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Abstract:
The Idaho National Laboratory is developing a versatile micro-power sensor interface platform for periodic subsurface sensing XE "subsurface sensing"  of environmental variables important to waste disposal sites such as volumetric moisture XE "moisture" , water potential XE "water potential" , and temperature. The key characteristics of the platform architecture are that the platform is passive until externally energized—no internal power source is required—and that it communicates with a "reader" via short-range telemetry—no wires penetrate the subsurface. Other significant attributes include the potential for a long service life and a compact size that makes it well suited for retrofitting existing landfill structures. Functionally, the sensor package is “read” by a short-range induction coil that activates and powers the sensor platform XE "sensor platform"  as well as detects the sensor output via a radio frequency signal generated by the onboard programmable interface controller microchip. As a result, the platform has a functional subsurface communication range of approximately 10 to 12 ft. and can only accept sensors that require low power to operate.
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1. Introduction

For many of the soil waste sites within the Department of Energy complex, in-place containment with surface barriers (caps) is expected to be the primary means of remediation. As part of the capping process, there will be years of post-closure monitoring to assure/verify performance. Consequently, monitoring technologies are needed that are economical, reliable, require low-maintenance, and have the potential for a long service life. Implementation techniques will need to minimize the impact of the monitoring technology on cap integrity. 

An example is found at DOE’s Hanford Site. The 200 Areas of the Hanford Site are on the National Priorities List under the Comprehensive Environmental Response, Compensation and Liability Act (CERCLA) of 1980. Operations in the 200 Areas were related to separation of nuclear materials from spent nuclear fuel. Significant quantities of chemical and radioactive waste, as well as chemicals associated with the separations processes, were disposed to the environment. The 200 Areas contain about 800 soil waste sites, including liquid disposal structures, solid waste burial sites, and spills. Types of waste received at these sites include radioactive, mixed radioactive, hazardous, sanitary, and demolition waste. The use of surface barriers (caps) is expected to be the preferred approach to containment as identified in the DOE-RL baseline (DOE-RL, 1999a). Barrier performance data are needed for remediation decisions and, if barriers are selected, to verify their performance. 

A number of different methodologies are used to monitor the performance of barrier caps, including monitoring wells, bore hole sampling/sensing, lysimeters, and networks of embedded sensors wired to data loggers or telemetry units. The wires associated with embedded systems can present difficulties during construction and subsequent cap maintenance because the wires penetrate the cap, providing potential paths for water infiltration. Any maintenance of the sensors after extended service also means additional penetrations and disruption of barrier integrity. An approach to mitigate a number of these issues is to implement a sensor platform XE "sensor platform"  that is wireless and passive with the potential for extended service. In most cases, platform service life will be limited to the useful service life of the integrated sensors interacting with the environment. 

The Idaho National Laboratory (INL) is developing a sensor platform XE "sensor platform"  that is both wireless and passive. Passive is defined as not having an onboard power supply. The platform architecture has the following attributes: 1) all platform components are inactive until energized by an external power source, thus no internal power such as a battery is required; 2) a magnetic induction field generated by a “reader” is used to both power and communicate with the platform, eliminating the need for wires to penetrate to the subsurface; 3) sensor platforms are individually addressable, allowing a single reader to interrogate a number of different platforms; and 4) each platform can support multiple low-power sensors. Although well suited for the intended application, this approach does have inherent limitations and/or tradeoffs. These include a limited functional range, as defined by the extent of the interrogating induction field, and a power budget, as defined by the onboard energy storage capacitors that provide power to platform components as well as integrated sensors. Specific applications require tradeoffs between charge time (measurement cycle time), available power, and working depth. For example, an increase in required power to run sensors will result in either a reduced working depth and/or an increase in charge time. A working configuration as it relates to a landfill cap is illustrated in Figure 1. 

2. Material and Methods

The platform is designed around a microcontroller produced by Microchip Technology.
  In essence, it is a single-chip computer containing onboard nonvolatile memory, multiple analog-to-digital (A/D) channels, and digital communication ports. The microcontroller can be programmed and/or hardwired  to handle all of the logic  needed for power  management, opera-tion of one or more sensors, and communication with the reader.hardwired to handle all of the logic needed for power management, operation of one or more sensors, and communication with the reader. Associated with the microcontroller are circuits to communicate as well as collect and store energy from the aboveground reader. Telemetry and power transfer between the reader and sensor platform XE "sensor platform"  are accomplished through a low-frequency magnetic field (nominal 125 kHz working frequency). The reader is a conventional radio transceiver connected to a resonant antenna. 
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Figure 1. Functional configuration for INL sensor platform XE "sensor platform"  as it relates to a landfill barrier cap.

