thread along the bolt
shank in 12.7 mm (0.5 in.) increments, then
reinspecting after each increase in threaded shank
length.

Connection Tests

The second phase of the study involved ultrasonic
inspection of ASTM A307 bolts installed in double
shear wood-to-wood connections which were tested to
failure in a servo-hydraulic universal test machine. The
head of each bolt was machined on alatheto providea
smooth surface for ultrasonic coupling of the transducer.
The threaded end of each bolt was sanded to form a
plane surface approximately normal to the bolt
longitudinal axis, since initial investigations indicated
this would significantly enhance ultrasonic signal
clarity. The bolts were installed in southern Pine main
and side members with thicknesses chosen to ensure
either Mode |11 or Mode |V connection behavior (see
Table 1). Ultrasonic signals generated by a 5 MHz
transducer coupled to the head of each bolt were
monitored continuously during testing. Connection tests
were interrupted to record ultrasonic signals at 2.22 kN
(500 Ib.) load increments in the elastic region of the
load-displacement curve, and at selected displacement
levels in the inelastic region of the load-displacement
curve.

Test Results

Baseline Ultrasonic Tests

Long bolts and small diameter bolts displayed a lar ger
number of distinct trailing echoes. The amplitudes of
the higher order trailing echoes were observed to
increase at the expense of initial echo amplitude as bolt
length increased or diameter decreased. These trends
areillustrated for three bolt sizesin Figures 1, 3 and 4.
These results are in agreement with previously reported
pulse-echo inspection of unthreaded rods (Varey, 1976).
These trends can be explained by noting that a larger
portion of the ultrasonic pulse energy undergoes
multiple reflections as a transverse wave while

traversing the length of long bolts or bolts with small
diameters.

Bolts may be inspected from either the head or the
threaded end. In general, the bolt head providesa more
stable platform for transducer coupling, while inspection
from the threaded end results in dightly reduced
amplitude of the initial echo compared with trailing
echoes. This effect was more pronounced in smaller
diameter bolts, and is probably dueto the larger amount
of pulse energy reflected from thread surfaces when the
transducer is coupled to the threaded end.

Comparisons of ultrasonic inspection data from
unthreaded dowels and ASTM A307 bolts indicate that
the presence of threads reduces the clarity of the
ultrasonic signal by increasing the amplitude of noise
between trailing echoes. In general, higher order
trailing echoes were completely “lost in the noise” when
threaded shank length exceeded 50% of the total shank
length. Thus, ultrasonic pulse-echo inspection provides
a greater amount of useful information for bolts which
arethreaded for only a small portion of their length.

For all boltsinspected, the first echo exhibited a peak
frequency (f,.) near the nominal frequency of the
ultrasonictransducer.  However, subsequent echoes
exhibited lower peak frequencies, as illustrated for
typical bolt waveforms in Figures 1, 3 and 4. This
behavior may be caused by attenuation of higher
frequency components of the ultrasonic pulse due to
multiple reflections from the surface boundaries of the
fastener.

Connection Tests

Connection tests for 12.7 mm (0.5 in) diameter bolts
wereinterrupted at load increments of 2.22 kN (500 Ib.)

in the elastic region of the load-displacement curvein
order to investigate the effect of increased bearing stress
at the bolt/wood interface on ultrasonic signal

amplitude. Since energy transmission across material

boundaries is very sensitive to surface pressure,

increasesin bearing stress should cause greater amounts
of ultrasonic pulse energy to be“lost” by transmission

across the bolt/wood interface rather than being reflected

back into the bolt and “trapped” by waveguide effects.

Thiswill take the form of increased attenuation of all

echoes in an ultrasonic signal generated through pulse-

echo inspection of bolts in connections under load. For

the connections evaluated in this portion of the study,

after reaching a connection load of approximately 4.45

kN (1000 Ib.) the ultrasonic signal was observed to
weaken in intensity by approximately 2 dB (80%
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reduction in signal amplitude) for each additional 2.22
kN (500 Ib.) of load. Unfortunately, elastic bolt
deformation occurred simultaneously with bearing stress
increases for the bolt and member dimensions tested,
thus obscuring a reliable distinction between attenuation
due to “clamping action” of the wood versus €eastic
bending of the bolt. Future tests Of bolted connections
which exhibit mode | behavior are planned in order to
adequately assess the effect of “clamping action” alone
on ultrasonic signal characteristics. A quantifiable
relationship between signal attenuation and surface
pressure at the bolt/wood interface could lead to the
development of a laboratory technique for estimating
load distribution to individual fasteners in multiple-
fastener connections.

