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he ForestProducts Laboratory, USDA Forest Ser-

vice, hasbeendevelopingnondestructiveevaluation .

(NDE) techniques to identify degradation of wood

that remaininthe structure. Thiswork hasfocused onusing
dynamic testingtechniques, particularly stresswaveand ul-
trasonic transmission NDE techniques for both laboratory
andfieldinvestigations.

Our initial efforts were aimed at using stress wave tech-
niques to identify wood degradation. In a previous publica-
tion,'wereportedon aninexpensive experimentaltechnique
that was developed to observe longitudinal stress wave be-
havior in small wood specimens. The technique utilized a
mechanical impactor toinduceawaveinthespecimen. Wave
propagation was observed by placing apiezo film sensor on
the surface ofthe wood. Out-
put of the sensor was re-

Currently, the use of stress wave techniques is limited to
individual wood members. Evaluating each member of a
structuralsystemis laborintensiveandtime consuming.For

insituinspectionoftimber structures, amore efficientstrat-
egy would be to screen whole structural systems or subsys-

. temsintermsoftheiroverall performanceandserviceability.
in structures and the performance characteristics .

Examining the dynamic response ofthe structural system
might provide an alternative way to gain insight into the
ongoing performance ofthe system. Deterioration caused by
any organisin reduces the strength and stiffness of the ma-
terials and thus could affect the dynamic behavior of the
system. If, for example, one structural system or sections of
the systemwere found to respond to dynamic loads inaman-
ner significantly differentfrom that ofother similar systems

or the surrounding sections ofthe system, a more extensive
inspection of that system or section would be warranted.

Based on this conceptual strategy, we began to investigate

the possibility of using transverse vibration techniques to
inspect full-size wood floor

systems by evaluating com-

corded and displayed on a
digital storage oscilloscope.
This technique enabled us to
examine fundamental wave
propagation characteristics K
and the biological degrada-
tion ofwood. Recently, we in- D lpa sin wt
vestigated the use of speed of
sound transmission to locate M

ponent systems. This paper
describes the experimental
setup developed for our re-
searchandtypical results ob-
tained from its use.

degraded regions in wood
materials.? The test setup we
developed consisted of two
84-kHz rolling transducers
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TRANSVERSE
P, sin ot VIBRATION
= ; 2. Transverse vibration tech-
g - niques have received consid-
Ly T 4 erable attention for NDT

applications in the wood in-
dustry.® To illustrate these

coupled to an ultrasonic
transmitting and receiving Fig. I:
unit. A stress wave was in-
troduced into a specimen in
the transverse direction by

the transmitting transducer. ""hewave was received by the .

opposingtransducerafterittraveled through the specimen.

Stress wave transmission times were displayed by the unit
andrecordedonapersonalcomputer. Elevatedtransmission
times were indicative ofdeterioration. With thistechnique,
we_V\iere able to locate sections ofdeteriorationin wood ma-
terials.
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Mass-spring dashpot vibration model (left) and
transversely vibrating beam (right)

methods, an analogy can be
drawn between the behavior
of a vibrating beam and the
vibration ofamass thatis at-
tached to aweightless spring
and internal damping force (Fig. 1). In Figure 1, mass M is
supported from a rigid body by a weightless spring whose
stiffnessisdenotedbyK. Internal friction or dampingis rep-
resented by the dashpot D. A forcing function equaling P,
sin wt or zero is applied for forced or free vibration, respec-
tively. When M is set into vibration, its equation of motion
can be expressed by the following:

d* dx .

M{~=) + D{— ) + Kx = P, sin wt 1
(&) o(5) rmmpsmw 0
Equation (1) can be solved for either Kor D. A solution for
Kwill lead to an expression for modulus ofelasticity (E) for
a beam simply supported atits ends:
_ fBWLB
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where

E = dynamic modulus of elasticity (Pa),
f = natural frequency (Hz),

W = beam weight (kg),

L = beam span (m),

I = beam moment of inertia (m*), and
g = acceleration due to gravity (9.8 mi/s?).

Wood floor systems are typically constructed of wood joists,
cross bridging, and decking. The stiffness of the joists pre-
dominates over the transverse floor sheathing. Thus, we can
assume that a floor system behaves predominately like a
beam with resisting moments in one direction only.