The basic sequence to acquire sensor readings is as follows. The reader sends out energy in the form of an alternating magnetic field, which is captured and stored in a capacitor within the platform/sensor package. When sufficient energy has been collected, the microcontroller will initiate a routine to have one or more sensors perform a measurement. The values collected (e.g. volumetric moisture XE "moisture" , temperature, and/or pressure) are then digitized. At that point, the microcontroller powers the probe transmitter and also controls frequency-shift keying to impress the digital readings on the transmitted waveform, with subsequent decoding by the reader. The reader supplies instructions to the platform, as well as energy. For example, the platform might be instructed to report the value of a particular onboard sensor or to adjust the operating range of a sensor.

Figure 2 shows a simplified block diagram of the probe. The antenna, actually a resonant circuit, is used both for capturing energy from the reader and transmitting data back to the reader. As energy builds in the storage capacitor, the microcontroller begins to operate and polls the energy detector circuit to determine if the capacitor is fully charged, i.e. has a 5 Volt reserve available for use. When that condition is achieved, the RF detection circuit is polled to determine if the reader is still transmitting the energizing pulse. If not, the reader has stopped to listen. If so, the microcontroller interrogates the sensor(s), which requires applying power and digitizing its analog output. At this point, the measurement results are stored in the microcontroller's memory. Power is then applied to the transmitter, which in turn drives the antenna. Frequency-shift keying is accomplished by switching a small capacitance in and out of the resonant circuit of the antenna; the switching is controlled by the communications port on the microcontroller. The receiving process is straightforward. An FM receiver is tuned such that its passband is centered on one of the frequency components of the modulated wave. This produces analog output from the receiver that is level shifted to become a proper RS-232 signal. That signal is captured by the serial port of a computer, which serves as the data logger.
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Figure 2. Simplified block diagram of the sensor platform XE "sensor platform"  and reader.

3. Results

To date, the development of the INL sensor platform XE "sensor platform"  has progressed from a breadboard model demonstrating feasibility (Kunerth et al., 2001) to a number of prototype models that have been tested in the field. 

Early prototype platforms with temperature, pressure, and volumetric water sensors were developed and tested at a moisture XE "moisture"  sensor calibration facility at the Nevada Test Site (NTS) developed for the calibration of neutron moisture meters in different well casing types. This facility consists of arrays of time domain reflectometry (TDR) probes buried at depths of 1, 2, and 3 feet in screened alluvium. TDR probes measure water content. The TDR probes were calibrated in the laboratory using NTS alluvium prior to installation in the field and provide accurate measurements of volumetric water content. Use of this facility permitted the direct comparison of the INEEL sensor technology to an accepted moisture measurement technology. Four prototype sensor packages were buried at various depths in the NTS facility within the sensing volume of the TDR arrays. Subsequent to burial, the area was flooded and the water infiltration recorded with time, see Figure 3. Figure 4 presents the volumetric water measurements recorded for INL sensor package #3 with time. Figure 5 shows the volumetric water measurements made by TDR sensors at the 1-ft level. Spaces in the data resulted  from  alternating  measurements  between  the TDR  probes and the INEEL sensors. Cross talk between the two sensor types, TDR and INL platform, prevented their simultaneous use. The platform’s volumetric water sensor uses a calibration provided by the manufacturer that is not specific to each probe or the composition of the alluvium at the NTS. This resulted in absolute measurements that were different from those obtained from the TDR probes, but the INEEL sensor packages did duplicate the TDR’s response to the wetting front moving through the soil.
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Figure 3. INL wireless sensor platform XE "sensor platform"  field test. For this test, the buried sensor packages (marked by the blue flags) are located on the exterior of the antenna encircling the aluminum well casing.

Figure 4. Volumetric water measurements recorded by INL Sensor Package #3 as water infiltrated into the soil. Sampling depth for this sensor package was 13 to 20 inches.
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Figure 5. Volumetric water measurements recorded by NTS TDR sensors at a 1 ft. (TDR measurements provided by Charles Lohrstorfer and Alen Wittig, NTS.)

A second field test was performed with similar prototype sensor packages capable of monitoring volumetric water, temperature, and pressure. These packages were embedded in a barrier cap during construction at a superfund site in South Dakota. A year later, after construction was complete, the sensor packages were located and sensor data collected without any platform failures. Figure 6 shows a sensor package as it was being embedded and the barrier cap under construction. 

