
9. Instrumentation Selection, Deployment, and Performance* 

Nearly 1000 instruments were deployed and operated for a period of 3-112 years to monitor the temper

ature of the rock, air, and metallic components of the test; displacements and stress changes in the rock 

mass; radiation dosage to personnel and to the rock; thermal energy input; characteristics of the ventila

tion airstream; and the operational status of the SFT-C. Because of the careful selection, installation, cali

bration, and maintenance of these instruments, we acquired about 15.3 x 106 high-quality data points.  

Brough and Patrick (1982) describe in detail how the instrumentation was selected and deployed, and a 

second instrumentation report describes certain instrumentation malfunctions and associated corrective 

actions (Patrick, Carlson, and Rector, 1981). Finally, a complete analysis of the performance and reliability 

of all SFT-C instrumentation is given by Patrick, Rector, and Scairafiotti (1984). The reader is referred to 

these reports for further details concerning the information presented here.  

9.1 Objective 

The SFT-C instrumentation program had three main objectives. First, the instrumentation had to 

provide data to meet the technical objectives of the test. Second, it had to ensure radiation safety. Third, it 

was required to monitor the status of the test, including measurements of the ventilation airstream, the 

power distribution system, and the data acquisition system. The instrumentation plan led to the successful 

specification, design, calibration, and installation of the instrumentation required to meet these three ob

jectives (Brough and Patrick, 1982).  
The data acquisition system (DAS) had a profound, direct effect on the quality and quantity of data 

produced by the instrumentation. Likewise, the data management system (DMS), which provided data 

conversions and archiving, was a key element in ensuring that high-quality data were available for analy

sis and reporting. The characteristics and performance of the DAS and DMS are described in Chapter 10.  

9.2 Radiation Monitors 

Radiation monitors were deployed to measure ionizing radiation as well as airborne gaseous and par

ticulate radioactive materials. Monitoring was provided continuously during the 3-year spent-fuel storage 

period. Results and discussion of these measurements are provided by Raschke et al. (1983) and in Chapter 

11 of this report.  
Remote area monitors (RAMs) were used to measure gamma radiation levels in the SFT-C under

ground complex and at the surface where the spent-fuel assemblies were received and lowered to the stor

age level (Figs. 9-1 and 9-2). The RAMs were in place at-the surface locations only during handling opera

tions. Eleven Nuclear Measurements Corp. Model GA-3M RAMs were procured for this purpose (Brough 

and Patrick, 1982); the manufacturer's specifications indicate a precision of ± 15%.  
Continuous air monitors (CAMs) were located to sample for potential release of 3H and 85Kr. These are 

gaseous products that would be released if the spent-fuel assembly canisters and Zircalloy cladding were 

breached by corrosion or an accident. Two Overhoff and Associates, Inc., Betatec Model 210 CAMs were 

procured for this purpose (Brough and Patrick, 1982). The use of two CAM chambers permitted redundant 

sampling from each port. These units have a specified sensitivity of 0.6 JtCi/m 3. In addition to the continu

ously monitored locations, ports were also provided to permit sampling from the canisteriliner and liner/ 

rock annuli of each canister emplacement borehole.  

9.2.1 Calibration 

The RAMs were provided with a pulsed light-emitting diode (LED) as an internal calibration source 

that could be turned on and off at the control module. More meaningful and accurate calibrations were 

performed mi situ before each spent-fuel handling operation by using a 226Ra source up to 100 mR/h and a 
60Co source up to .1000 mR/hr. In addition, laboratory calibration of the high-level RAMs was performed 

*Contributed by W. C Patrick, N. L Rector, and J J. Scarafiotti
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Figure 9-1. Underground radiation monitor locations (after Patrick, Rector, and Scarafiotti, 1984).
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Figure 9-2. Surface radiation monitor locations (after Patrick, Rector, and Scarafiotti, 1984).
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with a 225-Ci 137Cs source. Accuracy was not as critical as with the scientific instrumentation being used, 
the main concern being adequate sensitivity. -.---

The purpose of the in situ calibrations was to determine that the units were functioning properly and 
that they were performing at the same level of accuracy as when they were procured from the manufac
turer. The high sensitivity of these units, which was required to measure low levels of radioactivity, made it 
very difficult to achieve accuracy better than the specified ± 15% of reading. The RAMs were adjusted 
when the K factors exceeded by 0.50 the nominal 2.00 value used in the data conversion algorithms.  

-Calibration of the CAM units employed an internal radiation source. The chambers for the Betatec 210 
CAM units were modified to include a 9°St calibration source for this purpose. When placed in the calibr'ate 
mode, a 0.4-/uCi source was exposed at the chamber, producing a reading equivalent to 180 pCi/m 3. The 
NMC 85Kr CAM and the portable CAM units were calibrated at LLNL using radioactive sources. Minor 
adjustments were made to compensate for instrument drift.  

9.2.2 Error Analysis 

Because the role of the radiation instrumentation was to detect and monitor for the presence of radia
tion and radioactive materials rather than to provide high-accuracy measurements for analysis, detailed 
error analyses were not performed for the RAMs and CAMs.  

9.2.3 Reliability 

With a few minor exceptions, the RAM and CAM units performed satisfactorily throughout the spent
fuel storage period. Aging of the RAM photomultipliers and CAM circuitry caused the DAS to generate 
spurious alarms (on the low side of the alarm limit). Because of the high single-unit reliability of the RAMs 
and the application of redundancy in the CAMs, radiation monitoring was provided continuously without 
a significant period of downtime.  

9.3 Radiation Dosimeters 

Radiation dose-to-granite measurements were made to document the exposure of the granite to ioniz
ing radiation and for comparison with radiation transport calculations (Wilcox and Van Konynenburg, 
1981). These measurements were obtained under subcontract to LLNL by EG&G-Santa Barbara Opera
tions. Comparisons of calculational results with data obtained using these instruments are provided in 
Chapter 15.  

Four types of passive dosimeters were deployed at the SFT-C to obtain the required data. Long-term 
gamma dosimetry used optical grade 7LiF detectors that operate on the principal that optical absorbance of 
the crystals increases as they are irradiated. Individual 7LiF chips were enclosed in stainless steel holders 
that were in turn joined together with sections of braided stainless steel cable to make seven dosimeter 
assemblies (Fig. 9-3). These assemblies were installed in 6.35-mm-diameter stainless steel tubes. Four 
tubes were attached to emplacement borehole walls where spent nuclear fuel was stored (Table 9-1). The 
fifth and sixth tubes were grouted into boreholes located 508 and 660 mm radially outward from the cen
terline of one of the emplacement boreholes, and the seventh was attached to the emplacement borehole 
wall where an electrical simulator was stored. The latter installation allowed us to examine thermal anneal
ing of pre-irradiated dosimeters (Quam and DeVore, 1981). These dosimeters were deployed during three 
time intervals: April 18, 1980, to January 12, 1981; January 12, 1981, to October 23, 1981; and October 23, 
1981, to March 8, 1983.  

Long-term neutron dosimetry was performed in conjunction with the long-term gamma dosimetry 
outlined above. The primary purpose of these measurements was to document the neutron dose for use in 
corrections if the gamma dosimeters were found to be neutron sensitive. The five dosimeter assemblies on 
the emplacement borehole walls provided for Co and Ag foils. In addition, the Ni and Mn present in the 
303-series stainless steel dosimeter holders were also used to help establish the neutron dose (Quam and 
DeVore, 1981). The measurement periods were the same as for long-term gamma dosimetry.  

Both MgB40 7 and CaF2 short-term thermoluminescent dosimeterg were deployed to provide informa
tion on the long-term fade characteristics of the 7LiF dosimeters. Short-term (1-h) measurements were ob
tained on August 13, 1982, and March 8, 1983. These measurements were obtained at the borehole wall and 
at positions 508 and 660 mm radially outward from the spent-fuel assembly in canister emplacement bore
hole (CEH) number CEH03.  
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Figure 9-3a. Exploded view of dosimeter subassembly (after Patrick, Rector, and Scarafiotti, 1984).

Figure 9-3b. Complete dosimeter assembly 
ready for installation (after Patrick, Rector, and 
Scarafiotti, 1984).
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I Table 9-1. Dosimeter locations in the field in
stallation (after Patrick, Rector, and Scarafiotti, 
1984).  

Vertical distance Lithium 

of dosimeters fluoride Cobalt foil 

CEH No.' from centerline (m)b No. No.  

1 (wall) +1.22 14 

0 15 -5,6 

-1.22 16 

3 (wall) +1.83 7 

+1.22 8 

+0.61 9 

0 10 3,4 

-0.61 11 

-1.22 12 

-1.83 13 

3 (20 cm) +1.22 84 

0 5 1,2 

-1.22 6 

3 (36 cm) +1.22 20 

0 21 7,8 

-1.22 22 

4 (wall, heaterY + 1.22 1 

0 2 9,10 

-1.22 3 

7 (wall) +1.22 17 

0 18 

-1.22 19 

11 (wall) + 1.22 23. 

0 24 

-1.22 25 

'CEH denotes canister emplacement hole number. Data in 

parentheses are used to denote radial locations of dosimeters 

relative to the borehole wall.  
b The midheight of the spent-fuel assembly is taken as zero, 

positive numbers are above and negative numbers are below 

this center position.  
' CEH 4 is an electrical simulator used as a nonradiative 

control.

9.3.1 Performance, Reliability, and Error Analysis 

Long-Term Gamma Dosimeters. One set of long-term gamma dosimeters was deployed for a 9

month period, read in the laboratory, and redeployed for a subsequent 17-month period. The other set was 

deployed for a single 9-month period while the first set was out of service to be read. Temperatures at the 

dosimeters ranged from about 60 to 80'C, depending upon the time interval and exact location of the do

simeter. The mechanical design and fundamental approach proved to work reliably for the duration of the 

SFT-C.  
Calibrations of the 7LiF chips were performed at the EG&G-Santa Barbara Operations 6°Co source 

range at various controlled temperatures up to 60'C at exposures up to 107 rads-LiF and at the Sandia 

Gamma Irradiation Facility at an uncontrolled temperature near 60'C at exposures up to 108 rads-LiF. The 

K_' 247-nm peak in the absorption spectrum was used in the range of 2 x 103 to 9 x 106 rads-LiF and the 374-nm 

peak was used in the range of 2 x 106 to 108 rads-LiF.
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A Beckman 5270 spectrophotometer was used for all the 374-nm data and for the 247-nm data produce, 
by exposures up to about 9 x 105 rad-LiF-about 1.5 AU. An IL 500, modified with a high-pressure rnercu,, 
vapor light, was used to obtain the 247-nm data for exposures ranging from about 104 to 107 rads-LiF (about 
0.1 to 4.5 AU) because the optical density was so great at these exposures. The data from these twoinst•.  
ments agree very well in the overlapping portion of their ranges.  

The high quality of the calibration data is evident in Figs. 9-4 and 9-5 for the 374- and 24 7-nm peaks 
respectively. These calibration curves relate known exposures in rads-LiF to observed AU readings, where 
the AU is the common logarithm of the reciprocal of optical transmission.  

Temperature effects on dosimeter sensitivity were found to be a serious problem with the 7LiF dosine.  
ters. Two types of sensitivity were observed. First, irradiated chips were found to fade when held at ele.  
vated temperatures following irradiation. Although fade at the 374-nm peak was generally less than 5% for 
temperatures of interest here (up to 85°C), fade at the 247-nm peak was nearly 30%, so fade corrections 
were applied to the 247-nm data (Quam and DeVore, 1981). Second, the chips also exhibited a change in 
sensitivity when simultaneously heated and irradiated. Changes in sensitivity of about 1%/°C were docu
mented for the 374-nm peak. Changes in sensitivity of the 247-nm peak appears to be about 5% at expo.  
sures up to 105 rads-LiF over a temperature range of 25 to 60'C. Rather than document sensitivity as a 
function of temperature and exposure for the 247-nm peak, Quam and DeVore (1984a) developed a calibra.  
tion curve at the proper temperature to eliminate the need for such corrections. Quam and DeVore (1984a) 
report the overall accuracy of the 7LiF dosimeters as ± 11%.  

Neutron Dosimeters. The neutron dosimeters were operated at the lower limit of their usable range 
of exposures. Quam and DeVore (1982) report that the foil counting rates were very low. Exposure rates 
were measured to be less than 1.09 x 10-4 rem/s, with overall errors of at least ±30%. Since the gamma 
dosimeters were confirmed to be insensitive to neutrons [as was indicated in the literature (McLaughlin 
et al., 1978)], accurate knowledge of neutron dose was relatively unimportant. No further efforts were 
made to reduce the observed errors or to deploy a more accurate neutron dosimetry technique.  

Data near 600C corrected to 60'C 
1.0- Temperature coefficient = 

0.00936 ± 0.00007 per oC 
(near 60*C) 

Error bars are - 1 sigma 

4

C 0.1 
0 -o 

<• ~T _ 

AU = 1.015 X 10-8 (exposure)"1 .027 

0.01 1 1 
106 107  108 

Rads-LiF 

Figure 9-4. Calibration data for the 374-nm peak, polished LiF, 2-mm thickness (after Quam and 
DeVore, 1984b).
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Figure 9-5. Calibration data for the 247-nm peak, polished LiF, 2-mm thickness (after Quam and 
DeVore, 1984b) 247-nm peak appears to be about 5% at exposures up to 105 rads-LiF over a temperature 
range of 25 to 60 *C. Rather than document sensitivity as a function of temperature and exposure for the, 
247-nm peak, Quam and DeVore (1984a) developed a calibration curve at the proper temperature to elimi
nate the need for such corrections. Quam and DeVore (1984a)'report the overall accuracy of the 7 LiF 
dosimeters as ±111.  

Short-Term Gamma Dosimeters. An initial 1-h exposure of both CaF2 and MgB40 7 thermolumines
cent dosimeters (TLDs) was conducted August 13, 1982. Calibrations were made at 60 and 25'C for both 
types-of TLDs. The ratios of these calibration values were 1.01 ± 0.085 for the CaF2 TLDs and 1.03 ± 0.103 
for the MgB40 7.Therefore no temperature corrections to the data were required.  

The magnesium borate TLD material was selected because of its low-Z, which should produce little 
trouble in terms of low energy response, in contrast to the high-Z calcium fluoride TLD, and because it had 
a relatively high-temperature trap at 200'C that should make it more stable at the 60'C irradiation temper
ature. However, the MgB40 7 dosimetry provided data that steadily decreased in quality during this phase 
of calibrating and initial field measurements. Therefore, only CaF2 dosimeters were deployed for the sec
ond set of short-term measurements. The calibration data and initial field data showed that the stainless 
steel holders used to encapsulate the dosimeters trimmed the low-energy photons enough so that the re
sponse of the two types of TLDs were essentially the same.  

The second 1-h exposure used only CaF2 dosimeters in the same design stainless steel holders as were 
used for long-term dosimetry. A post-exposure calibration of each individual TLD chip was performed so 
that we did not have to rely on average sensitivity values. In addition, this eliminated the need to make 
corrections for nonlinearity that occurred at high exposures. This calibration was performed in a thick alu
minum holder, the temperature of which was controlled to the field irradiation temperature of 60'C. Expo
sure rates were controlled to be the same as those calculated to occur in the field. Both 137Cs and 6°Co 
sources were used in the calibrations to confirm that TLD response was not energy dependent. Calibration 
dose rates were measured with a Keithley Model 616 electrometer and related precision resistors and volt

age source. This set of instruments has been shown to be within 1% of the NBS values at 1 std dev. The 
standards themselves are ± 1-1/2%, and Quam and DeVore (1984b) estimated the total system error (includ
ing positioning relative to the source) as ±5%.  

