OBSERVED TOTAL WIDTH OF CRACKS CROSSING A SENSOR.

TABLE I

Gage Gage [ Stretch at end of test or at breakage | Broke?

ID Length (in) | Design (in) | Experimental (in) |

1 1/8 0.050 0.050 Y
2 1/8 0.050 0.050 Y
3 3/8 0.070 0.075 Y
4 3/8 0.070 0.065 Y
5 1/8 0.050 0.050 Y
6 178 0.050 0.060 Y
7 3/8 0.070 0.070 N
8 3/8 0.070 0.080 N

rupture. The measured and expected deformations at
rupture matched.

C. Full-scale experiment

We also evaluated the performance of our structural
assessment network using the large-scale three-story
reinforced concrete building structure shown in Fig. 11.
The structure was built by a team of researchers at
Purdue University [12] to investigate the response of flat-
plate structures to earthquakes. Each floor of the building
measured 50 ft. x 30 ft. in plan. The total height of the
structure was 30 ft. Six reinforced concrete columns with
18 x 18 in. cross section supported a total of three 7-
in. thick flat slabs. The floor plan is shown in Fig. 12.
The structure was subjected to 12 psf of superimposed
dead load applied with water-filled barrels. Cyclic lateral
loads were applied with hydraulic actuators controlling
the displacement at the top slab. Loads at the other two
levels were adjusted to 2/3 (at the floor of the third story)
and 1/3 (at the floor of the second story) of the load
applied at the top level. Four displacement cycles were
applied to the structure with maximum roof drift ratios of
+0.22, £0.45, £1.5 and +3%. The assessment network
was tested during the first three cycles. After the third
cycle, 10 out of the 12 sensors used had reached their
limits of operation.

We placed a set of four sensors on each of the
three floors (Fig. 12), for a total of 12 sensors, to
monitor deformations around the columns on the west
side of the structure. The sensors used had a gage length
l. = 1/8 in. The deformation at rupture was expected to
exceed 0.03 in. (with an average of 0.05 in., Fig. 9). Each
sensor was identified by a set of alphabetic characters
as in fTSn, where f is the floor number, and n is the
sensor number, with numbers assigned from North to
South. In the test, all three network configurations in
Fig. 6 were used: 1TS3 and 1TS4 were connected to
RFID tags; 1TS1, 1TS2, and 2TS1-2TS4 were connected
to the mote network; and 3TS1-3TS4 were connected to
the ADAM-6017.

As expected, cracks that developed during lateral
cyclic loading were concentrated around the columns.
Fig. 13 shows cracks with thickness exceeding 0.01 in.
observed after completion of the third cycle. Of the
12 gages installed, 9 ruptured. All ruptures took place
during cycles leading to total deformations exceeding
0.03 in.. Two gages did not rupture (3TS1 and 3TS4).

Fig. 11. Large-scale three-story reinforced-concrete building structure.

Fig. 12.  Floor plan of test structure and placement of gages.

The maximum deformation of the gages that did not frac-
ture was 0.03 in.. Gage 2TS1 was damaged accidentally
before the test.

Sensors mounted near the South face a column (sen-
sors 1 and 3) broke during application of northward
loads, while sensors mounted near the North face of
a column (sensors 2 and 4) broke during application
of southward loads. This observation is in agreement
with the expected deformed shape and distribution of
bending moments (Fig. 14). Table II shows the sequence
of ruptures observed.

Network results: In terms of the network, we used a
three-hop IEEE 802.11 mesh network, with two Metrix
wireless routers, to connect the building to the re-
mote control center over TCP/IP. The routing algorithm

TABLE 1T
SEQUENCE OF RUPTURE OF GAGES ON THE TEST STRUCTURE.
Cycle/ Gages
Load 1TS- | 2TS- 3TS-
Direc. [ TT2T[3JT4[TTJT2]7374 1727173714
I/N O
/8 O
2/N O
2/ O
3/N X X (6] X X
3/S X X |0 | X X X

Note: An X indicates the cycle during which gages were observed to have
ruptured. An O indicates the sensor was not operational.

Fig. 13.  Map of cracks on 2nd story floor.
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Fig. 14. Expected deformed shape.

was AODV [13] with the ETX metric [14]. In the
MDA320CA/mote configuration, an unreliable sink tree
protocol connected the leaf nodes of gages to the mote
network gateway in Fig. 6.

For RFID in our current setup, the status of a gage
is not updated periodically. Instead, an event is reported
only when a tag is detected or a previously detected
tag is lost, corresponding to the Tag and TagLost events
described in Section IV-B. Reliable communication of
the events is assured by the use of TCP/IP over the
mesh network. In our experiment, the network reported
a TagLost event each time after a gage broke. However,
we also observed very occasional “blips” of a TagLost
event quickly followed by a Tag event for the same
gage (delays between the successive events were one
second or less), which did not correspond to a broken
gage. These blips are not expected by the design, and
we attribute them to noise in the operating environment.
Besides a very low rate of occurrence, the short time
interval between the Tag and TagLost events in a blip
has allowed us to easily separate the noise from a real
gage failure, which was signaled by a stable TagLost
event (i.e., one that was not followed shortly by a Tag
event for the same gage).