After the field testing at NTS, a heat dissipation based matric water potential XE "water potential"  sensor was added to the sensor platform XE "sensor platform" . To accomplish this task, the capabilities of the platform were extended to include two separate energy storage banks that could be individually charged and controlled. The primary storage bank is used to power the basic functionality of the platform and one or more low-power sensors such as temperature and volumetric water. The second storage bank is significantly larger (6.3 joules versus 0.003 joules) and is used to power the energy-intensive water potential measurement or other tasks that require extended power. This storage bank is software controlled and is only active when commanded. However, due to the size of the second bank, charge / measurement  cycle times are  significantly longer when activated, i.e. hours versus seconds for the primary bank alone. Figure 7 shows sensor packages with platforms having commercial volumetric water, water potential, and temperature sensors. To date, all sensors used with the platform have been commercial off-the-shelf technologies.
,
,
 

Calibration of the water potential XE "water potential"  sensor using a modified pressure plate extractor system engineered and build by NTS personnel is underway. Figure 8 shows the calibration system along with sensor data periodically collected at different system pressure settings. Two sensor packages are set vertically in the green plastic pipes attached to the lid of the pressure plate extractor. A small hoop resonant antenna is mounted above the pressure system. It is connected to a reader and laptop computer that controls data acquisition. The plastic pipes are used to allow the alternating magnetic field generated by the reader to couple with the sensor platforms encased within the pressure system. The system is programmed to periodically collect data from the two sensor packages at set time intervals. Upon completion of the calibration process, the sensors packages will be field tested at NTS.
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Figure 6. INL wireless sensor platform XE "sensor platform"  field test at superfund site in South Dakota.
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Figure 7. Sensor packages with INL platform and integrated volumetric water, water potential XE "water potential" , and temperature sensors
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Figure 8. NTS-modified pressure plate extractor system used to calibrate the water potential XE "water potential"  sensors. The two green plastic tubes house two sensor packages during calibration as well as allow the alternating magnetic fields generated by the reader and sensor platform XE "sensor platform"  to pass through the pressure system boundary.

4. Discussion/Conclusions

The INL sensor platform XE "sensor platform"  was developed to provide a method for long term subsurface sensing XE "subsurface sensing"  that does not require wires to penetrate the barriers. Due to the passive nature of the design, no maintenance needs to be performed and the low duty cycle provides the potential for a long service life. Service life will, in most cases, be defined by the service life of the sensors that directly interact with the environment or their ability to maintain calibration. Although the platform has been demonstrated to be fully functional, there are operational limits that define how the platform can be implemented. 

Those limitations are:

1. A reader is required to be temporarily or permanently located on the surface to provide power and communications when measurements are made. An exception to this is possible if the platform is configured and programmed to use the large secondary energy storage bank to run low-power sensors for an extended period of time after the reader has been shut off or removed. 

2. Operational depths are defined by the extent to which the resonant antennas on the reader and sensor platform XE "sensor platform"  can couple to transfer power and communicate. Laboratory and field testing at the INL indicates that the present system is limited to approximately 12 ft. Also note that the physical alignment of the antennas contribute to the efficiency of energy transfer, i.e. maximum efficiency is achieved when they are coaxial. Soil types and water content may also influence operational depths, but all testing to date suggests that the effects are small. 

3. There is a trade off between operational depth and measurement cycle time. Increased working depths result in weaker magnetic field strengths and thus less energy transfer. As a result, it takes longer to charge the energy storage banks. At maximum operational depths, a platform with low-power sensors can be energized and read in seconds while it will take hours to charge the secondary energy storage bank for use with a high-power sensor such as the heat dissipation water potential XE "water potential"  sensor. 

In conclusion, the INL sensor platform XE "sensor platform"  does provide a viable means for subsurface sensing XE "subsurface sensing"  when it is desirable not to penetrate structures with wires. 
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25.669647

25.669647

25.669647

25.998692

25.998692

25.998692

25.669647

25.998692

25.998692

25.998692

28.301992

29.289122

29.618164

30.934336

31.592422

32.250507

32.908592

33.566681

33.566681

48.044571

48.044571

48.538136

50.34787

50.676914

51.005959

51.005959

51.170479

51.993088

51.993088

51.993088

51.993088

51.993088

52.322128

52.651173

52.980213

53.638302

53.967342

53.967342

53.967342

54.296387

54.625431

54.954472

55.283516

55.61256

55.941601

57.586815

58.573944

59.232033

59.890118

55.283516

55.283516

55.283516

55.283516

55.283516

55.283516

55.283516

55.283516

55.283516

55.283516

55.283516

54.954472

54.954472



WC4

		