The short-term gamma dosimeters proved to be an important adjunct to the originally planned long
<,,._- term dosimeters. The calcium fluoride TLDs exhibited better accuracy and, because exposure times were 

short, could be calibrated after exposure in a manner that eliminated -the uncertainties associated with the 
long-term dosimeters.
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9.4 Temperature Sensors 

9.4.1 Resistance Temperature Devices 
Resistance temperature devices (RTD) were selected to measure the temperature of thermocouple 

reference-junction isothermal blocks and to use as system standards to verify the quality of four-wire re.  
sistance measurements made by digital multimeters (DMMs). The reference block RTDs experienced tern.  
peratures in the range of 18 to 40'C at relative humidities of 50 to 70%. One RTD was immersed in a Kaye 
icebath to provide a system standard as noted in the "Data Acquisition System" section of Chapter 10.  
Standard, industrial-grade platinum Degussa Model 2101 RTDs were procured from C.S. Gordon, Co. for 
these applications (Brough and Patrick, 1982).  

Calibration. Pre- and post-test laboratory calibrations of the RTDs were performed using HP3455A 
digital multimeters, a Kaye Instruments Model 374 temperature probe, a Rosemount Co. Model 911A1 
calibration bath, a Kaye Instruments Model UTR-AS isothermal reference block, and a Delta Design Model 
6400C environmental chamber. Values of R. were established at 00C, and calibrations were obtained at 
temperatures of approximately 23 and 38°C. Results of these calibrations are provided in Table 9-2.  

Error Analysis. As reported by Patrick, Rector, and Scarafiotti (1984), the maximum root-sum-square 
(RSS) uncertainty in temperature ranges from 0.038°C at 0'C to 0.041'C at 40 'C.  

Reliability. All 20 RTDs functioned reliably throughout the period of deployment.  

9.4.2 Thermocouples 

Type K Chromel-Alumel thermocouples (TCs) were selected as the principal temperature-measuring 
device for the SFTI-C and were procured from C.S. Gordon, Co. These devices were sheathed in Inconel 
600 with MgO insulatidn, and each TC junction was grounded to its sheath. Data obtained using these 
instruments are compared with calculational results in Chapter 13.  

As described by Brough and Patrick (1982), thermocouples were deployed under a variety of operating 
conditions for periods of up to 3-1/2 years. Temperature environments ranged from an ambient 23 °C in far
field applications (Fig. 9-6) to about 450'C on the electric heaters (Fig. 9-7). A combination of temperatures 
up to 145°C and intense ionizing radiation up to 50,000 rad/h were present near the spent-fuel assemblies 
(Fig. 9-8). Depending on location within the test facility, relative humidity rareged from about 50 to 100%.  
Many TCs were in contact with the chloride- and sulphate-rich groundwater (Isherwood et al., 1982).  

Most TCs were installed in guide tubes so that they could be removed for field calibration using the 
central data acquisition system. Pre- and post-test calibrations of all these units were conducted. A total of 
56 TCs were permanently located in borehole extensometers. Therefore, only pretest laboratory calibra
tions were conducted for these units. ` i 

Calibration. Field calibrations were conducted at temperatures appropriate to the application of the 
individual TC. A Rosemount Model 911A1 ice bath was used for 0°C, a Kaye Model HTR150 temperature 
reference for 50 and 100'C, and a Procedyne Model TH050 dry bath for the 150'C measurements. Actual 
temperatures of the baths were measured with laboratory-calibrated RTDs that were scanned in sequence 
with the TCs.  

The results of the pre- and post-test calibrations showed that only three thermocouples were outside 
the ± 1.1'C ISA special limits of error. At temperatures in the range of 20 to 60'C, where most thermocou
pIes were deployed, errors were generally limited to ± 0.25°C and were symmetrically distributed around 

Table 9-2. Results of pre- and post-test laboratory calibrations of RTDs (after Patrick, Rector, and 
Scarafiotti, 1984).

Number Calibration errors (°C) 
Calibration calibrated Mean Std. dev. Range 

Pretest, 23'C 19 0.032 0.048 -0.014to0.225 
Pretest, 38°C 20 0.039 0.037 -0.016 to 0.172 
Post-test, 23'C 20 0.090 0.011 0.063 to 0.108 
Post-test, 38°C 20 0.112 0.045 - 0.008 to 0.191
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Storage well-

Cross section

Figure 9-6. Intermediate- and far-field thermocouples. Locations in the storage facility are indicated by 
dots (after Patrick, Rector, and Scarafiotti, 1984).
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Figure 9-7. Additional intermediate-field thermocouple locations associated with auxiliary heaters 
(after Patrick, Rector, and Scarafiotti, 1984).  

0°C. However, at higher temperatures, such as those observed on canisters, liners, and heaters, the errors 
become somewhat larger and were skewed toward positive values.  

Error Analysis. The maximum uncertainty in temperature was calculated to be ±0.12'C. Residual 
errors in the temperature vs voltage equation were minimized by fitting quartics to four segments of the 
temperature range of interest. Initial break points were selected at 100, 200, 400, and 1000 'C. Best-fit quar
tics were then obtained for National Bureau of Standards (NBS) tabulated paired values of temperature 
and voltage (Powell et al., 1974). The break points were then adjusted to coincide with the intersections of 
adjoining quartics, thus providing a smooth transition in the errors. The adjusted break points were 96.49, 
200.39, 407.21, and 10001C. Residual errors for the four segments were calculated to be 0.0004, 0.0023, 
0.0102, and 0.02'C, respectively. These are minor contributions to the RSS error calculated above.  

Reliability. The TCs performed reliably throughout the measurement period. Performance was eval
uated on a continuing basis during the SFT-C by means of loop-resistance checks and through the DAS 
alarm system. The resistance checks were conducted on all TCs at about 6-month intervals. In addition, the 
DAS alarm system (Chapter 10) provided for prompt recognition and correction of such problems. Since
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'<2 Figure 9-8. Near-field thermocouples. Locations are designated with triangles (after Patrick, Rector, 

and Scarafiotti, 1984).  
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anticipated temperatures were well known based on thermal calculations, alarm limits were set quite nar.  
row. As a result, problems (which were expressed as temperatures that were out of expected limits) Were 
quickly observed and corrected.  

Four thermocouple sheaths were found to be corroded when they were recovered for post-test calibra.  
tions. However, none of these units exhibited abnormal behavior in service. All four were located in spent.  
fuel storage boreholes. Metallurgical analyses of the corroded TC sheaths revealed that two were Inconel 
600, as specified, but the other two were 304-series stainless steel (Chapter 18).  

9.4.3 Thermistors 
Two arrays of thermistors were deployed within the canister storage drift to document nonuniforrai.  

ties in the air temperature distribution. Nominal 340-k(2 YSI Model 44014 thermistors were attached to two 
large crosses constructed from sections of 19-mm-diameter polyvinylchloride (PVC) pipe. The crosses 
were positioned so that five temperature measurements could be obtained along both the vertical and 
transversely horizontal axes of the drift cross section. Nine thermistors were used at each of two locations 
in the drift (the center thermistor was common to the vertical and horizontal profiles). In addition, another 
thermistor was located on the outer surface of a National Electrical Manufacturers' Association (NEMA) 
enclosure containing TC reference blocks to provide a comparison between temperatures recorded by the 
thermistor and the RTDs. Temperatures in the ventilation airstream varied from about 18 to 40'C during 
ihe SFT-C, with temperatures near 30'C most of the time.  

Calibration. Pretest calibrations were performed at a nominal 23°C ambient temperature, and post
test calibrations were performed at nominal temperatures of 19, 23, and 30'C. All calibrations were per
formed in the laboratory using an Instrulab Model 841-12 temperature sensor, an Instrulab Model 4202-131506 temperature monitor, and a Fluke Model 8860A digital multimeter (DMM). Accuracy of the 
temperature sensor was ±0.02'C, and accuracy of the DMM was ±0.014% of reading plus three counts.  
All calibrations were performed with lead wires and cabling attached to the thermistors.  

The thermistor calibrations (Table 9-3) show that both the mean errors and the standard deviations of 
those errors increased substantially between the time of pretest calibrations in May 1981 and post-test 
calibrations in December 1983. However, examination of individual calibration records shows that only 
one thermistor had an error outside the desired +0.1°C window at 30'C and that none had an error this 
large at 23 CC.  

Error Analysis. Error analysis indicated a maximum uncertainty in temperature of 0.022'C.  
Reliability. Nineteen thermistors were deployed in the two arrays. All functioned without failure 

during the measurement period. One lead wire was broken at the thermistor bead during handling and 
could not be repaired for post-test calibration (Table 9-3).  

9.4.4 Convergence Wire Temperature Monitors 
Convergence wire extensometers (CWEs) are long-gauge-length, removable instruments capable of 

accurately measuring relative displacements across mined underground openings. Because the 0.635
mm-diam connecting wire used on this instrument changes length with changes in temperature, it was 
necessary to develop a technique capable of measuring the average temperature of stainless steel wires 2.9 
to 8.0 m long.  

The convergence wire temperature monitors (CWTs) operated on the same principal as RTDs. Two 
small metal clamps attached near the end points of the stainless steel wire were in turn attached to two 

Table 9-3. Results of pre- and post-test laboratory calibrations of YSI Model 44014 thermistors (after 
Patrick, Rector, and Scarafiotti, 1984).

Number Calibration errors ('C) 
Calibration calibrated Mean Std. dev. Range 

Pretest, mean temp. = 22.55'C 19 0.006 0.005 -0.0087 to 0.0205 
Post-test, mean temp. = 19.13'C 18 0.091 0.036 0.048 to 0.138 
Post-test, mean temp. = 22.73°C 18 0.015 0.032 -0.046 to 0.078 
Post-test, mean temp. = 29.58 'C 18 - 0.019 0.114 - 0.437 to 0.086
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pairs of lead wires, one of which provided a known pulsed current while the other measured the voltage 

drop across the wire. Thus, a four-wire resistance measurement was made. Knowing the temperature co

efficient of resistance and an initial wire resistance at a known temperature, it was possible to calculate an 

average wire temperature. Sequential CWT measurements were used to calculate changes in temperature, 

which in turn were used to calculate the thermal expansion of the wire.  

Calibration. The individual wires were calibrated in isothermal containers constructed from two 

overlapping cardboard boxes lined with low-density styrofoam blocks about 70 mm thick. The wires coiled 

naturally into circles about 0.2 m in diameter when removed from the CWE, and the individual loops of 

each coil were insulated, using either plastic sheets or tubing, to prevent shorting during the calibration 

process. Two Yellow Springs Instruments (YSI) Model 44014 thermistors were placed at diametrically op

posite positions on the coil, and the insulated box was closed and sealed for about 12 hours. Once the 

temperature within the box became uniform and stable, the thermistors and CWT resistance were re

corded. An equilibrium value of R0 was thus obtained at a single known temperature T0.

Table 9-4 provides the measured changes in offset constant that occurred between the pre-installation 

February 1982 calibration and the post-test February 1984 calibration. Because errors are a function of wire 

length, the CWTs are treated in three groups. Note that while the average errors were acceptably small, 

individual errors in some cases approached or exceeded 0.5 °C.  

Error Analysis. The RSS errors for these instruments were directly dependent upon wire length. The 

calculated total RSS errors for wires 2.9 to 3.5 m, 4.6 to 5.9 m, and 8.0 m were 0.848, 0.544, and 0.407'C, 

respectively.  
Reliability. The 32 CWT units deployed at the SFT-C functioned reliably throughout the monitor

ing period with one exception. CWT011 was located across a fault zone where the rock and clay gouge were 

very moist and pyrite was plentiful. These conditions produced a small battery that caused current to pass 

through the wire. As a result, variations in the apparent resistance of the wire made this CWT unusable.  

9.5 Ventilation System Instrumentation 

To maintain a safe, habitable working environment while not extracting so much thermal energy that 

the rock would not attain realistic temperatures, it was necessary to control the ventilation of the under

ground space. Pretest calculations (Montan and Patrick, 1981) indicated that without ventilation, air tem

peratures would reach about 60'C during the test. These calculations also showed that a modest air flow 

would limit air temperatures to about 40'C and remove about a third of the total energy deposited during 

the test.  
It was necessary to monitor the energy removal in order to evaluate the ventilation model and to mod

ify the general heat transfer model as necessary to account for the loss of energy from the test environment.  

Instrumentation was deployed to measure air temperature, dewpoint, and ventilation flowrate. Data from 

those instruments are presented and compared with calculational results in Chapter 14.  

During the spent-fuel storage phase of the test, all air flow occurred through a single exhaust port-the 

canister access shaft. Flow was regulated in the three drifts by means of bulkheads and louvers (Chapter 5 

and Patrick and Mayr, 1981). Following spent-fuel retrieval, an additional exhaust port was added to each 

heater drift to expedite cooling of the rock mass surrounding the facility. Ventilation system instrumenta

tion was deployed for each of these phases of the test.  

Table 9-4. Measured errors resulting from changes in offset'constant during the two-year period of 

deployment of convergence wire temperature monitors (after Patrick, Rector, and Scarafiotti, 1984).  

Wire length Number Error (°C) 

(m) calibrated Mean Std. dev. Range 

2.9 to 3.5 18 -0.101 0.354 -0.14 to 0.429 

4.6 to 5.9 11 -0.090 0.219 -0.426 to 0.384 

8.0 1 -0.248 NMP NMFI 

"No meaningful figure.
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Y.5.1 Air Temperature 
Type K thermocouples sheathed in Inconel 600 were positioned at the trifurcation of the heater drifts 

and canister drift, at the ventilation-control bulkheads at the far ends of the two heater drifts, at the heater 
drift midpoints, and at the far end of the canister drift where the canister access shaft intersects the roof line. This last location is where the ventilation air exited the facility. In addition, a thermocouple was Io..  
cated at the inlet of each of two exhaust tubes that were used to expedite cooling of the facility follow-ing b 
spent-fuel retrieval.  

Thermocouples measured the so-called dry bulb temperature of the airstream. Changes in tempera.  
ture between the ventilation inlet and outlet points at a constant water content were thus used to calculate 
the sensible heat removed from the SFT-C. Since these thermocouples were from the batch described in.  
Sec. 9.4.2, they are not described further here. The RSS uncertainty in temperatures in the 20 to 40 'C range 
was previously established to be ± 0.12'C for the batch of thermocouples, but by using individual calibra-.  
tions, maximum errors were limited to ± 0.005'C.  

9.5.2 Dewpoint 
Dewpoint sensors were located at the ventilation inlet and outlet points to determine changes in the 

water content of the ventilation airstream. These measurements were used to calculate the energy re
moved as a result of adding water to the airstream through vaporization. This component due to the latent 
heat of vaporization and the sensible heat component noted above constituted the total energy removed in 
the ventilation airstream.  

Two YSI Model 9400 lithium chloride dewpoint cells were mated with Weather Measure Corp. Model 
H361-DPYA dewpoint sensor assemblies to provide the necessary dewpoint measurements during the 
spent-fuel storage phase of the test. Two additional cells were added to obtain measurements at the two 
exhaust points added during the cooling phase. 

Calibration. Dewpoints ranged from 10 to 22'C during the test with differences between inlet and 
outlet dewpoints of about 1 to 2°C (relative humidity was about 50% during the test).  

