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In 6-month intervals, USDA Forest Service, Forest Products Laboratory (FPL), researchers have returned
to the test site for data collection. The return dates were July 2016 (6 months), January 2017 (12 months),
and June 2017 (17 months). A limited pilot study conducted by FPL using Douglas-fir beams inoculated
in a manner similar to those in this report showed that noticeable fungal growth could begin within 6
months in favorable conditions. Data collection included GPR scanning, MC readings, stress wave
transmission time, and a visual assessment of the specimen condition. In addition, 12 predetermined
specimens (three of each cross section) were retrieved during each site visit and returned to FPL. The
retrieved specimens were reconditioned to 12% MC and then cut into 2-in. (51-mm) pieces along the
length and perpendicular to the longitudinal axis. Janka hardness tests were performed across the cross
section to obtain a hardness profile, which was compared with the original hardness profile for each beam
as an indicator of the extent of fungal decay within each specimen (Green et al. 2006).

The process will be repeated until the final 12 specimens are retrieved after 48 months of exposure. The
interval testing and the range of exposure times should increase the likelihood that data will be collected
on specimens with internal decay ranging in severity from incipient, in which the wood is not perceptibly
impaired, to advanced, in which the destruction is readily recognized (Ross 2010). At the conclusion of
those 48 months, it is expected that the body of collected data will include GPR scans, NDE data, and
hardness profiles for each of the four cross-section types from a period of 0 to 48 months in 6-month
increments.

Results

To date, there were four site visits: at 0 months (when the specimens were initially placed), 6 months, 12
months, and 17 months. MC measurements taken on a random selection of the specimens at the site
during each visit showed that MC was relatively consistent between specimens. Table 1 shows the
average percentage MC during initial installation and during each subsequent site visit.

Table 1. Percentage moisture content at the end and center of the specimens by months of exposure

Location 0 months 6 months 12 months 17 months
End of specimen ~25 24.0 255 27.9
Center of specimen 11.3 19.1 19.4 18.1

A set of typical time domain and frequency domain plots collected by the GPR unit are shown in Figure
6. The specimen examined was C13. The plots were collected with the antenna on the top surface of the
specimen (the surface with two drilled holes as shown in Figure 2a). To facilitate data clarity in Figure 6a,
the time domain magnitude data shown are natural logs of the absolute values of the time domain data
multiplied by the original sign for the individual data points. The process enhances the visibility of low
magnitude peaks and valleys. Figure 6b has the frequency domain data subsequently described. Figure 6¢
is a side view of the specimen constructed from CT images. The CT images were collected on July 25,
2017. The bright object on the top surface of the specimen is the metal ID tag. In the CT image, pixel
brightness is directly and linearly proportional to density. The four drilled fungal cavities illustrated in
Figure 2 are clearly visible. The bright areas around the fungal cavities are moisture that has moved into
the wood from the cavities. The CT image and time domain plots are aligned such that the vertical black
dashed lines across the plots and CT image represent the same location within the specimen. The 0-month
plot (top) shows a relatively small amount of variation along the length. There are distinct positive peaks
and distinct negative valleys. The 6-month plot (second from top) has variation in the signal visible near
the ends where the fungal cavities are present, although distinct peaks and valleys are still visible. In the
12-month plot, the time domain signals around both fungal cavities have shifted positively causing the
loss of distinct negative valleys. The 17-month time domain plot shares many characteristics with the 12-
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month plot. The fungal cavities have caused a loss of positive peaks on one end and a loss of negative
valleys on the other. The fungal cavity at the 6-in. (15-cm) mark causes peaks that are mainly negative,
whereas the cavity at 26 in. (66 cm) has peaks that are mainly positive. One complicating factor of the
time domain plots is the high potential of internal features to clutter the image. Knots, voids, and moisture
cavities are all reflectors that are visible to the GPR unit. Although the raw time domain data plots reveal
the location of internal features, identifying what the feature represents can be a challenge.

In an effort to find a more consistent identifier for internal moisture and fungal decay, the time domain
data were converted into the frequency domain. The associated frequency domain plots computed from
the time domain signal data are shown in Figure 6b. The GPR antenna has a center frequency of 2 GHz.
The red dashed line in Figure 6b shows the 2-GHz frequency band. The majority of the signal energy in
the 0-month plot was at 2 GHz, as expected. All frequency domain plots were normalized to the
maximum value present in the 0-month plot; therefore, a loss of magnitude in later months is visible as a
shift from red to yellow, then to green, and finally to blue. As the moisture increased from field exposure,
the magnitude of the 2-GHz signal decreased. There was a noticeable drop in the 2-GHz magnitude
between the 0- and 6-month scans along with an associated increase in MC in the center of the specimens
according to Table 1. Between the 6- and 12-month scan, there was another drop of 2-GHz magnitude and
a shifting of the center frequency slightly lower, both of which were expected results of increased MC,
but no increase in MC was recorded between those visits. During the 6-month visit, the 3-day inspection
period had several passing showers. The passing showers probably increased the recorded MC results
from the 6-month visit. At the 12- and 17-month visits, the magnitude of the signal along the 2-GHz
signal was relatively consistent compared with the 0- and 6-month data; however, the regions of moisture
caused the signal magnitude to noticeably decrease along the 2-GHz band. In addition, signal magnitude
above 2 GHz decreased to a greater extent than signal magnitude below 2 GHz. This was expected
because the electromagnetic wave speed through water is slower than through air or dry wood. The drop
in magnitude associated with the fungal cavities was largely consistent for all specimens examined,
indicating that MC was probably the source of the signal magnitude loss. Cross-sectional hardness
profiles of the 6-month group have shown no indication of internal decay. Time of flight measurements
taken during the 17-month visit, likewise, showed no indication of internal decay. The changes in the
frequency magnitude are probably attributable to internal moisture. All CT scans of specimens retrieved
from the field show the presence of moisture around the fungal cavities (Fig. 7).
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Figure 7. CT images of specimen cross sections after 17 months of field exposure showing
internal moisture.

Summary

In this study, GPR was investigated for suitability for inspecting large timber bridge components. One
focus of the study was the efficacy of using GPR to detect fungal decay and moisture pockets within
Douglas-fir beams. A total of 96 specimens were created from two sizes of glulam beams and two sizes of
sawn timber beams. The beams selected were of sizes typically used in covered timber bridge
applications. Initially, the beams were assessed using a variety of physical, mechanical, and NDE test
methods including, microresistance drilling, Janka hardness, stress wave transmission, and GPR. These
data provided a baseline to which field-exposed specimens were compared. The specimens were
inoculated with brown-rot fungus, Fomitopsis pinicola, and transported to HEF, 22 miles (35.4 km) north
of Gulfport, Mississippi, USA. In January 2016, the specimens were placed outside at HEF to promote
fungal growth. FPL researchers returned after 6, 12, and 17 months to evaluate the specimens using GPR
scanning, stress wave, and visual assessment. During each visit, a subset of the specimens were retrieved
from the field and returned to FPL. The returned specimens were subjected to visual assessments, NDE
evaluation, CT imaging, and hardness profile mapping of specimen cross sections. At the time of this
report (17+ months of field exposure), no testing method showed indications of internal decay in the
specimens. Time domain and frequency domain data collected from the specimens using GPR showed a
strong connection between signal magnitude and internal moisture pockets. Future work on this study will
focus on developing a metric to positively identify internal moisture as well as assess the ability of GPR
to detect internal fungal decay within the Douglas-fir specimens when it develops.
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