WC4

		0.3872685185

		0.3878240741

		0.3883796296

		0.3889351852

		0.3894791667

		0.3900347222

		0.3905787037

		0.3911342593

		0.3917013889

		0.3922569444

		0.3928009259

		0.3933564815

		0.3939236111

		0.3944791667

		0.3950347222

		0.3955902778

		0.3961342593

		0.3966782407

		0.3972337963

		0.3977893519

		0.3983333333

		0.3988773148

		0.3994328704

		0.3999884259

		0.4005555556

		0.401099537

		0.4016666667

		0.4022222222

		0.4027777778

		0.4033333333

		0.4038888889

		0.4044444444

		0.405

		0.4055439815

		0.406099537

		0.4066435185

		0.4071875

		0.4077546296

		0.4082986111

		0.4088541667

		0.4093981481

		0.4099421296

		0.4104976852

		0.4110416667

		0.4115972222

		0.4121527778

		0.4127083333

		0.4283912037

		0.4289467593

		0.4295023148

		0.4300578704

		0.4306134259

		0.4311689815

		0.431724537

		0.4322916667

		0.4328472222

		0.4333912037

		0.4339467593

		0.4345023148

		0.4350462963

		0.4356018519

		0.4361574074

		0.436712963

		0.4372685185

		0.4378240741

		0.4383796296

		0.4389236111

		0.4394907407

		0.4400347222

		0.4406018519

		0.4411574074

		0.4417013889

		0.4422685185

		0.4428240741

		0.4433680556

		0.4439351852

		0.4445023148

		0.4450462963

		0.4456018519

		0.4461574074

		0.446724537

		0.4472800926

		0.4478240741

		0.4483796296

		0.4489351852

		0.4494907407

		0.4500462963

		0.4506018519

		0.4511574074

		0.4522685185

		0.4528240741

		0.4533796296

		0.4539351852

		0.4544907407

		0.4550462963

		0.4556018519

		0.4707407407

		0.4712962963

		0.4718518519

		0.4724189815

		0.472962963

		0.4735300926

		0.4740972222

		0.4746527778

		0.4752083333

		0.4757523148

		0.4763078704

		0.4768634259

		0.4774189815

		0.477974537

		0.4785300926

		0.4790972222

		0.4796527778

		0.4802083333

		0.4807638889

		0.4813194444

		0.481875

		0.4824305556

		0.4829861111

		0.4835416667

		0.4840972222

		0.4846527778

		0.4852083333

		0.4857638889

		0.4863194444

		0.4868865741

		0.4874305556

		0.4879861111

		0.4885416667

		0.4890856481

		0.4896412037

		0.5580787037

		0.5586226852

		0.5591782407

		0.5597337963

		0.5602893519

		0.5608564815

		0.561412037

		0.5619675926

		0.5625231481

		0.5630787037

		0.5636342593

		0.5642013889

		0.5647453704

		0.5653009259



WC4

Time (Days)

Moisture Content (Percent)

Moisture Content Sensor 4

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.006777

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.006777

25.335819

25.006777

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.171299

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.006777

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.171299

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.006777

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.006777

25.335819

25.006777

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819

25.335819



WC3

		





WC3

		0.3871296296

		0.3876851852

		0.3882291667

		0.3887847222

		0.3893402778

		0.3898958333

		0.3904398148

		0.3909953704

		0.3915625

		0.3921180556

		0.392662037

		0.3932175926

		0.3937847222

		0.3943402778

		0.3948958333

		0.3954398148

		0.3959953704

		0.3965393519

		0.3970949074

		0.3976388889

		0.3981944444

		0.39875

		0.3992939815

		0.399849537

		0.4004166667

		0.4009606481

		0.4015162037

		0.4020717593

		0.4026388889

		0.4031944444

		0.40375

		0.4043055556

		0.4048611111

		0.4054050926

		0.4059606481

		0.4065046296

		0.4070601852

		0.4076157407

		0.4081712963

		0.4087152778

		0.4092592593

		0.4098148148

		0.4103587963

		0.4109027778

		0.4114583333

		0.4120023148

		0.4125694444

		0.4282523148

		0.4288078704

		0.4293634259

		0.4299189815

		0.430462963

		0.4310300926

		0.4315856481

		0.4321527778

		0.4327083333

		0.4332523148

		0.4338078704

		0.4343634259

		0.4349074074

		0.435462963

		0.4360185185

		0.4365740741

		0.4371296296

		0.4376851852

		0.4382407407

		0.4387962963

		0.4393518519

		0.4399074074

		0.440462963

		0.4410185185

		0.4415625

		0.4421180556

		0.4426736111

		0.4432291667

		0.4437962963

		0.4443634259

		0.4449074074

		0.445462963

		0.4460300926

		0.4465856481

		0.4471412037

		0.4476851852

		0.4482407407

		0.4487962963

		0.4493634259

		0.4499189815

		0.450462963

		0.4510300926

		0.4515740741

		0.4521296296

		0.4526851852

		0.4532407407

		0.4537962963

		0.4543518519

		0.4549074074

		0.455462963

		0.4706018519

		0.4711574074

		0.471712963

		0.4722800926

		0.4728356481

		0.4733912037

		0.4739467593

		0.4745023148

		0.4750694444

		0.4756134259

		0.4761805556

		0.476724537

		0.4772800926

		0.4778356481

		0.4783912037

		0.4789583333

		0.4795138889

		0.4800694444

		0.480625

		0.4811805556

		0.4817361111

		0.4822916667

		0.4828472222

		0.4834027778

		0.4839583333

		0.4845138889

		0.4850694444

		0.485625

		0.4861805556

		0.4867476852

		0.4872916667

		0.4878472222

		0.4884027778

		0.4889583333

		0.4895023148

		0.5579398148

		0.5584837963

		0.5590393519

		0.5595949074

		0.560150463

		0.5607060185

		0.5612731481

		0.5618287037

		0.5623726852

		0.5629398148

		0.5634953704

		0.5640625

		0.5646180556



WC3

Time (Days)