The dewpoint cells were calibrated before and after the test to confirm their adherence to YSI-tabulated 
values. Calibrations were performed at 21 and 49°C pretest and at 21'C post-test. These calibrations were 
performed under contract at the Sandia Standards Laboratory, Albuquerque, New Mexico. We found ex
cellent agreement between calibration results and YSI-tabulated relationships between dewpoint cell re
sistance and dewpoint temperature.  

Error Analysis. Comparisons between YSI and calibration resistance readings at dewpoint tempera
tures between 10 and 22'C showed that typical errors in RTD resistance were 0.1 to 0.2% with two extreme 
errors of 0.4 and 0.9%. Since RTD readings were a linear function of cell temperature in this range, the RTD 
errors could be expressed as dewpoint errors of about 2.2 0C/1% error in RTD reading.  

In the energy balance calculations, vapor pressure (rather than dewpoint temperature) was used di
rectly. Maximum uncertainty in vapor pressure due to errors in resistance readings was calculated to be 
±0.0187 Torr, based on an error in resistance of 0.011 K2 (Patrick, Rector, and Scarafiotti, 1984). Since the 
energy-calculations were based on differences in vapor pressures, any systematic errors that may have 
existed were cancelled.  

Reliability. All four dewpoint cells functioned reliably throughout their deployment periods. Two of 
the cells were in use for about three years, while the other two were in service only for the 6-month cooling 
period that followed spent-fuel retrieval.  

9.5.3 Ventilation Flowrate 
An Engineering Measurements Company Model TMP turbine flowmeter was located in the surface 

duct-work of the ventilation system to measure air flow. In addition, a Model FTP-812S3700-GJS-12 "Mini
Probe" flowmeter was installed in the duct-work of each heater drift following spent-fuel retrieval to mon
itor the augmented airflow. These units are referred to as "airflow monitors" and carry designations of the 
form AFMxxx.  

Calibration. Calibrations were performed by REECo Industrial Hygiene Section personnel using a 
hand-held pitot tube inserted through a port in the duct-work. Simultaneous readings of the pitot tube and 
flowmeter were obtained at 10 positions across both the horizontal and vertical diameters of the duct. Mea
surements were obtained at three flowrates. The pitot tube measurements used a Magnehelic panel con
sisting of a barometer and Dwyer magnehelics with ranges of 0 to 2 in. H20, 0 to 5 in. H20, and 0 to 60 in.  
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.. H20. The REECo Standards and Calibration Facility certified an accuracy ± 0.1% of reading for the magne-.  

helics. However, the rather poor resolution of the magnehelics limited the actual accuracy to ±3% for the 

"main ventilation system (AFM201) and ±5% for the augmented Ventilation system (AFM002 and 

AFMO03).I 
A comparison of the pre- and post-test calibrations indicated that substantial shifts occurred. The re

sulting errors were 0.20 m3/s (17%) for AFM002 (north drift), 0.22 m31s (18%) for AFM003 (south drift), and 

0.50 m3/s (18%) for AFM201 (main exhaust). In all cases, the post-test measured flowrates were lower for a 

given voltage output. Conversely, the voltage output was higher for a given measured flowrate, which is 

the opposite of what occurs when a turbine fails because of increased friction in the bearings or because of 

dust accumulations on the turbine blades. Examination of the flowrate data recorded during the SFT-C 

indicated no systematic increase in apparent flow with time. We suspect that this very consistent (18%) 

error was introduced in calibration, and it was not present in the data acquired during the test (Chapter 14).  

Reliability. The three turbine flowmeters appear to have functioned reliably throughout the test per

iod. The only question concerning reliability relates to the apparent 18% shiftin readings discussed above.  

AFM201, which was in service for 3.5 years, experienced one turbine failure at about 4.5 YOC (two years 

into the test) and was replaced at that time. It also malfunctioned at about 4.72 YOC in August 1982 during 

the third exchange of spent-fuel assemblies. The turbine was cleaned, reinstalled, and functioned reliably' 

through termination of the test.  

9.5.4 Energy Removal Calculation 

The sources of error described above propagate to the calculation of energy removal from the SFT-C.  

We calculated a total uncertainty in energy removal rate of ± 0.19 kW, or about ± 3.4% during the spent-fuel 

storage phase of the test. This uncertainty increased to ±0.21 kW, or about ±3.7% during the cooling 

phase of the test when the auxiliary ventilation system was operating.  

9.6 WAtt Transducers 

Watf^ransducers were selected and deployed to measure the quantity of electrical energy introduced 

to the rock mass and ventilation airstream during the SFT-C. Three primary sources of electrical heat 

were present: electrical simulators, auxiliary heaters, and areal lighting. An overall accuracy requirement 

of 2 kW for the system--. 5 kW with lighting off-was determined to be adequate for the purposes of the 

SFT--C (Brough and Patrick, 1982). Data obtained using these transducers are presented in Chapter 12.  

The thermal output of the six electrical simulators was individually monitored and controlled. During 

the three-year test, outputs ranged from about 1.6 to 0.6 kW per simulator. Loyola Industries BPAC-series 

controllers (SCR-type) delivered power to the simulators. American Aerospace Controls, Inc., Model 413

25-230 watt transducers measured the power output of the controllers.  

The power output of the 10 auxiliary heaters located in each of the side drifts ranged from 1.85 to 0.625 

kW per heater. Since the heaters were grouped in two sets of three and one get of four in each drift, mea

sured powers ranged from 740 to 1.88 kW. Loyola SCRs and American Aerospace Controls, Inc., Model 

413-100-115 watt transducers were used.  
The power output of the areal lights was monitored with two ranges of transducers. Canister drift 

lighting was monitored with three American Aerospace Controls, Inc., Model 413-100-115 watt transduc

ers, whereas the heater drift lighting was monitored with a total of four Model 413-25-115 watt transducers.  

Electrical lights were connected directly to utility power with no intervening SCRs.  

9.6.1 Calibration 

Calibrations were performed to examine the accuracy and behavior of the transducers under realistic 

conditions. The relative complexity and need for precision precluded the use of field calibrations, so labo

ratory calibrations were performed. We developed a calibration system that used incandescent lights as 

electrical loads. Both pre- and post-test calibrations were conducted. Details of the calibration configura

tion are presented by Brough and Patrick (1982).  

Means and standard deviations of errors for each set of transducers are given in Table 9-5. Both watt 

and percentage-of-reading errors are provided. In all cases, a systematic change in transducer response 
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Table 9-5. Errors measured during pre- and post-test calibration of watt transducers (after Patrick, 
Rector, and Scarafiotti, 1984).

Pretest calibration mean Post-test calibration me 
(std dev) error (std dev) error Tyrpe Watts % Reading Watts /

Tan

Auxiliary heaters -63.7 (86.6) -1.3 (1.4) 105.6 (63.5) 2.5(1.2) 
Electrical simulators -76.2 (38.9) -3.5 (1.1) 19.4 (8.6) 3.2(1.3) 
Heater-drift lights -36.5 (10.5) -2.7(0.4) 7.7(12.8) 0.5(0.9) 
Canister-drift lights -151.5 (109.0) -3.7(2.4) - 66.1 (31.9) -1.8(0.9) 

was noted. Pretest errors were negative (measured power less than powercalculated using the manufac.  
turer's sensitivity and offset values) for all but one individual instrument. On the other hand, post-test 
errors were positive for all but two instruments and even here the errors became more positive (Patrick, 
Rector, and Scarafiotti, 1984).  

The observed systematic changes in transducer response are attributed nonspecifically to component 
aging. The same measurement system, calibration standards, and procedures were used in both calibra
tions, so there was little likelihood that a different error source was introduced at this point. Furthermore, 
it is clear that the offset, while systematic in design, varied quite widely in terms of both absolute power 
and percentage of reading. We are confident that these differences in pre- and post-test errors represent 
actual changes in transducer responses.  

9.6.2 Error Analysis 

Analysis of the calibration data indicates that at the start of the SFT-C, 1.3% less energy than planned 
was being deposited by the auxiliary heaters and 3.5% less energy than planned was being deposited by 
the electrical simulators. By the end of the test, these two heat sources were depositing 2.5 and 3.2% more 
energy than planned, respectively. Because there was a period when the average error was negative and 
then positive, it follows that the cumulative error was less than either of these extremes.  

9.6.3 Reliability 
With the exception of an SCR failure that affected CEH17 for 12 days, the watt transducers deployed on 

the six electrical simulators functioned reliably throughout the 2 .8-y heating phase of the SFT-C. Exami
nation of the individual plots of power output showed no other periods of erratic behavior. When the sen
sitivity of the partial duty cycle controllers to variations in line voltage became excessive as the power level 
was reduced below about 1 kW, a set of process controllers with power-sensing feedback was installed to 
reduce the variability in output power. A markedly more stable power output resulted (Chapter 12).  

Several component malfunctions were observed in the auxiliary heater control system. The failure 
mode for the heater controller made the power level fluctuate, fairly repeatedly, between the setpoint and 
some higher power level that was less than the full power of the controller.  

Individual data records indicate that the canister-drift and heater-drift-lighting watt transducers 
functioned reliably throughout the measurement period.  

9.7 Stressmeters 

Three types of stress-measuring devices were used at the SFT-C. During the test, vibrating-wire 
stressmeters recorded stress changes that occurred as a result of excavating, heating, and subsequently 
cooling the rock mass. In addition, United States Bureau of Mines (USBM) borehole deformation gauges 
and Commonwealth Scientific and Industrial Research Organization (CSIRO) overcore cells were used to 
obtain absolute stress measurements by means of the stress-relief overcoring technique. The use, evalua
tion, and performance of each type are summarized here.  
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9.7.1 Vibrating-Wire Stressmeters 

Vibrating-wire stressmeters were deployed at the SFT-C to measure stress changes that occurred as a 

result of heating the rock mass. Three IRAD Gage Co. Model VBS-1HR (hard rock) stressmeters were used 

in the pillars during the Mine-by experiment (Wilder and Patrick, 1980). During the heated phase of test

ing, 18 Model VBS-1HT (high-temperature hard rock) stressmeters were used in the pillars and at positions 

1.2 m radially outward from the spent-fuel assemblies (Brough and Patrick, 1982; Figs. 9-9 and 9-10). The 

principal differences in the latter units were the use of Teflon-sheathed electrical wire and higher tempera

ture potting and O-ring seals. Data obtained using these stressmeters are presented and discussed in the 

context of calculational results in Chapter 16.  
Three steps were taken to reduce the likelihood of corrosion of the stressmeters during the heated 

phase. These actions were taken based on observed corrosion of the three stressmeters deployed for the 

Mine-by experiment (Carlson et al., 1980). First, the stressmeter bodies and platens were plated before 

assembly with a 0.127-mm-thick electroless nickel containing 7 to 10% phosphorus. Second, the stressme

ters were coated with a 0.167-mm-thick film of Pyrolene-N. Third, following installation, the borehole void 

was filled with inert high-density foam.  
Twelve stressmeters were deployed in two sets of three in each of two 38-mm-diam horizontal bore

holes in the north pillar of the SFT-C. Vertical, 60-degree clockwise and 60-degree counterclockwise ori

entations were used in each set of three to form a rosette with 150-mm spacings between gauges 

(Carlson et al., 1980). Two sets were positioned near the center of the pillar and two sets were located 

within I m of the canister drift rib. In addition, six stressmeters were deployed in two rosettes in vertical 

boreholes adjacent to canister emplacement boreholes CEH03 and CEH09. Details concerning the posi

tioning and installation of all stressmeters are reported by Abey and Washington (1980). A single Type K 

thermocouple was positioned with each set of three stressmeters to provide temperature data to compen

sate for the effects of thermal expansion.  
The initial set of 18 stressmeters failed in service and were replaced with units featuring a new seal 

design'(Patrick et al., 1981). Stainless steel end-caps were electron-beam welded in place to hermetically 

seal the center cavity of the stressmeters, which houses the vibrating wire. Details concerning the position

ing arin installation of the replacement units are provided in Patrick et al. (1982 and 1983) and Patrick et al.  
(1981) •,o 

Calibration. Three special investigations were conducted on the calibration characteristics of the 

IRAD vibrating-wire stressmeters. An in-house study by Abey and Washington (1980) focused on 

techniques to reliably install a stressmeter in such a way that its calibration coefficient was known.  

Depending on borehole conditions, the initial preload decreased varying amounts when the installation 

tool was released. This study found that the calibration coefficient was directly related to the preload on 

the stressmeter.  
IRAD Gage, Inc. was contracted to perform a second, broader series of laboratory calibration studies 

that focused on the behavior of vibrating-wire stressmeter in Climax granite at elevated temperatures 

(Dutta, Hatfield, and Runstadler, 1981). A test program was developed to study nine impoftant factors that 

influence stressmeter response: test block size, stressmeter stiffness, gauge reproducibility and hysteresis, 

gauge preload, initial stress field, platen geometry, platen orientation, elevated temperature, and rock an

isotropy. Many of these tests were conducted under uniaxial, biaxial, and triaxial loading conditions. In 

addition to improving our basic understanding of the stressmeter response to a variety of test conditions, 

the results of these studies were used to develop the algorithm for data reduction atd interpretation.  

These results are summarized below.  
1. Blocks of aluminum, Barre granite, and lucite were used in this study to examine the effect of sam

ple size. Although sample width was constant at 250 mm, the height-to-width ratio varied from 1.0 to 1.5 or 

2.0. For the three materials tested, the influence of sample size on stressmeter'sensitivity was 7.3, 3.1, and 

1.1%, respectively.  
2. Stressmeter stiffness studies revealed that the LLNL gauge, plated with electroless nickel, had 

a stiffness of 1.29 x 107 ± 1% N/cm, whereas the standard VBS-1HT had a slightly lower stiffness of 

1.24 X 107 ± 3% N/cm.  
3. Gauge reproducibility was investigated under two conditions: a single setting with multiple-load 

cycles and a multiple setting with a single-load cycle. For all materials tested, a zero shift was noted be

tween the first and second cycles. This zero shift (expressed as a percentage of the maximum stress change
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Legend 

Reconditioned Mine-by extensometer array; 
0 Circles indicate approximate anchor locations 

for upper extensometer 

.o. Thermal phase extensometer installed vertically 
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0" .phase monitoring 

- Thermal phase vibrating.wire stressmeters in 
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Figure 9-9. Location of thermal phase instrumentation (after Patrick, Rector, and Scarafiotti, 1984).
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Figure 9-10. Cross section showing thermal-phase and Mine-by instrumentation arrays (after Patrick, 

Rector, and Scarafiotti, 1984).  

in the wire) was 18.3, 17.5, and 706% for Climax granite, Barre granite, and aluminum, respectively. It 

appears that this zero shift was a result of the stressmeter "bedding in" on the first cycle because, for later 

cycles, the shift was almost nonexistent.  
4. Gauge preload effects were observed at low preload values, but the sensitivity of the gauge was 

nearly constant for preloads of 175 units or more.