In the inelastic region of the load-displacement curve,
connection tests were interrupted at selected levels of
displacement in order to record ultrasonic signals
associated with plastic hinge formation in bolts. Some
connections were removed from the test apparatus prior
to connection failure and split open to reveal
intermediate levels of plastic hinge formation in bolts.
Other connections were tested to ultimate failure
following ultrasonic inspections at intermediate
displacement levels, then split open to reveal the final
deformed shape of the bolt. The ultrasonic signals
collected at intermediate levels of connection
displacement provide a record of progressive increases
in bolt hinge angle(s) as the connection experienced
increasing magnitudes of load and displacement. The
primary ultrasonic indicator of plastic hinge formation
proved to be changes in relative amplitude of trailing
echoes. As the bolt plastic hinge angle increased, the
initial echo attenuated until it disappeared completely.
Trailing echoes were observed to initially increase in
amplitude, followed by progressive attenuation of lower
order trailing echoes and simultaneous increases in
amplitude of higher order trailing echoes. Higher noise
levels were also observed as the magnitude of plastic
hinge angles increased in the connection. These
changes are illustrated in Figures 4 through 7 for a
typical Mode |11 double shear connection.

As plastic hinges form and grow in magnitude due to
increasing connection load, the first echo exhibits
greater and greater attenuation until it “disappearsin the
noise” while trailing echoes begin to increase in
amplitude. Thisbehavior isduetothelarger portion of
ultrasonic pulse energy which undergoes one or more
transver se wave r eflections while traversing the length
of the bolt. Asplastic hinge angles continue to increase,
lower order trailing echoes begin to attenuate while

higher order echoesincrease in amplitude. Thistrend is
dueto the deformed bolt geometry which causes mor e of
the pulse energy to undergo multiple reflections while
traversing the length of the bolt.  The associated
increase in noise level may be due to the presence of
threads at the far end of the deformed fastener which
intercept and reflect a greater portion of the pulse
energy. Since the thread surfaces form a variety of
angles of incidence, the reflected pulse energy follows a
variety of complex geometric paths at the threaded end
of the bolt before reflecting from the “backwall” and
returning to the ultrasonic transducer. Thus, decreases
in initial echo amplitude accompanied by increasesin
trailing echo amplitudes can be used to estimate the
magnitudes of plastic hinge anglesin fasteners.

Further tests of bolted connections are planned during
the summer of 1996. A population of 40 double shear,
mode |11 connections in Southern Pine will be tested to
failure, and independent measurements of intermediate
bolt hinge angles will be correlated with ultrasonic
signal characteristicsto refine quantitative procedures
for nondestructive estimation of plastic hinge angle
magnitudes. Plastic hinge formation and growth will be
correlated with load-displacement histories of
connections as a means of assessing internal damage
and residual connection capacity. Ultrasonic inspection
procedures and signal analysis methodologies will be
proposed for boltsin existing timber structures.

Conclusions

1. Ultrasonic pulse-echo inspection of bolted
connections can be employed to detect plastic
hinges in bolts caused by structural overload

2. Plastic hinge angle magnitudes in bolts can be
identified by relative changes in trailing echo
amplitudes.

3. Since plastic hinges form in bolts when the yield
load of the connection is exceeded, bolts can be
employed asindicators of structural damage caused
by overload events. Even when structural damage
is not visually detectable, ultrasonic pulse-echo
inspection of bolts provides a means of identifying
connections with hidden internal damage, and
assessing the magnitude of overload that caused the
hidden damage.
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Table 1—Bolt and member dimensions for double shear connection tests in Southern Pine.

Bolt Diameter Nominal Bolt Main Member Side Member Connection
Length Thickness Thickness Yield Mode
12.7 mm (0.5 in.) 180 mm (7 in.) 70 mm (2.75in.) 35mm (1.38in.) i
127 mm (0.5in.) | 250 mm (i0in.) 70mm (2.75in.) 70 mm (2.75in.) iV
19.1 mm (0.75in.) | 250 mm (10 in.) 70 mm (2.75 in.) 70 mm (2.75 in.) v’

This connection may exhibit mode IIT or mode IV behavior depending upon the specific gravity of wood members.
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Figure 1—Ultrasonic signal for ASTM A307 bolt; diameter = 12.7 mm (0.5 in.); length = 260.4 mm
0.25 in.}.
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Figure 3—Ultrasonic signal for ASTM A307 bolt; diameter = 19.1 mm (0.75 in.); length = 261.4 mm
(10.29 in.).
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Figure 4—Ultrasonic signal for ASTM A307 bolt; diameter = 12.7 mm (0.5 in.); length = 185.7 mm
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Figure 5—Ultrasonic signal for deformed A307 bolt during connection test; load = 13.4 kN (3010 Ibs);
displacement = 0.93 mm (0.0366 in.); diameter = 12.7 mm (0.5 in.); length = 185.7 mm (7.31 in.).
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Figure 6—~Ultrasonic signal for deformed A307 bolt during connection test; load = 22.2 kN (4980 Ibs);
displacement = 2.01 mm (0.0791 in.); diameter = 12.7 mm (0.5 in.); length = 185.7 mm (7.31 in.).
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Figure 7—Ultrasonic signal for deformed A307 bolt during connection test; load = 25.1 kN (5640 Ibs);
displacement = 4.67 mm (0.1827 in.); diameter = 12.7 mm (0.5 in.); length = 185.7 mm (7.31 in.).
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