Moisture Content (Percent)

Moisture Content Sensor 3

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

22.647188

26.927031

26.927031

26.927031

27.914686

29.231564

29.560781

30.219219

30.548437

30.548437

30.548437

30.877657

31.536095

31.865313

32.19453

33.182186

33.182186

33.182186

33.511406

33.511406

33.840626

33.840626

34.499062

34.992889

36.145157

37.132813

38.449688

39.766563

41.741875

42.72953

43.71719

44.046406

44.375626

45.034061

45.363281

46.350937

46.350937

46.350937

46.350937

46.350937

46.350937

45.527889

46.350937

45.527889

45.527889

45.363281

45.363281

45.363281

45.527889

45.363281

45.527889

44.046406

44.046406

44.046406

44.046406

44.046406

44.046406

44.046406

43.71719

43.71719

43.71719

43.71719

43.71719

43.71719

43.71719

43.71719

43.71719

43.71719

43.71719

43.38797

43.71719

43.38797

43.38797

43.38797

43.38797

43.05875

43.38797

43.05875

43.05875

43.05875

42.72953

42.894142

42.72953

42.72953

42.72953

42.72953

39.766563

39.766563

39.766563

39.766563

39.766563

39.766563

39.766563

39.766563

39.766563

39.766563

39.766563

39.766563

39.766563



WC2

		





WC2

		0.3869907407

		0.3875462963

		0.3880902778

		0.3886458333

		0.3892013889

		0.3897453704

		0.3903009259

		0.3908564815

		0.391412037

		0.3919791667

		0.3925347222

		0.3930787037

		0.3936458333

		0.3942013889

		0.3947569444

		0.3953009259

		0.3958564815

		0.396412037

		0.3969560185

		0.3975

		0.3980555556

		0.3986111111

		0.3991550926

		0.3997106481

		0.4002777778

		0.4008217593

		0.4013773148

		0.4019328704

		0.4024884259

		0.4030555556

		0.4036111111

		0.4041666667

		0.4047222222

		0.4052777778

		0.4058217593

		0.4063657407

		0.4069212963

		0.4074652778

		0.4080324074

		0.4085763889

		0.4091203704

		0.4096759259

		0.4102199074

		0.4107638889

		0.4113194444

		0.4118634259

		0.4124305556

		0.4281134259

		0.4286689815

		0.429224537

		0.4297800926

		0.4303240741

		0.4308912037

		0.4314467593

		0.4320023148

		0.4325578704

		0.4331134259

		0.4336574074

		0.434224537

		0.4347800926

		0.4353240741

		0.4358796296

		0.4364351852

		0.4369907407

		0.4375462963

		0.4381018519

		0.4386574074

		0.439212963

		0.4397685185

		0.4403240741

		0.4408796296

		0.4414351852

		0.4419791667

		0.4425347222

		0.4431018519

		0.4436574074

		0.444212963

		0.4447685185

		0.4453240741

		0.4458796296

		0.4464467593

		0.4470023148

		0.4475462963

		0.4481018519

		0.4486574074

		0.449224537

		0.4497800926

		0.4503240741

		0.4508912037

		0.4514351852

		0.4519907407

		0.4525462963

		0.4531018519

		0.4536689815

		0.454212963

		0.4547685185

		0.4553240741

		0.470462963

		0.4710185185

		0.4715856481

		0.4721412037

		0.4726851852

		0.4732407407

		0.4738078704

		0.4743634259

		0.4749305556

		0.4754861111

		0.4760300926

		0.4765856481

		0.4771412037

		0.4776967593

		0.4782523148

		0.4788194444

		0.479375

		0.4799305556

		0.4804861111

		0.4810416667

		0.4815972222

		0.4821527778

		0.4827083333

		0.4832638889

		0.4838194444

		0.484375

		0.4849305556

		0.4854861111

		0.4860532407

		0.4866087963

		0.4871527778

		0.4877083333

		0.4882638889

		0.4888194444

		0.4893634259

		0.5583449074

		0.558900463

		0.5594560185

		0.5600231481

		0.5605671296

		0.5611342593

		0.5616898148

		0.5622453704

		0.5628009259

		0.5633564815

		0.5639236111

		0.5644791667

		0.5650347222



WC2

Time (Days)

Moisture Content (Percent)