161



5. The influence of initial stress field on gauge response was determined to be negligible.  6. Tests in lucite and aluminum indicated that the hard rock (HR) platen resulted in markedly smaller, (in fact, negligible) variations in the sensitivity factor as a function of stress than when soft rock and modi

fied soft rock (SR and MSR) platens were used.  
7. Theory shows that the ratio of gauge sensitivity to loading parallel to the wire compared to loading perpendicular to the wire should be - 3.00. However, test results indicated that the actual ratio varied from1 -2.84 to -3.28, depending on stress level.  
8. The influence of temperature is probably the most critical aspect of gauge response as it relates to the SFT-C. Changes in temperature were found to simply cause an offset in stressmeter reading by a factor 1.55 At. For the range of temperatures experienced at the SFT-C, changes in stressmeter sensitivity with increasing temperature were negligible.  
9. Tests in three slabs of Climax granite revealed a fairly significant anisotropy (11 to 27%) for different stressmeter orientations. This may be the result of preferential orientation of healed geologic fractures and 

feldspar phenocrysts in the rock slabs.  
The first two calibration studies made it clear that the response of a stressmeter was a unique function of the local rock conditions and installation process. Since the stressmeters have no provision for in situ calibration, we developed an experimental approach to retrieve the gauges while they were still encased in a core of rock for subsequent laboratory calibration (Mao, 1984).  Each rosette of three stressmeters was retrieved by overcoring with a nominal 0. 25-m-diameter diamond-impregnated bit. Only 6 of the 18 stressmeters were successfully retrieved because of problems associated with the geological structure and the drilling technique. Once the large-diameter core was re- F ceived at the laboratory, it was overcored with a nominal 0.15-m-diameter bit to obtain concentricity with the 38-mm-diameter borehole containing the stressmeters.  
The retrieved stressmeters, still encased in the section of rock in which they were installed, were calibrated under uniform biaxial compression. Mao (1984) showed that the sensitivity factor for a particular stressmeter installation may vary widely from the nominal value obtained during conventional laboratory calibration. The importance of accurately knowing the sensitivity factor is discussed below.  Error Analysis. The study by Mao (1984) indicated that variations in the gauge constant A, which are caused by unique gauge-rock interactions, were the most significant source of error in the stressmeters.  Gauge-to-gauge variations were small (when the gauge was tested independent of the rock) and gauge sensitivity and stability were excellent-0.1 to 1.0% (Patrick et al. 1982). Likewise, errors in temperature readings of 0.14'C, as developed in Sec. 9.4.2, produced stressmeter errors of 0.019 MPa, a trivial quantity compared with anticipated magnitudes of stress changes on the order of several MPa. On the other hand, differences between the assumed A values and those reported by Mao (1984) produced large errors in cal

culated stress changes (Table 9-6).  
This analysis highlights the need to obtain reliable post-test calibrations of the stressmeters while they are still encased in the same volume of rock as in the field.  

Table 9-6. Errors introduced by differences be
tween assumed and measured calibration con
stants for six vibrating-wire stressmeters (after 
Patrick, Rector, and Scarafiotti, 1984).  
Instrument Assumed Measured Percentage 

license plate "'A" value' "A" valueb error 

NSG231 1.6 0.99 +38 
232 1.6 1.30 +19 
233 1.8 2.85 -58 

NSG244 1.6 2.42 -51 
245 1.6 2.34 -46 
246 1.8 2.51 -39 

Based on data from Patrick, Carlson, and Rector (1981).  
'Based on data from Mao (1984).  
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Reliability. The original set of vilbrating-wire stressmeters began faiihg a few months after they were 

installed in March 1980, with the onset of failure marked by an erratic output signal. The earliest failures 

,. were noted in the CSG-series instruments, which experienced the thermal pulse that accompanied spent

fuel emplacement much sooner than the NSG-series instruments. Thermal time constants for these posi

tions were 12.5 and 240 days and the mean times to failure were 114 and 352 days, respectively.  

Although we have defined failure here in terms of erratic gauge behavior, it is quite possible that the 

stressmeter data were incorrect by some amount for an unknown time period before the onset of erratic 

behavior. Direct inspection of the wires determined the failures to be caused by rusting of the vibrating 

wires (Patrick et al., 1981). The erratic output signal was apparently generated when rust particles on the 

wire critically damped the vibrations. Before the critical damping, however, the wire was increasing in 

mass as a result of rust (Patrick et al., 1981). This mass loading would tend to decrease the vibrational 

frequency of the wire, which would be interpreted as an increase in rock stress. Since an actual increase in 

stress was anticipated based on rock response calculations, it is impossible to discern what portion of the 

observed gauge response was due to actual stress changes in the rock and what was due to mass loading of 

the wire.  
Under independent funding, IRAD subsequently designed and tested a new version of the gauge, 

hermetically sealed by thin, stainless-steel cups welded to the gauge body around the perimeter of the hole 

at the ends of the gauge. Because welding is done by electron beam, the interior of the gauge is a hard 

vacuum, thereby preventing any moisture from entering during assembly.  

Nine of these new gauges were installed at the SFT1-C on June 16 and 17, 1981, and the remaining nine 

were installed on October 15-27, 1982. With the assistance of a borescope, the location and orientation of 

each gauge was precisely selected to avoid rough spots, fractures, and residual foam on the wall contact 

areas. Locations and initial readings of the replacement gauges are provided by Patrick et al. (1981) and 

Patrick et al. (1983).  
Withl two exceptions, the 18 replacement stressmeters functioned reliably. Stressmeter number 

NSG242 &ccasionally returned erratic output signals for about 3.5 months following its installation in Oc

tober '1982, and NSG243 exhibited similar behavior throughout its 1-year deployment period. Most read

ings were reliable for both gauges. The cause of the erratic readings was not determined.  

9.7.2 USBM Borehole Deformation Gauges 

U.S. Bureau of Mines (USBM) borehole deformation gauges were used at the SFT-C to obtain mea

suremenrts of the in situ state of stress (Chapter 4). These are relatively short-term measurements that do 

not require that the gauges be subjected to harsh environments for extended periods of time, such as oc

curs for stress-change monitoring.  
When a "negative hysteresis" behavior was observed during a major campaign of in situ stress mea

surements at the SFT-C (Creveling et al., 1984), Ganow (1985) undertook a study to determine the nature, 

magnitude, and possible causes of the phenomena. To accomplish this, he developed a "microindenter" 

apparatus that could be used to calibrate the deformation gauge by depressing individual cantilevers ei

ther directly or through the compound button, which in field use contacts the borehole wall.  

Originally detected while using the standard calibration fixture, the negative hysteresis was large com

pared with the strains typically recorded during stress measurements (Fig. 9-11). Ganow (1985) suggested 

three possible causes of the hysteresis (described in detail in the referenced report): 

0 Energy stored in the sensor piston and O-ring seal system that was released primarily during the 

first increment of unloading.  
* Interaction between the calibration micrometer and the piston/button that would tip and rotate the 

piston on the USBM gauge cantilever.  
0 Differential shearing motion between the piston and cantilever as the indentation-relaxation cycle 

takes place.  
The microindenter test apparatus (Fig. 9-12) was designed to hold the USBM gauge and to provide an 

accurate means of depressing the gauge cantilevers in a nearly unidirectional manner. Although a microm

eter was provided to establish the approximate displacement of the gauge cantilever, the actual displace

ment measurement was made by a modified GCA Corporation Model VLM 200 Laserruler. All measure

ments were made in the LLNL's environmentally controlled precision machining shop.  

Microindenter measurements over the full range of the USBM gauge produced a mean hysteresis loop 

with peak values on the order of 125 pdn./in., considerably smaller than were observed in the field using the
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Figure 9-11. The standard U.S.B.M. borehole deformation gauge calibration fixture with 
the horizontally opposed end bearing micrometers (after Ganow, 1985).  
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Figure 9-12. Photograph of "microindenter" apparatus showing position of a USBM gauge for calibra

tion (after Ganow, 1985).  

standard calibration fixture (Fig. 9-13). Measurements restricted to 1000-pain./in. ranges centered on the 

upper, middle, and lower quarter points of the full ranges showed markedly better results. As indicated in 

Fig. 9-14, hysteresis is less than 3% of the range.  
Ganow concluded that the effect of hysteresis on in situ stress measurements may range from about 

7% where total strain relief is small, to as little as 1.3% where larger strains associated with the maximum 

stress are recorded. His data also suggest that the mechanism for hysteresis is differential motion between 

the button/piston and the cantilever. These motions are caused by a combination of the piston tipping and 

its tip progressively slipping outward on the cantilever from its initial point of contact.  

9.7.3 CSIRO Overcore Cells 

The in situ state-of-stress determinations at the SFT-C also used CSIRO inclusion-type overcore cells 

(Chapter 4). Because these cells contain a total of nine strain gauges and only six are used to determine the 

complete stress tensor, it is possible to calculate a "best fit" stress tensor.  

Creveling et al. (1984) reported significant discrepancies between the CSIRO and USBM results, with 

the former being consistently about 30% lower than the latter. Because no subsequent use of the overcore 

cell was planned and the SFT-C was coming to a close, no specific studies of the behavior of CSIRO over

core cells were undertaken.
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nel 1 for the special "fitted" button used in place of the standard 0-ring supported button. Other test 
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MS about the middle one quarter point of the BMG dynamic range (after Ganow, 1985).  
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9.8 Displacement Instrumentation

To measure the response of the rock mass, four types of displacement-measuring devices were de

ployed. Borehole rod extensometers and convergence-wire extensometers were used to measure displace

-.... ments over relatively long distances within the rock mass and across underground openings, respectively.  

Fracture monitors recorded the responses of discrete geological features. Following spent-fuel retrieval, 

borehole closure monitors were used to measure displacements within the spent-fuel storage boreholes.  

Data from each of these types of instrumentation are presented and discussed in the context of calcula

tional results in Chapter 16.  

9.8.1 Borehole-Rod Extensometers 

Commercially available multiple-point borehole extensometers (MPBX) were used as the principal in

struments for measuring relative displacements within the rock mass at the SFT-C. Two series of exten

someters were deployed, both of which were manufactured by Terrametrics Co., Golden, Colorado.  

The Mine-by instrument (MBI) series consisted of four sets of three- and six-anchor units installed 

from the north and south heater-drifts of the SFT--ýC (Figs. 9-9 and 9-10) and were originally used to mea

sure the relative displacements that took place as the canister drift was excavated (Wilder and Patrick, 

1980, and Hetuze et al., 1981). The MBI-series extensometers were hydraulically anchored in 76-mm

diameter (NX) boreholes using a standard burst tube and check-valve inflation system. Only the collar 

stabilizer tube was grouted; the rest of the borehole remained open. The connecting rods were carbon steel 

and were enclosed as a group in a silic6ne-rubber-sheathed flexible metal conduit. Following the Mine-by 

experiment, the head assemblies were refurbished, the associated linear potentiometers were recalibra

ted, and the MBI-series extensometers were returned to service for the heated phase of the SFT-C.  
"During the heated phase, the MBI-series extensometers were augmented by a second series grouped 

in four sets to measure near-field thermal effects in the canister storage drift. These units were called the 

GxE-series where the "x" is A, B,/C, or D, depending on which set is being described (Figs. 9-9 and 9-10).  

The'GAE and GDE units each comprised one four-anchor MPBX, whereas the GBE and GCE units each 

\.J con-iprised two subsets of three four-anchor MPBXs located on either side of the drift centerline. The GxE

series extensometers were also hydraulically anchored but used a nitrogen-over-hydraulic-oil-pressure 

maintenance system to ensure adequate initial inflation and subsequent pressures during the heated 

phase of the test (Brough and Patrick, 1982). These units were grouted along their entire length using a 

grout formulated to expand slightly as it cured. To allow for differential expansion and shear between ex

tensometer components, grout, and rock, a ring of closed-cell foam was attached about 0.3 m above and 

below each hydraulic anchor. Because temperatures would reach 60 to 65 0C, Superinvar connecting rods 

were used on the GxE-series extensometers. The connecting rods were enclosed as a group in a silicone

rubber-sheathed flexible metal conduit.  
For their initial deployments, both the MBI- and GxE-series extensometer transducers were Bourns 

Model 5184 rectilinear potentiometers. The refurbished MBI units also used these transducers. The poten

tiometer shafts were attached to the extensometer connecting rods with threaded fittings and lock nuts.  

The GxE-series extensometers experienced severe transducer failures shortly after deployment for the 

heated phase (Patrick et al., 1981). As a result, four types of transducers were installed to evaluate how 

each type performed. Three extensometers were equipped with each type for a total of 12 of each trans

ducer type. The transducers used in this evaluation were the Bourns Model 5184 rectilinear potentiometer, 

Vernitron Model 113 rectilinear potentiometer, Schaevitz Model 250 HCD LVDT, and Kaman Sciences 

Model KD-2310-6U electromagnetic proximeter. With the exception of the proximeter, which is a noncon

tacting device, the transducers were coupled to'theý connecting rods through a spring-loaded ball resting 

on a machined flat surface. Each set of four transducers of each type was subjected to one of three 

environments: sealed head assembly connected to sealed borehole, head assembly continuously flushed 

with a small flow of dry nitrogen,'and head assembly ventilated of potentially harmful vapors with a slight 

vacuum.  
Laboratory Calibrations. All transducers were laboratory-calibrated before installation to establish 

that the individual transducer was operating within specifications. Post-test laboratory calibrations were 

used to measure changes in transducer sensitivity, linearity, and hysteresis characteristics. Because there 

was no means of reliably establishing a "mechanical zero"-for the transducer from which one could deter

mine the theoretical electrical zero position, changes in the offset constant of the transducer could not be
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determined. Significant changes occurred in the sensitivity of each type of transducer with the perform- IF 
ance of the electromagnetic proximeters clearly being poorer than that of the potentiometers and the linear, 
variable differential transformers (LVDTs).  

The distribution of errors resulting from changes in transducer sensitivity is shown in histogram form r 
in Fig. 9-15. Note that the distribution is fairly symmetric around zero, and that about 80% of all errors fall i 
within a ±50-pum range. Errors of this magnitude are a relatively small contribution to the total system 
errors for the extensometers, as discussed below in "Error Analysis." 

In Situ Calibrations. Because MPBXs are relatively complex mechanical systems, we also performed 
field calibrations. The manufacturer's recommended procedure was followed for all pretest field calibra
tions of MBI- and GxE-series units. These calibrations were performed in 1-mm steps over a range of 5 mm 
for the potentiometers and in 0.5-mm steps over a range of 4 mm for the electromagnetic proximeters and 
the LVDTs (Brough and Patrick, 1982, and Patrick et al., 1981).  

A new device was developed to facilitate field calibration of borehole rod extensometers. Based on a 
concept developed by researchers at the Lawrence Berkeley National Laboratory for studies at the Stripa 
Mine in Sweden (DuBois et al., 1981), our calibrator incorporated several improvements, including a motor 
drive, microprocessor control, and independent transducers that provided reference data for the calibra
tions. The calibrator both automated the calibration process and circumvented the need for lowering the 
head assembly onto step blocks. Hysteresis and stick-slip behavior were more readily studied with the 
system's truly bidirectional calibration capability.  

Two types of error analyses were performed using the field calibration data. First, an end-point(or 
terminal-point) analysis was used to determine the range of errors that occurred during the pre- and post
test calibrations. Second, pre- and post-test calibration results were examined to detect changes in trans
ducer sensitivity that would introduce errors in displacement readings.  

The end-point analysis was a convenient technique for examining the extreme errors that occurred 
over the range of the field calibration. Note that this calibration range corresponded to the range of actual 
displacements recorded in the field rather than the full range of the transducer. While all transducers 
performed quite well in the calibrations, the LVDTs exhibited less variability than the potentiometers dur
ing both the pre- and post-test calibrations. On the other hand, the electromagnetic proximeters were 
more variable from unit to unit and also had a larger mean error. The distributions of the pre- and post-test 
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Aigure 9-15. Distribution of errors measured in laboratory calibration of GxE- and MBI-series exten
someter transducers. Errors result from changes in transducer sensitivity between pre- and post- test cali
brations (after Patrick, Rector, and Scarafiotti, 1984).
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calibration errors showed a tight grouping near the z~ro point', and Were rather flat but symmetric beyond 

+ 5 jm (Fig. 9-16). Only subtle changes were evident between'the pre- and post-test distributions of errors.  