EXPERIMENTALSETUP

A schematic diagram of the experimental setup is shown in
Fig. 2. The floor system was subjected to forced vibration
imposed by a motor with an eccentric rotating mass attached
to the floor decking (Fig. 3). The motor speed could be con-
tinuously changed to a maximum of 1800 rpm. The rotating
mass weighed 251 g with an eccentricity of 30 mm. The re-
sponse of the floor system to vibration was measured at the

Decking DC motor EEE |
Joist
Support LvDT |

Oscilloscope Speed control

LLS 5040
Power supply

Fig. 3:
eccentric rotating mass attached to the floor decking

Forced vibration was imposed by a motor with an

bottom of the center joist using a linear variable differential
transducer (LVDT). Output from the LVDT was observed
with a Nicolet Model 310 Digital Storage Oscilloscope. Using
this setup, the damped natural frequency was observed by
increasing motor speed until maximum deflection was ob-
served. Damped natural frequency was then determined
from the time-deflection data displayed by the oscilloscope.

Static bending tests were then conducted on the floor system
to obtain load-deflection data by adding several hundred Kil-
ograms of static load at midspan of the joists and distributed
over the width of the floor system. The stiffness (El) of the
floor was calculated by

B =% 3)

where

P = static load (N),

D = deflection (m), and
L = floor span (m).

To examine the effectiveness and sensitivity of this experi-
mental setup, we first used it to test three wood floor sec-

tions built at the Forest Products Laboratory. Each “lab-
floor” section was constructed of five 50.8- by 406.4-mm
Southern Pine joists spaced 30 ¢cm on center, with a span of
5.94 m. Two floors were constructed from new materials; the

third floor was constructed from material salvaged from a
demolished warehouse.

The experimental setup was then used to evaluate floor sys-
tems in an old multi-bay building in West Lafayette, Indi-
ana. The floors of 7 bays were examined. The floor systems
were tested for both natural frequency and stiffness. We
compared the measured damped natural frequency with the
corresponding stiffness of the floor system.

RESULTS

The location of the forcing function (motor) and LVDT mea-
suring device is a practical concern in floor system inspec-
tion. We first examined the sensitivity of results when-the
motor and LVDT were at varoous locations in the lab-floor
section. The LVDT was located at quarter and midspan on
both the center and edge joists. The motor was located at
quarter and midspan of the center joists. We found that the
location of the motor and LVDT did not significantly affect
frequency. The measured frequencies were generally within
0.1 Hz of the average value within the experimental accu-
racy of measurement. This indicated that any location of ei-
ther LVDT or motor was acceptable provided we could get a
strong response signal.

Table 1 shows measured frequency and stiffness for both
new and salvaged lab-floor sections. The measured fre-
quency values are damped natural frequency due to a rotat-
ing mass type excitation. Note that the salvaged floor section
yielded a lower frequency (14.8 Hz) than did the new floor
sections (16.2 and 16.3 Hz). The lower frequency of the sal-
vaged floor was due to its decreased stiffness (measured as
13.2 x 10% Nm?2), compared to the stiffness of the new floor
sections (14.9 x 10%° Nm? ). This indicated that the effect of
deterioration in the salvaged floor was detectable by a de-
crease in frequency when compared to the frequency of the
new floor sections.
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Table | —Results of Tests of New and Salvaged Lab-
floor Sections

MEASURED NATURAL FLOOR STIFFNESS
FLOOR SECTION FREQUENCY f(Hz) El (105Nm?)
New floor | 16.2 14.94
New floor I 16.3 14.85
Salvaged floor 14.8 13.16

Figure 4 shows the relationship between stiffness and mea-
sured natural frequency of the in-service floor systems in the
West Lafayette building. The fundamental natural fre-
quency of a structural system is dependent on the stiffness,
mass, span, and boundary conditions of the system. For a
continuous system that is modeled using a pin support on
each end, the relationship between stiffness and natural fre-
quency can be expressed as
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Fig. 4: Relationship between measured natural frequency and
floor stiffness

i
B = “)

where El is the stiffness of the system. Given the weight
and the span of floor systems, the stiffness of a floor is pro-
portional to the square of fundamental natural frequency of
the floor system. This relationship was shown to exist in the
in-service floor systems (Fig. 4). Results of a linear regres-
sion analysis yielded a coefficient of determination (r?) of
0.97. The stiffness of the in-service floor systems ranged
from 8.53 to 50.87 x 10% Nm?, The corresponding natural
frequency measured in these floors ranged from 9.4 to 21.7
Hz. Based on testing results, three floor systems (f = 10.4,
10, and 9.4 Hz) were identified as severely deteriorated and
unserviceable, one floor system (f = 12.3 Hz) was question-
able and requires further inspection, and three floors (f =
13.2, 16.1, and 21.7 Hz) were identified as beingin good con-
dition.

CONCLUSION

The preliminary data presented in this paper showthat the
effects of deterioration in wood floor systems can be detected
by measuring damped natural frequency. The forced vibra-
tion technique utilized in this research holds promise as an
inspection tool. Further research is necessary to determine
whether similar results can be obtained for floor systems
with different floor spans and joist sizes and having various
levels of deterioration.
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