Moisture Content Sensor 2

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.992354

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.992354

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.992354

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.992354

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.992354

10.992354

10.827832

10.827832

10.827832

10.827832

10.827832

10.992354

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.992354

10.827832

10.827832

10.992354

10.827832

10.827832

10.827832

10.827832

10.992354

10.827832

10.827832

10.827832

10.827832

10.992354

10.827832

10.827832

10.827832

10.827832

10.992354

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.827832

10.992354

29.254238

28.925196

29.254238

29.254238

29.089718

29.254238

28.925196

29.254238

29.254238

28.925196

29.254238

28.925196

28.925196



infil

		Time (Days)		WC2		Time		WC3		Time		WC4		Time		WC5

		0.3870		10.827832		9:17		22.647188		0.3873		25.335819		0.3874		25.998692

		0.3875		10.827832		9:18		22.647188		0.3878		25.335819		0.3880		25.669647

		0.3881		10.827832		9:19		22.647188		0.3884		25.335819		0.3885		25.998692

		0.3886		10.827832		9:19		22.647188		0.3889		25.335819		0.3891		25.669647

		0.3892		10.827832		9:20		22.647188		0.3895		25.335819		0.3896		25.669647

		0.3897		10.827832		9:21		22.647188		0.3900		25.335819		0.3902		25.669647

		0.3903		10.827832		9:22		22.647188		0.3906		25.006777		0.3907		25.998692

		0.3909		10.827832		9:23		22.647188		0.3911		25.335819		0.3918		25.998692

		0.3914		10.827832		9:23		22.647188		0.3917		25.335819		0.3924		25.669647

		0.3920		10.827832		9:24		22.647188		0.3923		25.335819		0.3929		25.998692

		0.3925		10.827832		9:25		22.647188		0.3928		25.335819		0.3935		25.998692

		0.3931		10.827832		9:26		22.647188		0.3934		25.335819		0.3946		25.669647

		0.3936		10.827832		9:27		22.647188		0.3939		25.335819		0.3952		25.998692

		0.3942		10.827832		9:27		22.647188		0.3945		25.335819		0.3957		25.669647

		0.3948		10.827832		9:28		22.647188		0.3950		25.335819		0.3963		25.998692

		0.3953		10.827832		9:29		22.647188		0.3956		25.335819		0.3968		25.669647

		0.3959		10.827832		9:30		22.647188		0.3961		25.335819		0.3974		25.998692

		0.3964		10.827832		9:31		22.647188		0.3967		25.335819		0.3979		25.998692

		0.3970		10.827832		9:31		22.647188		0.3972		25.335819		0.3985		25.998692

		0.3975		10.827832		9:32		22.647188		0.3978		25.335819		0.3990		25.669647

		0.3981		10.827832		9:33		22.647188		0.3983		25.335819		0.3996		25.998692

		0.3986		10.827832		9:34		22.647188		0.3989		25.335819		0.4007		25.998692

		0.3992		10.827832		9:34		22.647188		0.3994		25.006777		0.4018		25.998692

		0.3997		10.827832		9:35		22.647188		0.4000		25.335819		0.4023		25.669647

		0.4003		10.827832		9:36		22.647188		0.4006		25.006777		0.4029		25.998692

		0.4008		10.827832		9:37		22.647188		0.4011		25.335819		0.4035		25.669647

		0.4014		10.827832		9:38		22.647188		0.4017		25.335819		0.4040		25.669647

		0.4019		10.827832		9:38		22.647188		0.4022		25.335819		0.4046		25.669647

		0.4025		10.827832		9:39		22.647188		0.4028		25.335819		0.4051		25.998692

		0.4031		10.827832		9:40		22.647188		0.4033		25.335819		0.4057		25.669647

		0.4036		10.827832		9:41		22.647188		0.4039		25.335819		0.4062		25.669647

		0.4042		10.827832		9:42		22.647188		0.4044		25.171299		0.4068		25.998692

		0.4047		10.827832		9:43		22.647188		0.4050		25.335819		0.4079		25.998692

		0.4053		10.827832		9:43		22.647188		0.4055		25.335819		0.4084		25.669647

		0.4058		10.827832		9:44		22.647188		0.4061		25.335819		0.4090		25.669647

		0.4064		10.827832		9:45		22.647188		0.4066		25.335819		0.4095		25.669647

		0.4069		10.827832		9:46		22.647188		0.4072		25.335819		0.4101		25.998692

		0.4075		10.827832		9:46		22.647188		0.4078		25.335819		0.4106		25.669647

		0.4080		10.827832		9:47		22.647188		0.4083		25.335819		0.4112		25.998692