',•_ About 74% of the pretest errors and 75% of the post-test errors fell within a ±50-jum window.  

As was the case for laboratory calibrations, it was not possible to determine changes in the offset con

stant because there was no way to establish a zero value for the transducers. However, we could determine 

the errors in displacement readings generated by changes in transducer sensitivity. Once again, these er

rors were evaluated from changes in slope" over a range of 5 mm. The measured changes in extensometer 

sensitivities and the errors associated with those changes were quite large, as indicated in the distribution 

of field calibration errors shown in Fig. 9-17. These errors were larger and had a different-shaped distribu

tion than those observed in laboratory calibrations (Fig. 9-15).  
It appears, then, that the errors associated with changes in extensometer sensitivity observed in the 

field calibrations were not solely the result of changes in transducer sensitivity. Nor were they the result of
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Figure 9-16. Distribution of errors measured in pre- and post-test field calibrations of borehole exten

someter transducers. Data represent extreme errors calculated from an end point error analysis (after 

Patrick, Rector, and Scarafiotti, 1984).
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tensometers. Errors result from changes in transducer sensitivity between pre--and post-test calibrations 

(after Patrick, Rector, and Scarafiotti, 1984).
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a difference in the errors generated during the pre- and post-test calibrations, since these error distributions are nearly identical (Fig. 9-16). We hypothesize two plausible sources of the observed changes in sen- 4 sitivity. First, rust on the extensometer connecting rods may have prevented them from moving freely 
through the collar stabilizer tube and head assembly during the post-test calibration. The net result would be a smaller transducer output for a given (apparent) displacement. The transducer would appear to decrease in sensitivity, as was observed. The potential for this problem was recognized and all extensometers were exercised over the range of the calibration before any data were acquired. However, minor problems may still have occurred. Second, the differences in extensometer sensitivity may have been an accurate reflection of the differences between the two calibration procedures. No explicit cause of such differences 
has been identified to date, however.  

Error Analysis. As described above, three types of transducers, each with different operating characteristics, were deployed on borehole rod extensometers: potentiometers, LVDTs, and electromagnetic proximeters. Connecting rods were fabricated from Superinvar for near-field GxE-series units, or carbon steel, for MBI-series units. These variations were present in four combinations, requiring an error analysis 
for each type.  

Table 9-7 displays maximum calculated errors for each of the four combinations of transducers and rod materials, and for three typical rod lengths for each of these four combinations. The effects of time-varying temperatures directly and indirectly introduced the most significant errors. Our relatively poor knowledge of and the high variability in the coefficient of thermal expansion of the rod materials introduced errors for all four combinations. Where carbon steel rods were used, significant errors were also generated as a result of the scheme used to approximate rod temperatures. In addition, the thermal sensitivity of LVDTs and proximeters was a major contributor to the total error. Note that the "calibration coefficient" errors shown in this table do not include the errors associated with changes in transducer sensitivity that were recorded 
during field calibrations, but rather are the calculated values (Patrick, Rector, and Scarafiotti, 1984).  Reliability. Three classes of problems were identified with the borehole rod extensometers: (1) transducers on the GxE series units deployed in the canister storage drift failed during use; (2) the GxE Superinvar connecting rods experienced stress-corrosion fracturing; (3) the stability of some of the MBI-series extensometer anchors were determined to be inadequate or marginally adequate. These latter units were inflated with the burst-line technique. In addition, a variety of minor miscellaneous problems occurred 
during the test period. These problems are summarized below.  

Table 9-7. Calculated maximum errors for borehole rod extensometers (after Patrick, Rector, and 
Scarafiotti, 1984).  
Extensometer series, Error source and magnitude (um) transducer type, and Calib. Excit. and Component Coeff. of Temp. coeff. Component rod length (in) coef. signal temp. expansion of transducer length RSS 

GxE, potentiometer 2 1.3 0.02 1.9 13.2 0 0.03 13.4 
5 1.3 0.02 1.9 33.0 0 0.03 33.1 

13.5 1.3 0.02 1.9 89.1 0 0.03 89.1 

GxE, LVDT 2 2.5 0.01 1.9 13.2 106 0.03 107.3 
5 2.5 0.01 1.9 33.0 106 0.03 111.5 

13.5 2.5 0.01 1.9 89.1 106 0.03 138.8 

GxE, proximeter 2 2.6 0.02 1.9 13.2 53 0.03 54.7 
5 2.6 0.02 1.9 33.0 53 0.03 62.5 

13.5 2.6 0.02 1.9 89.1 53 0.03 103.7 

MBI, potentiometer 1 1.3 0.02 24.8 9.9 0 0.78 26.8 
5 1.3 0.02 24.8 49.7 0 0.78 55.6 

15 1.3 0.02 24.8 149.2 0 0.78 151.3
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Transducer Failures. Several episodes of failures of GxE-series extensometer transducers occurred.  
The onset of the first failures began about four months after the spent fuel was emplaced. Initially, these 
failures went undetected because the electrical signals were not erratic and the apparent displacements 
were reasonable in form and magnitude.  

Two principal means were used to detect malfunctions of the linear potentiometers: measurement of 
total resistance and examination of output voltage time-series plots for breaks in trend (Patrick, Carlson, 
and Rector, 1981). Total resistance was outside manufacturer's specifications of 5 kfl ± 10% for 23 of the 56 
transducers. The mean and standard deviation of time-to-failure were 223 and 259 days, respectively.  

We considered seven failure hypotheses in evaluating the failures. As documented by Patrick et al.  
(1981), the evaluation techniques included field resistance measurements, gas sampling, hygroscopy stud
ies at low pressure and elevated temperature, microscopic textural inspections, and chemical interaction 
tests. Although these investigations led us to eliminate several possible causes of failure, we have not 
found a totally satisfactory answer to the problem to date. The most plausible remaining hypothesis is that 
higher downhole temperatures caused the sealing agents to cure, producing chemical vapors that dam
aged the resistive elements. We found that venting the potentiometers by removing the head assembly 
cover appeared to curtail and possibly reverse the observed degradation.  

Following these initial failures and evaluations, we bought replacement Boums potentiometers and 
had them calibrated at the EG&G-Atlas facility. About two weeks later,' before'fielding, a sample of the 
replacement units was checked for total resistance and found to be out of specification. In all, 21 of the 64 
replacement units (33%) failed. Testing showed that these transducers remained'linear, contrary to the 
nonlinear mode of failure observed in the units deployed in the field. Since none of these transducers was 
fielded, their failures resulted in no direct loss of data.  

At this time, we decided to revise our original decision to install only "off-the-shelf" instrumentation 
(Brough and Patrick, 1982) to correct the problem of the failed potentiometers. A period of instrument 
evaluation was planned for the remaining life of the SFT-C.  

'Four types of transducers were selected to replace the 48 GBE- and GCE-series units, where all failures 
had occurred to that date. Schaevitz Model 250HCD linear, LVDT were installed in GBE21x, GBE22x, and 
GBE23x; Bourns Model 5184 rectilinear potentiometers were reinstalled in GBE24x, GBE25x, and GBE26; 
Kaman Model KD-2310-6U electromagnetic proximeters were installed in GCE21x, GCE22x, and GCE23x; 
and Vernitron Model 113 rectilinear potentiometers were installed in GCE24x, GCE25x, and GCE26x. The 
characteristics of the selected transducers are 'summarized by Patrick et al. (1981). Although each of the 
three alternates compares favorably in several ways with the original Bourns potentiometers, both the 
LVDTs and proximeters are temperature-sensitive.  

During replacement operations all screw couplings of potentiometer and LVDT shafts to rods were 
replaced by spring-loading the shaft against a flat, smooth, stainless-steel fitting attached to the rod to 
eliminate eccentric loading of the shafts. A stainless-steel sphere screwed onto the shaft provided a point 
contact against the stainless-steel, machined flat surface attached to the rod. The proximeter was a noncon
tacting device that used a 19-mm-diameter x 6.4-mm-thick aluminum target attached to the rod.  

Another modification was to subject each of the head assemblies associated with the Bourns, Verni
tron, Schaevitz, and Kaman transducers to three different environments. To produce the three test envi
ronments, the head assemblies were either (1) sealed with an O-ring on the cover of the head assembly; (2) 
sealed and flushed with dry nitrogen; or (3) sealed and ventilated of potentially harmful vapors with a 
small vacuum.  

As an added precaution, all Vishay precision bridge completion resistors associated with linear poten
tiometers were replaced with hermetically sealed units .This change was implemented in response to two 
observed resistor failures (Patrick et al., 1981). 

A few months after the second d6ployment, the Vemitron linear potentiometers began to fail. Two 
failure modes were exhibited. Whereas most units showed a slight rise in signal as a function of time fol
lowed by a precipitous fall, the others showed an abrupt rise,-typically to full scale positive voltage, fol
lowed by a precipitous fall to a voltage of -2 to -4 V. For the latter cases, the signal was generally erratic. The 
mean and standard deviations of time to failure were 210 days and 141 days, respectively. As with the origi
nal failures, we cannot be certain that data were reliable before the break in trend, which was used as the 
failure criterion.  

Failure analysis for these units revealed that the resistive elements were severely fractured. In general, 
these fractures were transverse to the length of the resistive element and appeared to originate on the outer
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edge of the element and propagate inward. Fracturing was most intense opposite the shaft end of the 
potentiometer and decreased to none near the center (wiper) location.  

After the Vernitron potentiometers failed, they were replaced with Bourns potentiometers. The lead
ing digit of the numeric code was changed to 4 to denote this series of transducers.  

Anchorage Stability. Both the MBI- and GxE-series borehole extensometers used hydraulic bladder 
anchors that comprised sections of flattened copper tube welded along the ends and formed around a 
cylindrical mandrel. To ensure that the anchors were properly fabricated, leak tests were performed before 
installation. A connecting rod was attached to the mandrel to provide a reference for displacement mea
surements. In the case of the MBI units, the anchors had an integral check valve that was used in conjunc
tion with a hydraulic burst-line to inflate the anchors and, presumably, maintain anchor pressure after the 
inflation line burst. These units were not grouted in place. The initial inflation pressure was provided to 
the GxE anchors through high-pressure Bundiweld tubing, and the pressure was maintained with a 
nitrogen-over-hydraulic system (Brough and Patrick, 1982). As previously noted, these units were full
column grouted.  

Schrauf and Board (1979) reported problems associated with inflating the MBI anchors. Many of the 
hydraulic lines burst prematurely at about 1000 psi (6.9 MPa), and the line associated with MB1136 burst at 
about 500 psi (3.4 MPa).  

As noted above, the near-field (GxE-series) rod extensometers used a nitrogen-over-hydraulic fluid 
system in an effort to maintain stable anchor pressure. At approximately 1-month intervals, the pressure of 
each anchor was checked for conformance to a 1750- ± 50-psi (12.1- ± 0.3-MPa) criterion. Nitrogen was 
added or vented to adjust the observed pressure to the acceptable range. Both pressure decreases and 
increases were observed. Pressure decreases may have been due to system leaks, continued deformation 
of the anchor in the borehole, or differential expansion of the borehole relative to the anchor. Pressure 
increases were generally thought to be due to thermal expansion of the hydraulic fluid and differential 
contraction of the borehole relative to the anchor.  

Although all GxE unit anchors were successfully inflated to the 1750-psi (12.1-MPa) anchoring pres
sure, 27 of the 56 (48%) exhibited pressure losses as the test progressed. Nearly 80% of the leaks occurred 
during the first year of the test when significant heating of the rock mass was in progress (Fig. 9-18). There 
is no evidence that these pressure losses adversely affected data quality. This is attributed to the fact that all 
anchors were subjected to proper inflation pressures for a minimum of two months before leaks occurred.  

A positive-displacement hydraulic system was designed, fabricated, and deployed to pull-test each 
individual rod of the MBI- and GxE-series extensometers after the post-test calibrations were completed.  
These pull-test results were used to confirm that the anchors were stable during the SFT-C. To provide an 
average displacement value at each load increment, three linear potentiometers were positioned at 
120-degree azimuthal orientations at a common radial distance from the rod axis. The reference for the 
potentiometers was attached directly to the individual rod, so slip of the coupling, which was being pulled 
by the hydraulic ram, would not be measured. Load was measured by a calibrated load cell located be
tween the hollow hydraulic ram and the reaction plate of the test fixture. Each rod and anchor assembly 
was subjected to four cycles of loading and unloading. The test plan required a minimum load of 300 lb (1.3 
kN) [6100 psi (42.1 MPa) rod stress], but most tests on GxE-series extensometers were conducted to 900 lb 
(4.0 kN) to examine anchor and rod integrity at higher loads.  

Anchor slip was interpreted by comparing the measured stiffness of the system Ka with the calculated 
rod stiffness K. The value of Ka was obtained graphically as the slope of the load vs displacement plot at the 
nominal rod tension of 100 lb (0.4 kN) for the first loading of the rod and anchor system. The value of K was 
calculated as K = EAIL, where E is the Young's modulus of the rod, A is the rod cross-sectional area, and L 
is the rod length. Nominal values of E and A and measured values of L were used in these calculations.  

The ratio of Ka/K was near unity for most anchors of the MBI-series extensometers, and load-vs
displacement curves were linear, indicating that the anchors were stable under the nominal force exerted 
on the rods during the active phases of testing at the SFT-C. Furthermore, the load at which the anchors 
slipped (as noted by a change in slope of the load-vs-displacement curve) was typically several times the 
nominal force. In only five cases was nonlinear behavior observed at loads less than 100 lb (0.4 kN). In 
addition, units MBI-022, -036, -131, and -132 showed anchor slip at loads less than 200 lb (0.9 kN), twice the 
nominal load. We judge that these nine anchors were stable during the heated phase of the SFT-C, but 
may have slipped during the excavation phase (Mine-by) when they were subjected to high-explosive 
shocks.
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Figure 9-18. History of pressure loss for GxE-series rod extensometers that had pressure maintenance 

systems (after Patrick, Rector, and Scarafiotti, 1984).  

For the GxE-series extensometers, most ratios of Ka/K were also near unity, and the load-vs

displacement curves were linear. The longest rod of each set exhibited nonlinear behavior, which resulted 

in a low'i value of Ka. We believe that nonlinear behavior at low loads was caused by the rods being 

straightened from their relaxed position. In the relaxed position, the 13.2-m-long rods, which were ori

ented vertically downward, flexed (buckled) elastically under their own weight of about 3.5 kg. In addi

tion, during assembly of the extensometers, the rods were noted to have a permanent curvature that was 

introduced in manufacturing and shipping the rods. This curvature was straightened as the load on the 

rods increased, producing a linear curve at higher loads. Since the nominal 100-lb rod tension was essen

tially constant with time, this behavior did not adversely affect data quality.  

In Situ Test of Rod Integrity. The Superinvar connecting rods of the GxE-series borehole extensome

ters began failing about three years into the test, shortly before the heated phase of the test concluded.  

Seven rods failed in service as noted in Table 9-8. The rod and anchorage integrity tester was used to deter

mine which rods were approaching failure by subjecting them to load. Three additional rods failed during 

testing, bringing the total to 10 of the 56 (18%) Superinvar rods deployed on the test. The failure loads 

indicate that the rod cross sections at failure were about 15% of the nominal value.  