For the ADAM-6017, the control center polled the
status of all eight channels of a data acquisition module
(even if some of the channels did not have a connected
gage) once every second. Each channel status is 16 bits.
The sizes of the query and response packets (including
the protocol headers) were 68 and 83 bytes respectively,
and hence the data rate was 1208 bits/s per module. The
communication took place over TCP/IP and was reliable.
Table III shows the average and standard deviation of
the query-response packet round trip delays measured
over the three-hop mesh network, together with sepa-
rately reproduced measurements over a one- and two-hop
network for comparison. Fig. 15 gives a representative
trace of the data reports for one of the ADAM-6017
gages. Notice that there were two blips showing a 0.7 V
and 0.2 V drop respectively, each lasting for less than
one second. The 0.7 V drop occurred when the building
was held at a +3.0-in. displacement, and the 0.2 V drop
occurred when the building was resting. The breakage
of a gage was shown by a large drop in the measured
voltage, as the one marked in Fig. 15. We observe,
however, that the voltage was not zero but fluctuated
around 1-2 V. The observation was consistent across
the other ADAM-6017 gages that broke, although the
circuit design would predict a O V for such a gage. The
large and persistent voltage drop after a gage broke has
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Fig. 15. ADAM-6017 trace for gage 3TS2.

TABLE III
STATISTICS OF (1) ADAM-6017 QUERY-RESPONSE ROUND TRIP
DELAYS, AND (2) MDA320CA/MOTE DATA REPORT DELAYS.

[ ADAM-6017 MDA320CA/mote |

Hop Count |[ Mean (ms) [ S.d. (ms) [ Mean (ms) [ S.d. (ms) |
1 2.050 1.076 1.050 0.934
2 2.952 0.846 1.535 0.560
3 3.974 1.418 2.661 29.295

allowed us to easily detect the breakages. However, we
are conducting additional tests to understand why the
reading did not fully become zero.

For the MDA320CA/mote setup, the mote reports the
status of all its data channels (for a data size of 36 bytes)
at 0.5 Hz. With the protocol headers, the report data
rate is 368 bits/s per mote. In our experiment, data were
communicated from a mote to the mote network gateway
over a sink tree and the communication protocol was not
reliable. Because of the low data rate, however, no loss
of the report packets was observed. The periodic data
reports would in any case have been naturally resilient to
loss as explained in Section III. Communication from the
mote network gateway to the control center took place
over TCP/IP. Table III shows the average and standard
deviation of the measured report packet delays over
the 3-hop mesh network, with reproduced measurements
over a one- and two-hop network for comparison. Fig. 16
shows a representative trace of the data reports for a
gage connected to an MDA320CA analog channel. The
expected voltage of a connected gage is 2.5 V. For such
a gage, the network basically reported a sequence of the
2.5 V readings, but also with periodic occurrences of a
0.29 V reading at a frequency of about 1 in 58 readings.
The noise can be easily removed by computing a moving
average of the readings, which is what Fig. 16 shows for
a window size of 50 readings.

VI. DISCUSSIONS
A. RFID interference

Whereas gages in our system are installed on the struc-
tures to detect cracks, the communication devices that
support their operation should be protected from possible
damage. In our RFID-based solution, for example, we
use one tag per reader. To increase hardware resiliency
against hostile conditions, we house the assembly in a
protective enclosure as shown in Fig. 17. The enclosure
is also useful in reducing reader-reader and reader-tag
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Fig. 17. RFID tag/reader assembly in a protective enclosure.

interferences. Specifically, if readers are placed too close
together, their communications may interfere and result
in misoperation, causing the reader-reader interference.
Similarly, if a reader issues a read request at the same
time that a tag responds to a request from another reader,
the read request may overwhelm the response of the tag,
causing reader-tag interference. The interference range
of the Phidgets reader in the open is about one meter.
However, if layers of aluminum foil are wrapped around
the protective enclosure of the readers, the interference
range is reduced.

In general, one reader is able to serve multiple tags
in the reading range to significantly reduce the reader
cost per sensor. To do so, the tag-tag interference prob-
lem must be solved, in which multiple in-range tags
responding to the same read request will experience data
collision. Existing solutions to the tag-tag interference
problem include the tree walking algorithm [15] for UHF
readers, and the slotted termination adaptive collection
protocol [16] for lower frequency HF readers. For hard-
ware protection, the entire assembly of one reader and
multiple tags can be housed within the same enclosure.

B. Data compression

In terms of the data rate, the network currently reports
the periodic ADAM-6017 and MDA320CA/mote data
as-is. Notice from Fig. 15 and 16 that there is in fact
significant redundancy in the reported data, namely the
measured voltage numbers are largely the same before
breakage, and they are largely the same after breakage.
Although not currently incorporated in the network,
a simple differential coding of the data would have
greatly reduced the bandwidth requirement. Specifically,
a standalone implementation of the differential coding
shows that a compression ratio of about 26:1 can be
achieved for the ADAM-6017 measurements.

VII. CONCLUSION

We have presented a rapid structural assessment net-
work for unequivocally identifying local structural fail-
ures after their occurrence. The network has a low
deployment cost of $50-60 per gage using COTS equip-
ment. The low data rate and natural loss resilience of
the periodic data reports make it likely that the network
will remain functional even under stress situations. The
reported data map significant building damage directly,
without the need for complex data analysis. We have
demonstrated that the gage functions with high reliability
when attached on concrete, a widely used building
material. We expect that large building structures can
be reliably monitored with on the order of dozens of
gages strategically positioned.
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