		0.4086		10.827832		9:48		22.647188		0.4089		25.335819		0.4117		25.998692

		0.4091		10.992354		9:49		22.647188		0.4094		25.335819		0.4123		25.669647

		0.4097		10.827832		9:50		22.647188		0.4099		25.006777		0.4285		25.998692

		0.4102		10.827832		9:50		22.647188		0.4105		25.335819		0.4291		25.669647

		0.4108		10.827832		9:51		22.647188		0.4110		25.335819		0.4296		25.998692

		0.4113		10.827832		9:52		22.647188		0.4116		25.335819		0.4302		25.998692

		0.4119		10.827832		9:53		22.647188		0.4122		25.335819		0.4313		25.669647

		0.4124		10.827832		9:54		22.647188		0.4127		25.335819		0.4319		25.998692

		0.4281		10.827832		10:16		26.927031		0.4284		25.335819		0.4324		25.998692

		0.4287		10.827832		10:17		26.927031		0.4289		25.335819		0.4330		25.998692

		0.4292		10.992354		10:18		26.927031		0.4295		25.335819		0.4335		25.998692

		0.4298		10.827832		10:19		27.914686		0.4301		25.335819		0.4341		25.669647

		0.4303		10.827832		10:19		29.231564		0.4306		25.335819		0.4346		25.998692

		0.4309		10.827832		10:20		29.560781		0.4312		25.335819		0.4352		25.669647

		0.4314		10.827832		10:21		30.219219		0.4317		25.335819		0.4357		25.669647

		0.4320		10.827832		10:22		30.548437		0.4323		25.335819		0.4363		25.669647

		0.4326		10.827832		10:23		30.548437		0.4328		25.335819		0.4369		25.998692

		0.4331		10.827832		10:23		30.548437		0.4334		25.171299		0.4374		25.669647

		0.4337		10.827832		10:24		30.877657		0.4339		25.335819		0.4380		25.998692

		0.4342		10.827832		10:25		31.536095		0.4345		25.335819		0.4385		25.669647

		0.4348		10.827832		10:26		31.865313		0.4350		25.335819		0.4391		25.669647

		0.4353		10.827832		10:27		32.19453		0.4356		25.335819		0.4396		25.998692

		0.4359		10.827832		10:27		33.182186		0.4362		25.335819		0.4407		25.998692

		0.4364		10.992354		10:28		33.182186		0.4367		25.335819		0.4413		25.998692

		0.4370		10.827832		10:29		33.182186		0.4373		25.006777		0.4418		25.669647

		0.4375		10.827832		10:30		33.511406		0.4378		25.335819		0.4424		25.998692

		0.4381		10.827832		10:31		33.511406		0.4384		25.335819		0.4430		25.669647

		0.4387		10.827832		10:31		33.840626		0.4389		25.335819		0.4435		25.669647

		0.4392		10.827832		10:32		33.840626		0.4395		25.335819		0.4441		25.669647

		0.4398		10.827832		10:33		34.499062		0.4400		25.335819		0.4446		25.998692

		0.4403		10.827832		10:34		34.992889		0.4406		25.335819		0.4452		25.998692

		0.4409		10.992354		10:35		36.145157		0.4412		25.335819		0.4457		25.998692

		0.4414		10.827832		10:35		37.132813		0.4417		25.006777		0.4463		25.669647

		0.4420		10.827832		10:36		38.449688		0.4423		25.335819		0.4474		25.998692

		0.4425		10.827832		10:37		39.766563		0.4428		25.006777		0.4480		25.998692

		0.4431		10.827832		10:38		41.741875		0.4434		25.335819		0.4485		25.998692

		0.4437		10.827832		10:39		42.72953		0.4439		25.335819		0.4502		28.301992

		0.4442		10.827832		10:39		43.71719		0.4445		25.335819		0.4513		29.289122

		0.4448		10.827832		10:40		44.046406		0.4450		25.335819		0.4519		29.618164

		0.4453		10.827832		10:41		44.375626		0.4456		25.335819		0.4530		30.934336

		0.4459		10.827832		10:42		45.034061		0.4462		25.335819		0.4535		31.592422

		0.4464		10.827832		10:43		45.363281		0.4467		25.335819		0.4541		32.250507

		0.4470		10.827832		10:43		46.350937		0.4473		25.335819		0.4546		32.908592

		0.4475		10.992354		10:44		46.350937		0.4478		25.335819		0.4552		33.566681

		0.4481		10.992354		10:45		46.350937		0.4484		25.335819		0.4557		33.566681

		0.4487		10.827832		10:46		46.350937		0.4489		25.335819		0.4709		48.044571

		0.4492		10.827832		10:47		46.350937		0.4495		25.335819		0.4714		48.044571

		0.4498		10.827832		10:47		46.350937		0.4500		25.335819		0.4726		48.538136

		0.4503		10.827832		10:48		45.527889		0.4506		25.335819		0.4737		50.34787

		0.4509		10.827832		10:49		46.350937		0.4512		25.335819		0.4742		50.676914

		0.4514		10.992354		10:50		45.527889		0.4523		25.335819		0.4748		51.005959