Metallographic sections of the rod failure surfaces revealed that classic stress-corrosion cracking was 

the failure mechanism. The presence of a small amount 6f calcium carbonate at the root of the corrosion 

cracks leads us to believe that the extensometer seals leaked at some point during the test. This allowed 

ground water to contact the rods, and possibly caused galvanic coupling with the copper hydraulic an

chors and zinc-plated hardware that was also present in the borehole. Analysis of these failures is dis

cussed in Chapter 18.  
Miscellaneous Problems. A variety of relatively minor problems also arose and were corrected during 

the SFT-C. Although each of these adversely affected the data for several days, they are not discussed 

here because of their relatively minor impact. The interested reader is referred to Patrick, Rector, and 

Scarafiotti (1984).
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Table 9-8. Time of failure and failure load for 
Superinvar connecting rods that experienced 
stress-corrosion cracking (after Patrick, Rector, 
and Scarafiotti, 1984).  

GBE034 Failure date Time to failure Failure load 
plate (YOC) (days) [lb (kN)l 

GBE034 5.30 1130 100 (0.4)' 
062 6.50 1570 520 (2.3)6 

GCE021 5.90' 1350V 100 (0.4) 
023 5.03 1030 100 (0.4)' 
041 6.50 1570 469 (2 .1)b 
042 5.42 1180 100 (0.4)& 
051 4.94 1000 100 (0.4)1 
052 5.90C 1350c 100(0.4)1 
062 4.36 790 100 (0.4)' 
064 6.50 1570 470 (2 .1)b 

'Nominal load due to spring tension. Failed in service.  
6 Failed in testing above nominal spring tension.  

c Failed at nominal load after data acquisition was complete.  
Exact date of failure unknown.

9.8.2 Convergence Monitors 
Convergence wire extensometers (CWEs) were designed and deployed to monitor relative displacements across the three drifts of the SFT-C facility. The design of the CWE units was such that they could be oriented to measure displacements across horiz6ntal, vertical, or angled spans. One end of each CWE was a machined steel pin to which a length of 0. 635-mm-diameter stainless-steel connecting wire was permanently attached. The pin was slipped into a mating machined block permanently affixed to the drift surface. The opposite, active end of each CWE consisted of a linear potentiometer housed in a brass weight that was attached to the opposite end of the stainless-steel connecting wire with a second machined pin (Fig. 9-19). The potentiometer shaft, which was also dead-weight-loaded, rested on a machined plate that was part of the second reference point. The connecting wire passed over a threaded pulley, which allowed 

the CWE to be used in a variety of orientations while maintaining the vertical attitude of the dead weight 
system. Sixteen pairs of horizontally and vertically oriented CWEs were deployed (Figs. 9-9 and 9-10).  Three important features were incorporated in the CWE design to accommodate operating conditions 
at the SFT-C: 

* Reference pins and tabs to permit removal and replacement without loss of "zero" reference (required in the canister drift instruments to permit fuel-handling operations).  
* Four-wire resistance temperature measuring system to permit compensation for thermal expan

sion of the wire.  
* Provision for back-up tape extensometer readings between the active and inactive portions of the 

CWEs.  
Calibration. Pre- and post-test laboratory calibrations of the linear potentiometers were performed using the same procedure as described for laboratory calibration of rod extensometer transducers. These 

calibrations examined the transducers for possible changes in slope (sensitivity).  
The data reduction algorithms for the CWEs used the average pretest sensitivity determined over the 25.4-mm range of each transducer. Comparing pre- and post-test sensitivities, we found that although the resulting mean error was small (3.8 jim), the errors for individual transducers could be quite large. A range of errors from - 6.6 to + 35.7 um was reported (Patrick, Rector, and Scarafiotti, 1984). Because only initial and final sensitivities were measured, we do not know how they changed as a function of time. If the observed changes were linear, the mean errors would not exceed one-half of the values reported.  
Error Analysis. We identified eight sources of error for the CWE units: (1) the calibration coefficient; (2 and 3) excitation and signal voltages; (4) the coefficient of thermal expansion; (5) wire length; (6 and 7)

174



-�

Figure 9-19. Typical canister drift vertical convergence wire extensometer installation (after Patrick, 

Rector, and Scarafiotti, 1984).  

initial and current average wire temperatures; and (8) replacement and removal of the instruments. The 

latter was the largest source of error for CWEs that had to be removed for spent-fuel handling operations.  

The maximum composite errors calculated by the RSS approach for wire lengths in the ranges from 2.9 

to 3.5 m, 4.6 to 5.9 m, and 8.0 m were 84.2, 306, and 286 jem, respectively.  

Because we used pretest sensitivities that were determined over the full range of the transducer and 

did not account for changes in transducer sensitivities, an additional mean error of 3.8 'm and maximum 

error of 43.3 um exist. The maximum error value causes the calculated RSS uncertainties to increase 

slightly to 94.7, 309, and 289 jim, respectively.  

Reliability. Of the 32 linear potentiometers deployed on the CWEs, 6 did not meet the post-test cali

bration acceptance criteria. Units CWE031 and CWE131 exhibited erratic, unstable readings during calibra

tion. In addition, CWE041, CWE051, and CWE112 were found to operate outside the. specified 100-mV 

band for hysteresis and repeatability. Physical damage wa's evident on CWE071, which had a damaged 

case that impeded the free movement of the shaft and wiper of the potentiometer. An examination of the 

data plots for each of these six transducers showed no erratic behavior during the period of data acquisition 

for the SFT-C. Furthermore, CWE071 was responsive to the cooling phase of the SFT-C. Thus we con

clude that only units CWE041, CWE051, and CWE112 (the ones showing hysteresis and lack of repeatabil

ity) may have had problems while in service, which, undetected, degraded the quality of their data. All 

other units functioned reliably during the 3.5-yr monitoring period.  

9.8.3 Fracture Monitors 

An instrument known as a fracture monitor system (FMS) was designed and deployed to measure 

three orthogonal componfents of motion along existing fractures and faults. Whereas the CWE units mea

sured an integrated elastic anfd inelastic rock mass response over a long gauge length, the FMS focused the
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Figure 9-20. Typical fracture monitor system installation (after Patrick, Rector, and Scarafiotti, 1984).  

measurement on a single, discrete geologic discontinuity or a closely spaced set of such discontinuities.  
The simple rugged design consisted of two anchorages on opposite sides of the geologic discontinuity: one 
housed the three transducers and the other supported a bracket that transfered the motions across the 
discontinuity to the transducers (Fig. 9-20). Because the transducer body moved with the first anchorage 
and the transducer shaft moved with the second anchorage, displacements of the two sides of the discon
tinuity were sensed relative to each other.  

The FMS units were installed at seven selected locations to monitor faults or zones of intense jointing 
(Fig. 9-9). These units were mounted so that strike-slip, dip-slip, and normal displacements were sensed.  

Mechanical components were fabricated from electroless-nickel-plated carbon steel. Although these 
components were short, thermal expansion was still important because anticipated rock displacements 
were also small. A single type-K thermocouple was attached to each FMS to compensate for thermal ex
pansion. The transducers were Bourns Model 5184 rectilinear potentiometers.  

Calibration. No provision was made in the FMS design for field calibration. Instead, the linear 
potentiometers were calibrated in the laboratory before and after the measurement period. Pre- and post
test calibrations were performed over the full 25.4-mm range of the transducers in 2.54-mm steps.  

As with the CWEs, the data reduction algorithm and associated sensitivity values were based on 
the average slope over the entire 25.4-mm range of each transducer. Comparing pre- and post-test 
sensitivities, we found that the associated errors were very small: about 0.6 pm. The range of errors was 
-4.0 to 72 pm.  

Error Analysis. The linear potentiometers were calibrated using the same procedure as for the CWE 
units. Sources of error included (a) calibration coefficient; (b) excitation voltage; (c) signal voltage; (d) coef
ficient of thermal expansion; (e) component length; and (f) FMS temperature.  

The maximum RSS uncertainty in the value of displacement measurements was calculated to be 
9.63 im. Because we used pretest sensitivities that were determined over the full range of the transducer 
and did not account for changes in transducer sensitivities, an additional mean error of 1.5 pm and maxi
mum error of 34.4 pm may have existed (Patrick, Rector, Scarafiotti, 1984). These errors caused the calcu
lated RSS uncertainty to increase to mean and maximum values of 9.75 and 35.7 pm, respectively.  

Reliability. Two of the 21 linear potentiometers deployed on FMSs did not pass the post-test calibra
tion acceptance criteria. The shaft of FMS023 was sticking, and it was found to operate outside the speci
fied 100-mV band for hysteresis and repeatability. In addition, physical damage to the case of FMS052 pre
cluded movement of the shaft and wiper, so this unit could not be calibrated. Individual data plots for these
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units revealed no problems with FMS023. However, FMS052 began malfunctioning at 4.85 YOC (Septem

ber 26, 1982) and was cleaned, lubricated, and returned to service at 5.36 YOC (March 31, 1983). It was 

K>• functioning reliably when removed for recalibration. The malfunctions of both these units may have been 

related to events that took place after the test, possibly during disassembly of the instruments or shipment 

of the components to the calibration laboratory.  

9.8.4 Borehole Closure Monitor 

A strain-gauged proving-ring instrument was designed and deployed to measure small diametrical 

displacements in the 0.61-m-diameter by 4.9-m-deep canister emplacement boreholes after the spent fuel 

was retrieved (Patrick and Rector, 1985). This instrument has been dubbed the canister borehole deforma: 

tion gauge (CDG). The basic instrument consisted of a steel proving ring with a 203.2-mm outside diame

ter, 190.5-mm inside diameter, and 25.4-mm ring width (Fig. 9-21). Sections of 25.4-mm-diameter bar stock 

and machined bearing surfaces were connected to the ring to transmit displacements from the borehole to 

the gauge. The proving ring was prestressed at the time of installation so that both positive and negative 

borehole displacements could be sensed.  
Micro-Measurements' SK-06-125AD-350 "Karma" foil strain gauges were used to measure strains in 

the proving ring resulting from changes in borehole diameter. Gauges were applied in a full bridge config

uration at positions 900 from the load axis. The test environment was at 100% relative humidity with tem

peratures decreasing from 60 to 30'C during the planned 6-month° deployment period. Four layers of pro

tective coating were applied in accordance with manufacturer's suggestions to combat this environment.  

These consisted of M-Coat D (toluene-thinned acrylic), M-Coat W1 (microcrystalline wax), M-Coat FB (bu

tyl rubber sealant), and M-Coat FN (Neoprene rubber sheet).  
A single type-K thermocouple was mounted to each set of three proving rings to provide data to com

pensate for the effects of thermal expansion of the gauge components.

(203.2 mm O.D., 190.5 mm

Proving ring 
I.D., 25.4 rnm width)-

foot

Adjuster.

C6ntactJ 
foot

Figure 9-21. Schematic of canister deformation gauge showing strain-gauged proving-ring concept 

(after Patrick, Rector, and Scarafiotti, 1984).
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Two sets of three proving-ring assemblies were installed in each of two canister emplacement bore.  
holes for a total of 12 gauges. Each set of three gauges was arranged on its support brackets in a 60 -degree 
rosette. In addition, two gauges were installed in a third borehole: one in an unloaded configuration and 
one in a dead-weight-loaded configuration. Since nwther of these gauges interacted with the borehole, 
their output signals were used to monitor gauge drift and zero offset while the experiment was in progress.  
These data thus provided a degree of confidence (before post-test calibrations were performed) that the 
data from the other 12 gauges were reliable.  

Calibration. Laboratory calibrations were performed on the CDG units before installation and on all 
units that survived the 6-month deployment. The rings were calibrated on an Ormond beam-balance cali
brator. A Bourns Model 141 rectilinear potentiometer was installed diametrically across the ring to measure 
ring displacements, and the ring was exercised 10 times through the 0.51-mm (0.02-in.) range to ensure 
that all mechanical interfaces were stable, that the test frame hardware alignments were correct, and that 
the related hysteresis was minimized. Since the CDGs were deployed in an elevated-temperature environ
ment, both ambient-temperature (23 0C) and elevated-temperature (49°C) calibrations were conducted.  Details of this calibration are provided by Patrick, Rector, and Scarafiotti (1984). In general, errors associ
ated with operating the CDGs at elevated temperatures were less than 0.4% of full scale and in no case 
exceeded 0.7% of full scale. Furthermore, no significant permanent changes were detected by the third calibration. The mean transducer sensitivity was determined to be 8.811 mV/mm, with a standard deviation of 0.0988 mV/mm (1.1%). Despite the small variability in transducer sensitivity, individual calibration 
coefficients were used for each CDG unit in the data reduction algorithms.  

Post-test calibrations were performed using the same technique outlined above but only ambient tem
perature calibrations were performed.  

Error Analysis. Five potential sources of error were identified: (a) calibration coefficient K; (b) gauge 
length; (c) temperature; (d) excitation voltage; and (e) signal voltage. The composite RSS error was calcu
lated to be 15.1 pm.  

Reliability. Two criteria were applied in judging the reliability of the CDGs. First, the output signals 
of the devices were carefully examined to determine if there was any erratic behavior. Seven units survived 
the 189-day test period while the remaining seven had a mean time to failure of 102 days.  

Second, post-test calibrations were made to evaluate transducers that survived the 189-day test per
iod. Changes in sensitivity ranged from -0.751 to -1.498%, with an average of -1.172%. Shifts in zero offset 
ranged from 0.001 to 1.007 mV, with an average of 0.867 mV.  

All failures were judged to be the direct result of moisture leaking into the strain gauge or, more com
monly, into the area where the gauge leads were connected to terminal strips. In future applications, addi
tional environmental protection should correct this problem.  

9.9 Conclusions and Recommendations 

The three objectives of the instrumentation program were met despite malfunctions and changes in 
operating characteristics of several types of instrumentation. During the heating phase of the SFT-C, 
stress changes were not adequately determined because the vibrating-wire stressmeters failed too soon 
after deployment. This is the only data type that we believe was obtained with insufficient accuracy and for 
an insufficient time period. Although this shortfall precludes using changes in stress as a second indepen
dent basis for evaluating the computer code used to model the thermomechanical response of the rock, the 
availability of a large amount of good quality displacement data will support the evaluation.  

We offer several conclusions and suggestions based on our studies: 
1. Currently available CAM and RAM systems are adequate for radiation safety purposes when de

ployed in an underground environment. Provisions for periodic recalibrations must be included in the 
monitoring plan. The units should be protected from contact with corrosive ground waters.  

2. Long-term radiation dosimetry using the optical transmission technique (LiF) should be aug
mented with short-term TLD measurements using CaF2 thermoluminescent dosimeters.  

3. The foil-type long-term neutron dosimetry used at the SFT-C is inadequate for accurate determi
nations of dose. Portable dose rate instrumentation provides adequate personnel neutron dosimetry.
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4. Commercially available RTDs, thermocouples, and thermistors provide reliable, accurate, long

term temperature data. Sheaths and environmental sealing materials must be carefully selected for the 

particular test environment.  
5. The four-wire resistance measurement system developed for monitoring CWE temperatures was 

marginally adequate. Errors in temperature were a significant contributor to total error for the CWEs.  

6. More accurate, higher resolution techniques are needed to calibrate turbine flowmeters. Inade

quacy of existing field techniques required that we revert to manufacturer's specifications in the error 

analyses.  
7. Systematic changes in Watt transducer calibrations (outside of manufacturer's specifications) oc

curred during the SFT-C.These changes suggest the need for periodic calibrations if an accuracy of better 

than about 5% is required for the energy balance.  
8. Failure of 100% of the original O-ring-sealed vibrating-wire stressmeters led to a hermetically 

sealed design. These units functioned much more reliably with only 2 of 18 units providing erratic read

ings. (The possibility of filling the stressmeter cavity with fluid should be considered.) 

9. An attempt at post-test calibrating the vibrating-wire stressmeters after retrieving them by means 

of an overcoring technique was a limited success. However, the attempt revealed major differences be

tween the actual and assumed gauge sensitivities. Further development of calibration techniques is 

needed if these gauges are to be used with accuracy.  
10. The burst-line technique for inflating hydraulic extensometers was found to be marginally ade

quate. A nitrogen-over-hydraulic system was deployed on a second set of extensometers to control infla

tion and maintain adequate anchor pressure. Anchorage was demonstrably better where controlled infla

tion was used, even when anchorage pressure later decreased to zero as a result of leakage.  

11. Major losses of data resulted from failure of two types of linear potentiometers. These failures are 

believed to have resulted from degradation of the resistive element, which was brought on by chemical 

vapor actibn. (Consideration should be given to deploying fluid-filled transducers.) 
12. Changes in transducer sensitivities occurred in potentiometers, LVDTs, and electromagnetic pro

ximeters, While mean errors produced by these changes were a few tens of micrometres, extreme values 

were as laýige as one-half millimetre.  
13. The coefficient of thermal expansion of borehole extensometer connecting rods must be better 

known. Substantial improvements in system accuracy will result.  
14. Convergence wire extensometers proved to be reliable instruments for measuring displacements 

across underground openings. As noted in item 5, errors in temperature readings seriously degraded the 

potential accuracy of these units. It is also clear that the coefficient of expansion of the wire must be better 

known.  
15. Fracture monitors functioned with excellent accuracy and reliability.  
16. The borehole closure monitors developed for the SFT-C functioned quite well for a prototype 

instrument. Improvement in environmental sealing should greatly extend the useful life of these specialty 

instruments.
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10. Data Acquisition and Management Systems

A data acquisition system (DAS) was designed, procured, and deployed to acquire and perform pre

liminary processing of data from nearly 1POO analog devices. In addition, the DAS provided several other 

functions including alarming, calibrating instruments, and displaying data in near real time. The data 

management system (DMS) processed magnetic data tapes produced by the DAS to produce fully con

verted data for subsequent detailed analyses. The DMS also provided for file management, plotting, and 

archiving.  

10.1 DAS Design and Specifications* 

The DAS fulfilled critical roles, both in ensuring safe operations at the SFT-C by monitoring radiation 

levels and the status of critical test components, and in acquiring high-quality technical data with a high 

level of reliability. In fulfilling these roles, the DAS performed eight basic functions: data acquisition, pre

liminary data processing, data verification, alarming for out-of-range values, display of critical real-time 

data, system control, calibration, and miscellaneous functions, such as data base reporting, system 

backup, and system maintenance.  
As reported by Nyholm et al. (1982), the DAS hardware was specified to have the following 12 

attributes: 
1. Scan and measure at least 500 analog instrumentation signals with the capability to expand to at 

least 1500 channels without modifying the hardware on the existing units. An additional 20 channels of 

output signals were provided.  
2. Measure instrumentation signals, and linearize, compensate, and convert these into appropriate 

engineering units.  
3. Measure, store, retrieve, reduce, analyze, display, and transmit to remote terminals via line 

modems, experimental data and status reports at preprogrammed intervals or on request by a user.  

4. Remotely operate and control system scanning and measuring units at distances up to 1000 m by 

either of the two data acquisition system controllers using either of the two instrumentation communica

tion buses. The DAS controllers were general-purpose minicomputers.  
5. Accurately measure low- and high-level static, analog signals in the form of ac and dc voltages, ac 

and dc currents, and resistances generated by rock mechanics instrumentation and radiation monitoring 

equipment.  
6. Electrically and mechanically interface the scanning and measuring units with the IEEE 488-1975 

instrumentation bus. All hardware necessary to increase the effective length of the bus to 1000 m was pro

vided and hardware was rack-mountable, with slide-rail kits.  
7. Monitor selected channels as programmed, actuate remote controls, automatically establish tele

phone links to remote stations (at distances > 50 km), and transmit alarms when established set-points 

were exceeded.  
8. Permit the DAS controllers to be operated and programmed from both local and remote terminals 

via telephone line modems.  
9. Permit program development and execution of various numerical codes independent of and si

multaneously with data acquisition functions.  
10. Once programmed, operate the system automatically without user response, unless desired. The 

system was located in a remote area and would not always be manned.  
11. In the event of a power failure, automatically return the system to normal operation after restora

tion of power.  
12. Run two subsystems in parallel that interact with each other, yet can perform alone in the event 

the other subsystem malfunctions. For this reason, dual controllers and independent peripherals, com

munication buses, and measuring equipment were provided. Subsystem "stand-alone" capability was 

used whenever feasible to minimize the possibility of total system failure.  

*Contributed by R. A. Nyholm
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Nyholm et al. (1982) specified DAS software to minimize the development costs of the total system, to 
support a strong and expandable instrumentation system, and to provide integrated documentation for a 
standard commercial system that had been proven by others.  

The operating system (OS) comprised a collection of programs that acted as an interface between the 
machine hardware and the user, simplifying the design, debugging, and maintenance of programs. The 
operating system also controlled the allocation of resources to ensure efficient operation. It fully supported 
use of FORTRAN, and Assembly language programs. All hardware interfaces were fully supported with 
FORTRAN-callable routines, and it was possible to execute concurrently, on a priority basis, multiple 
mass-memory resident FORTRAN programs that had been broken into several sections or overlays shar
ing common data areas and several smaller, memory-resident programs activated by interrupts.  

All programs were capable of being modified, reassembled, and linked on the system as configured.  
The software handled all in/out (I/O) devices supplied by the seller with the system. Specific applications 
software was developed by LLNL.  

The OS allowed programs to be either disc-resident or CPU-resident (central processing unit), and the 
user was able to partition the CPU memory. The OS provided memory-protect fences between those parti
tions to prevent user programs from gaining illegal access to the partitions. The user was allowed to define two classes of partitions (each class could have many subpartitions)-background and foreground.  

The OS was capable of automatically exchanging programs between disc and CPU memory. This fea
ture simulated simultaneously resident physical memory in all disc-resident programs. All programs were 
hardware-protected so that it was impossible for a user to overwrite the OS while in a protected status.  

The system included a file management package to control manipulation of files on all mass storage i 
devices. The commands were executable either by operation from the system console or by program con
trol, and were accompanied by a series of error messages informing the user of illegal action, thus prevent
ing accidents.  

FORTRAN IV and Assembly language(s) were available as standard packages, and there were provi
sions for program overlay and chaining, task scheduling, string handling and processing, and comprehen
sive I/O capability to any system device. Subroutine libraries were supplied to support standard mathe
matical calculations and scientific instructions.  

The system software contained real-time I/O drivers to support all peripherals and peripheral inter
faces, and an interactive editor was provided for the creation and modification of source programs. A data
base management system (DBMS) was provided to allow logical access to data independent of physical 
data base structure. A comprehensive graphics displayed graphs, tables, and program listings, and also 
produced hard copies of those displays.  

A distributive network communications system exchanged information between the interconnected 
DAS controllers. This system was capable of supporting at least four computers of the type supplied with
out software modification. The link allowed remote program task scheduling/communications, file manip
ulation, and data base access.  

Diagnostic and maintenance routines were made available to exercise and troubleshoot all hardware.  
Finally, a complete set of reference manuals was provided for use by a system programmer. These 

manuals clearly and completely described all CPU instructions and timing, I/O and interrupt techniques, 
peripheral instructions, and other programming techniques for efficient operation of the system.  

10.2 DAS Configuration* 

The specifications for the DAS were submitted to 14 vendors for bids in July 1978. Only Hewlett-Packard 
(HP) responded, delivering the system to LLNL in April 1979, where it was brought on-line and readied for 
applications code development. The hardware, software, special features, and physical location of the 
DAS are discussed in detail by Nyholm et al. (1982) and by Nyholm (1983), and are summarized here.  

*Contnbuted by R A. Nyholm 
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10.2.1 Hardware Configuration 

The DAS hardware that was provided in response to the specifications was based on two HP 21MX 

•./' (HP1000) disc-based computers (Fig. 10-1). Each unit consisted of an HP-1000 Model 2113 16-bit E-series 

mainframe with two HP-IB instrumentation buses; an HP-7906 cartridge disc with 19.6 Mbytes of storage, 

half of which were on a removable cartridge; a Texas Instruments 733 KSR printing system terminal; an' 

HP-2645/8 user display terminal with dual minicartridge tape drives (the HP-2648 provided graphics capa

bility); an.HP-7970 9-track, NRZI, 800-bpi, 45-ips digital magnetic tape unit; an HP distributed system in

terface via the HP-12665 PCA; an HP-IB to HP-59309 digital clock and HP-3495 scanner (the latter used two 

10-channel relay actuator assemblies for the modem and extender switching networks); an HP-IB interface 

with HP-3720 bus extenders to an HP-3455 6-1/2 digital voltmeter (DVM) and either six (on Node 100) or 

seven (on Node 200) HP-3495 80-channel scanners; and a Vadic telecommunications system that is Bell-103 

compatible, operating at 1200 baud. This system incorporated a custom modem-switching network (MSN) 

comprised of two HP-3495 scanners to avoid problems with the originally installed Vadic Multiple Auto

matic Calling System.  
In addition to these features, which are common to both Nodes, the Node-100 unit was augmented 

with an HP-2608 132-column, 400-1pm line printer and an IRAD stressmeter datalogger.  

The Node-200 unit was augmented with two remote 17-in. Conrac TV system-status monitors, an HP

9872 four-pen graphics plotter, and an HP-1310 high-resolution graphics display.  

Three remote communications terminals were provided to meet the needs of SFT-C experimenters 

and to ensure safe and reliable conduct of the test and the DAS. First, the principal remote alarm station 

was located at Control Point (CP) 40. Known as the NTS Radio Network Control Center, this location was 

staffed 24 h/day as part of normal NTS operations. To take advantage of this resource, we installed an HP

2635 printing terminal operated with a Vadic modem and we provided an alarm-response manual and.  

associated training. Depending on the nature of the alarm sent by the computers, the CP-40 staff notified 

staff at LLNL or emergency response personnel at the NTS. Second, an HP-2648 graphics display terminal 

and HP-7310 graphics printer operated with a Vadic modem were located in a room adjacent to the project 

offices in Livermore. Third, an HP-2645 display terminal operated with a Vadic modem was located under

"x•_/ ground in the instrumentation alcove to provide a work station to calibrate instrumentation and diagnose 

system problems.  

10.2.2 Software Description 

The DAS used both HP standard and special system software and LLNL special applications software.  

The HP software features included a real-time executive version IVB (RTE-IVB) operating system software; 

an Image-1000 database management system; a DS-1000 distributed-system software and firmware for net

work communications; a Graphics 1000 modular plotting support software; standard drivers to interface 

with peripherals; and special drivers to interface with remote scanners, DVMs, and the IRAD datalogger.  

The LLNL special applications software was designed to provide eight functions: 

1. Data acquisition to control instrument scanning and data accumulation.  
2. Data processing to collate and provide preliminary conversions of data and archive it on 

magnetic tape.  
3. Data verification to identify and facilitate correction of both DAS and instrumentation 

malfunctions.  
4. Alarms to detect and alert personnel to out-of-limit data.  
5. Displays to provide data and system-status information in real time.  
6. Controls to provide access to and means to change system control and conversion parameters.  

7. Calibration to provide for obtaining instrumentation calibration parameters.  

8. Miscellaneous small codes to provide for system backups, reporting, and maintenance 

capabilities.  
The interested reader is referred to Nyholm (1983) and Nyholm et al. (1982) for descriptions of the 

software that provided these functions.
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(continued) (continued)

Figure 10-1. SFT-DAS hardware configuration (after Nyholm, 1983).
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10.2.3 DAS Support Facilities 

J Surface Systems. The computers, system work stations, and supporting equipment were located in 

a 16-m x 6-m double-wide trailer that was specially'designed and fabricated to meet the needs of a com

puter facility (Fig. 10-2). The floor plan allowed for a separate computer room, terminal room, office area, 

and electronics shop.  
Although the personnel work areas required both heating and air conditioning, the computer room 

needed only to be cooled since the equipment generated sufficient heat. Two air conditioning/ 

humidification units operating in a lead-lag configuration were provided to ensure that proper environ

mental conditions were maintained. A temperature-sensitive trip circuit was provided to remove power 

from the DAS if temperatures exceeded 35 C.  

To ensure that high-quality power was supplied to the DAS, even under outage conditions, an uninter

ruptible power supply (UPS) was provided in an air conditioned transportainer. A minimum 1-h battery 

backup was provided by this Deltec 7.5-kW system.  

To meet DOE fire safety requirements for computer facilities, a Fenwal-Halon 1301 fire suppression 

system was installed. Smoke and heat detectors were used to trigger the Halon system and to provide local 

and remote alarms.  
Subsurface facilities. To minimize the need for long cable runs for analog signals, we installed all 

scanners and DVMs in an underground alcove constructed of fire-resistant materials (Fig. 10-3). This 4-m 

by 9-m enclosure housed the instrumentation terminal boxes and racks, and one of the remote terminal 

stations described above.  
The underground air conditioning system provided a temperature of 23 ± 1VC for these portions of the 

DAS. Since ambient rock temperature is about 24°C, no heating was required. UPS and fire suppression 

systems were provided as with the surface DAS facilities. The UPS provided a minimum 2-h backup power 

capability using a lead-calcium battery bank.  
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Figure 10-2. SFT-DAS computer trailer floor plan (after Nyholm et al., 1982).
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Figure 10-3. SFT-DAS instrumentation alcove floor plan (after Nyholm et al., 1982).
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10.3 DAS Normal- and Fault-Mode Operations* 

In its normal mode of operation, the DAS acquired and processed about 500 data points/h from nearly 

1000 channels of instrumentation. Although most channels represent a single instrument, critical channels 

were scanned redundantly by the two computers.  
The acquisition of data was controlled by the contents of scan tables and associated acquisition soft

ware modules. For each instrument, which was designated by a unique six character alphanumeric "li

cense plate," the scan table contained the following information: 
"* Channel logical state (off or on).  
"* Scan time interval.  
"* Time of last scan.  
"* Scanner channel to which instrument was wired.  
"* Type of reading (ac, dc, 2-wire or 4-wire resistance).  
"* Processing algorithm code.  
"* List of reference instrumenits to be scanned.  
When the acquisition module determined that it was time to scan a channel, it built a table of channels 

to be scanned (including reference instruments), requested the scans (by closing scanner box relays), re

ceived the raw data, and dispatched these data to the appropriate processing codes.  

After accepting the raw data packets, the processing codes retrieved conversion parameters from ta

bles, accessed the acquired database to retrieve reference channel data, expanded the data packet, and 

placed the converted data value in the packet.  
Tests by the alarm modules then determined whether the data were within specified limits. If not, 

alarm messages were sent to CP-40 terminal and logged in the alarm file.  