		0.4520		10.827832		10:51		45.527889		0.4528		25.335819		0.4753		51.005959

		0.4525		10.827832		10:51		45.363281		0.4534		25.335819		0.4759		51.170479

		0.4531		10.827832		10:52		45.363281		0.4539		25.335819		0.4764		51.993088

		0.4537		10.827832		10:53		45.363281		0.4545		25.335819		0.4770		51.993088

		0.4542		10.827832		10:54		45.527889		0.4550		25.335819		0.4776		51.993088

		0.4548		10.827832		10:55		45.363281		0.4556		25.335819		0.4781		51.993088

		0.4553		10.827832		10:55		45.527889		0.4707		25.335819		0.4787		51.993088

		0.4705		10.827832		11:17		44.046406		0.4713		25.335819		0.4798		52.322128

		0.4710		10.992354		11:18		44.046406		0.4719		25.335819		0.4803		52.651173

		0.4716		10.827832		11:19		44.046406		0.4724		25.335819		0.4809		52.980213

		0.4721		10.827832		11:20		44.046406		0.4730		25.335819		0.4820		53.638302

		0.4727		10.992354		11:20		44.046406		0.4735		25.335819		0.4831		53.967342

		0.4732		10.827832		11:21		44.046406		0.4741		25.335819		0.4837		53.967342

		0.4738		10.827832		11:22		44.046406		0.4747		25.335819		0.4842		53.967342

		0.4744		10.827832		11:23		43.71719		0.4752		25.335819		0.4848		54.296387

		0.4749		10.827832		11:24		43.71719		0.4758		25.335819		0.4853		54.625431

		0.4755		10.992354		11:24		43.71719		0.4763		25.335819		0.4859		54.954472

		0.4760		10.827832		11:25		43.71719		0.4769		25.335819		0.4865		55.283516

		0.4766		10.827832		11:26		43.71719		0.4774		25.335819		0.4870		55.61256

		0.4771		10.827832		11:27		43.71719		0.4780		25.335819		0.4876		55.941601

		0.4777		10.827832		11:28		43.71719		0.4785		25.335819		0.4881		57.586815

		0.4783		10.992354		11:28		43.71719		0.4791		25.335819		0.4887		58.573944

		0.4788		10.827832		11:29		43.71719		0.4797		25.335819		0.4892		59.232033

		0.4794		10.827832		11:30		43.71719		0.4802		25.335819		0.4898		59.890118

		0.4799		10.827832		11:31		43.71719		0.4808		25.335819		0.5582		55.283516

		0.4805		10.827832		11:32		43.38797		0.4813		25.335819		0.5588		55.283516

		0.4810		10.992354		11:32		43.71719		0.4819		25.335819		0.5593		55.283516

		0.4816		10.827832		11:33		43.38797		0.4824		25.335819		0.5599		55.283516

		0.4822		10.827832		11:34		43.38797		0.4830		25.335819		0.5604		55.283516

		0.4827		10.827832		11:35		43.38797		0.4835		25.335819		0.5610		55.283516

		0.4833		10.827832		11:36		43.38797		0.4841		25.335819		0.5616		55.283516

		0.4838		10.827832		11:36		43.05875		0.4847		25.335819		0.5621		55.283516

		0.4844		10.827832		11:37		43.38797		0.4852		25.335819		0.5627		55.283516

		0.4849		10.827832		11:38		43.05875		0.4858		25.335819		0.5632		55.283516

		0.4855		10.827832		11:39		43.05875		0.4863		25.335819		0.5638		55.283516

		0.4861		10.827832		11:40		43.05875		0.4869		25.335819		0.5643		54.954472

		0.4866		10.827832		11:40		42.72953		0.4874		25.335819		0.5649		54.954472

		0.4872		10.827832		11:41		42.894142		0.4880		25.335819

		0.4877		10.827832		11:42		42.72953		0.4885		25.335819

		0.4883		10.827832		11:43		42.72953		0.4891		25.335819

		0.4888		10.827832		11:44		42.72953		0.4896		25.335819

		0.4894		10.992354		11:44		42.72953		0.5581		25.335819

		0.5583		29.254238		13:23		39.766563		0.5586		25.335819

		0.5589		28.925196		13:24		39.766563		0.5592		25.335819

		0.5595		29.254238		13:25		39.766563		0.5597		25.335819

		0.5600		29.254238		13:25		39.766563		0.5603		25.335819

		0.5606		29.089718		13:26		39.766563		0.5609		25.335819

		0.5611		29.254238		13:27		39.766563		0.5614		25.335819

		0.5617		28.925196		13:28		39.766563		0.5620		25.335819

		0.5622		29.254238		13:29		39.766563		0.5625		25.335819

		0.5628		29.254238		13:29		39.766563		0.5631		25.335819

		0.5634		28.925196		13:30		39.766563		0.5636		25.335819

		0.5639		29.254238		13:31		39.766563		0.5642		25.335819

		0.5645		28.925196		13:32		39.766563		0.5647		25.335819

		0.5650		28.925196		13:33		39.766563		0.5653		25.335819

						13:33		39.766563