-Prom time to time, one or both of the computers or closely related peripherals would malfunction, 

causing loss of data. We observed that these losses typically occurred when only one of the computers was 

down (Patrick et al., 1982). To improve this situation, an extender switching network (ESN) was designed 

and-deployed to allow one computer node to carry on the entire acquisition if the other node 

malfunctioned.  
The ESN was made to function in one of two ways. First, each computer node continually assessed the 

status of the other and, if a fault was detected, connected itself to the other node's scanners and DVMs 

through the ESN scanner. This provided communication with otherwise inaccessible instrumentation on 

the other node. Second, the DAS operator could intentionally actuate the ESN, producing the same result.  

Operator-activated use of the ESN was useful during periods of preventive maintenance and scheduled 

system modifications. Scanning using the ESN is essentially the same as for normal-mode operation.  

10.4 DAS Performance History* 

The two principal measures of a DAS performance are its accuracy and reliability. These are measures 

of the quality of readings actually acquired and the quantity of data actually acquired compared to the 

quantity desired, respectively.  

10.4.1 Measurement Accuracy 

Although the DAS was capable of making measurements over a broad range of scales, its scientific data 

most heavily depended on dc voltage readings in the millivolt range and on four-wire resistance readings 

in the 125-9 range. To assure long-term measurement accuracy, the DVMs were recalibrated every 90 days 

and were operated at 23 ± 1VC. In addition, several system standard references were measured as part of 

the regular scanning sequence to provide an ongoing evaluation of data quality. These included a precision 

millivolt source (channels SSR002 and SSR005), two nominally 120-4 precision resistances (channels 

SSR003 and SSR006), and several temperature references (channels SSR007, SSR008, RTD200, TRT011, 

TRT012, and TRT013). The millivolt source was accurate to 1 NX, the resistance standards were stable to 

0.00018 fQ, and the temperature sensors were immersed in calibration baths (Chapter 9) or were deep in the 

rock, far from thermal disturbances.  

*Contributed by R A Nyholm
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Figure 10-4 illustrates the results obtained from the dc voltage and four-wire resistance references. The 
readings provided by the DVMs were guaranteed to I AV and 0.0042 Ft with 90-day drifts not to exceed 4 AV 
and 0.005 Q, respectively. Resolutions were specified at 1 AV and 0.001 0, respectively. Examination of 
those 30,000 data points/channel collected from 2.7 to 5.862 YOC show that the voltage source was always 
measured in the envelope 0.996 to 1.004 mV. Minor perturbations were observed, as expected, when 
DVMs were exchanged for calibration, as indicated by the upward arrows. The four-wire resistance mea
surements should have been stable to ±0.0092 Q. However, several periods of out-of-limit readings were 
evident in Fig. 10-4. Variations in four-wire resistance references were an early indicator of potential hard
ware malfunction and were therefore carefully scrutinized on a daily basis.  

10.4.2 System Reliability 

The SFT-C DAS was operational for more than 4 years and performed above the operational specifica
tion set forth by Hewlett-Packard. That specification called for a single-point mean-time-between-failure 
(MTBF) of 30 days, and downtime of 2 to 4 days. The relatively long downtime estimate is a function of 
both the remote location of the test area and the availability of qualified service personnel. These figures 
translate to an average "functionally disabled index" (FDI) of approximately 7%. The FDI (Nyholm et al., 
1982) is a measure of the likelihood that data cannot be properly recorded and archived on schedule by the 
DAS as designed. Thus, one computer node or the other should have been capable of acquiring data 93% of 
the time according to the specification.  

Many factors that inflate the FDI had to be considered to make a true estimate of the FDI (Patrick et al., 
1984), including: 

"* Installation and development of software updates; 
"* Fuel handling operations-data channels of significant interest were scanned rapidly; others could 

be turned off; 
"• Hardware maintenance and/or calibration; 
"* Instrumentation maintenance and/or calibration; 
"* Cartridge disc unit backup to digital magnetic tape; 
"* Software failure; and 
"* Computer overburden.  
Taken collectively, these factors should have accounted for approximately two additional FDI points, 

bringing the total FDI to about 9% per computer system.  
Figure 10-5 illustrates observed monthly FDIs for the interval from May 1, 1980, through September 30, 

1983. The upper plot specifies the likelihood that a scheduled data point was not recorded and archived via 
the front-end data acquisition hardware normally connected to computer Node 100 (Fig. 10-1). Similarly, 
the middle plot reports identical information for data points collected via the acquisition hardware nor
mally connected to computer node 200. The bottom plot presents the likelihood that neither computer 
node was able to collect a scheduled data point; i.e., both computer nodes were disabled concurrently.  

For the duration of the SFT-C, the average observed FDI (41 consecutive months) for Node 100, Node 
200, and the DAS was 14.98, 8.79, and 4.06%, respectively. Recording outages through November 1982 
have been previously reported (Patrick et al., 1983) and have been basically attributed to software difficul
ties and a variety of hardware failures. The vast majority of software cures were in place by May 1981 and 
the last was resolved on March 26, 1982. Since November 1982, principal system failures were attributed to 
faulty disc drives, notably on Node 200.  

10.5 DMS Design Considerations* 

The SFT-C project philosophy was to provide separately functioning data acquisition and manage
ment systems (Ramspott et al., 1979). To achieve this, it was necessary to develop a DMS with the following 
capabilities: 

*Contributed by W C Patrick
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Figure 10-4. SFT-DAS System Standard References. Note: up arrows indicate DVM exchanges.
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0 Accept and convert magnetic data tapes from the HP-1000 system to be compatible with the LLNL 
computer network of Control Data Corp. (CDC) 7600s; 

. Screen out data system status and radiation monitoring instruments that would not be subjected 
to subsequent analysis; 

0 Screen out or fix flawed data records, as appropriate; 
- Convert the data format from HP ASCII to CDC binary for more efficient processing; 
0 Process the data using best-av-ailable calibration data and algorithms to account for temperature 

effects; 
* Reorganize data into a file structure comprising individual files for each instrument; 
* Plot data in various formats; and 
• -Archive data for future analysis and to meat project quality assurance requirements.  
These design considerations led to development of three principal and several supporting sets 

of codes.  

10.6 DMS Description and Operation* 

The description and operation of the DMS are provided by Carlson (1985), and details of selected com
ponents of the DMS are provided by Hage (1983 and 1984). We summarize the DMS software and process
ing techniques here.  

10.6.1 Data Receipt and Preprocessing 

Upon receipt at LLNL (which occurred at approximately monthly intervals), the HP data tapes were 
copied using the utility TAPECOPY and assigned a sequence of file names cross-referenced to the HP tape 
number to facilitate tracking (Fig. 10-6). The 16-bit HP structure was converted to 60-bit CDC 7600 structure 
using a binary read code known as BREAD. The ASCII output of BREAD was appropriate for data display, 
file management, and correction of data errors but had to be converted to binary format by another code in 
preparation for processing by the data conversion code REVERT. Known as MFAB (for merge files convert 

ASCII to binary), this code also segmented the data into one 1 million word files for subsequent 
processing.  

Following conversion to CDC format, BREAD's primary function was to screen the data based on sev
eral criteria: 

"* Legitimate logical channel number (a four-digit code); 
"* Part of scientific database; 
"* License plate in proper format and correct for given logical channel number; 
"* Time of record within range of data tape; 
"* Raw data value within conceivable range for instrument; 
"* Time gaps not exceeding 1 day for each instrument.  
Depending on the results of these checks, one of five actions could be taken: pass the record as correct, 

correct errors in logical channel number or license plate, flag as questionable, discard because not part of 
scientific data base, or discard for failure to meet one of the other criterion. An interface file provided 
BREAD with discard options and parameter values on which to judge the acceptability of the data (Hage, 
1983).  

The BREAD code produced statistics and message files that were used both to make decisions related 
to data retention and to provide a permanent quality assuirance record of the processing. In several cases, 
errors were detected that affected a group of similar instruments or, in one case, all instruments. A small 
code was developed to repair these records based on a thorough evaluation of the problems. Examples of 
errors that could be fixed in this manner are interchanged instrument wires, which were later corrected, 
and failure of the DAS system clock, which introduced a time offset. All such changes were documented by 
Carlson (1985).  

*Contributed by R C. Carlson and IV. C. Patrick.

191



Listing of 
DATABASE file coefficients in 
of coefficients order received 

and/or altered

Figure 10-6. Block diagram of Data Management System (after Carlson, 1985).  

10.6.2 Data Conversion 

Although the HP system provided precise conversions of data from the relatively simple devices such 
as thermocouples, RTDs, and watt transducers, the DAS provided only approximate (so-called "engineer
ing conversions") for instrumentation such as displacement and stress monitors. Therefore, we devel
oped a code to reconvert (REVERT) all data, incorporating individual instrument calibrations and al
gorithms to compensate for the effects of thermal expansion of instrument components.
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The reconversion process was conceptually simple but quite difficult to implement. Although all the 

necessary reference instruments needed for processing were scanned within seconds of the time the pri

"\-/ mary instrument was scanned, they were widely separated because the database structure included data 

from both computers and was sorted by instrument. As a result, rather sophisticated search routines were 

needed to find the reference instrument data for a particular conversion (Hage, 1984). To further compli

cate the process, many instruments malfunctioned and were replaced and other instruments were added 

in the course of the SFT-C, thus producing several lists of instruments and associated databases of con

version parameters.  
The operations performed by REVERT were largely controlled by the contents of the database of con

version parameters that were developed using the 22 HP databases received from NTS. The" HP databases 

were augmented, merged, and modified before processing test data with REVERT (Fig. 10-6).  

In many cases, the REVERT algorithms were CDC 7600 versions of the associated HP conversion al

gorithms. Additional processing algorithms were developed and tested prhiarily to compensate for the 

effects of thermal expansion on instrumentation components (Hage, 1984, and Carlson, 1985). The basic 

data processing proceeded in three passes: 
1. Pass 1 devices could be converted with no reference instruments. These included excitations, watt 

transducers, and RTDs.  
2. Pass 2 devices required at least one Pass 1 device for conversion. For example, thermocouples re

quired RTD referefice junction temperatures.  
3. Pass 3 devices required at least one Pass 2 device for conversion. The principal examples were rod

and wire-extensometers and stressmeters that referenced from one to seven thermocouples in addition to 

Pass 1 excitations.  
A total of 46 REVERT runs were made to reconvert the 8.7 x 106 data records (43.5 x 106 words).  

10.6.3 Storage, Plotting, and Listing 

Many system utilities were available to plot and list data processed through BREAD or reconverted by.  

the REVERT code. However, most such general-purpose data display codes require that the data be well 

- organized.  
To produce a data structure compatible with our need to produce large numbers of plots and data dis

plays in various formats, D. Montan developed a set of processing codes to accept the ASCII output of 

BREAD or the binary output of REVERT and to separate these time-ordered segments of data into individ

ual files containing all data for a particular instrument. These codes accomplish the following functions: 

0 UFO reads a BREAD or REVERT output file and rewrites it into a "uniformly formatted 

output" file.  
* VFO (for "voluminous file output") uses these files and splits off the data records into individual 

license-plate-oriented files.  
0 WFO (for "we find out") is an error detection routine that checks for such problems as records not 

in time sequence.  
The individual license-plate files were assembled into logical groupings that formed the second tier of 

the data directory. These in turn were accessed through the root directory for the SFT-C data archive.  

Data acquired on the SFT-C were archived at several stages of processing to provide adequate back

ups at each stage and to meet the developing needs of project experimenters. These stages included: 

* Both original and duplicate copy data tapes from the HP DAS. These included all raw data ac

quired and "engineering conversions"; Pass 1 and Pass 2 instrurment conversions were complete.  

* BREAD output, referred to as S-files, with contents similar to above but with all radiation monitor 

data and flawed data deleted.  
0 REVERT output, known as R-files, with complete reconversion of all data records, including Pass 3 

instruments.  
* L-files, which provided the one-file-per-instrument data structure initially for the S-files and later 

for the R-files.  
All data in the REVERT L-file structure were plotted, microfiched, and incorpora.-,_ in the appendix in 

Carlson (1985) for use by other researchers. As Carlson noted, data tapes may also be requested from the 

"K_- LLNL for additional analyses.
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10.7 Quantity and Quality of Data Received*

Table 10-1 is a statistical summary of the data received during the SFT-C. The "discard" column pri
marily accounts for data from radiation monitors and various status devices that were not analyzed and 
reported. Though archived as raw data, these were discarded from the scientific database to reduce the 
volume of data processed. The resulting reduction was significant since these data comprised 43% of the 
data acquired. The "Number of Errors" columns show those data lost because they were unreadable or 
obviously wrong and uncorrectable. Errors were tabulated in four groups: 

1. "TOR" designates that the acquisition time indicated in the record was outside the range for the 
data tape.  

2. "VOR" indicates that the raw data value was outside the range of physical possibility (for exam
ple, a 25-mm range displacement transducer giving a reading of 1 m).  

3. "License" indicates that the license plate designator in the data record was not one used during 
the test.  

4. "License and channel" indicates that both the license plate and logical channel number were in
correct, precluding error recovery.  

In total, these errors represented about 2% of the acquired data. As shown, 8,691,636 valid data points 
were accumulated during the 1300-day (3.56-year) period of the test, an average of 6682 data points per 
day.  

Table 10-1. Summary of processed SFT-C data (after Carlson, 1985).  

Number of errors 
File Time (absolute Julian day)' Number of data points Range License and 

name Start Stop Copied Discard Total TORbW "Oi License channel

O0OA/B 

002AIE 

003AIC 

004A/C 

005A/C 

006A/C 

007AID 

008AID 

009A/D 

O1OA/C 

011A/D 

012A/C 

013A/C 

014A/D 

015A/C 

016AIC 

016BIC 

017A/C 

017B/C 

018AIF 

019AIC 

020A/B 

021A/B 

022A/B 

022B/A 

023AIB

44331.437 

44342.196 

344.790 

345.389 

346.960 

351.914 

357.845 

358.485 

359.926 

361.143 

370.452 

375.161 

388.196 

409.266 

416.590 

421.246 

438.648 

451.107 

467.161 

474.278 

490.193 

501.563 

513.321 

526.478 

541.532 

550.252

44569.498 

44354.011 

345.250 

346.967 

351.929 

351.917 

358.507 

360.566 

361.134 

370.452 

375.167 

388.456 

409.271 

416.590 

421.242 

438.653 

451.121 

467.378 

474.286 

490.198 

501.576 

513.328 

526.480 

541.537 

550.332 

562.241

30191 

25393 

1692 

11181 

26491 

37567 

7145 

8883 

17281 

119807 

50161 

150312 

159424 

91569 

45953 

182950 

138409 

178992 

72545 

154345 

118107 

97757 

156160 

172533 

115831 

113601

0 

11407 

2245 

6548 

13114 

7027 

1636 

2427 

5971 

45263 

18770 

57590 

58090 

28941 

14735 

68700 

52772 

68629 

23302 

56843 

40305 

48058 

69170 

64458 

73133 

50159

30191 

36800 

3937 

17729 

39605 

44594 

8781 

17310 

23252 

175070 

68931 

207902 

217514 

120510 

60688 

251650 

191181 

247621 

95847 

211188 

158412 

145815 

225330 

236991 

188964 

163760

0 

144 

0 

90 

21 

81 

4 

231 

1451 

54 

44 

141 

300 

73 

28 

108 

79 

50 

10 

35 

58 

7 

2 

5 

4 

24

0 

39 

0 

32 

0 

0 

0 

0 

0 

0 

0 

0 

33 

196 

67 

409 

320 

0 

0 

220 

24 

21 

0 

0 

0 

161

0 

0 

143 

149 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

205 

0 

0 

0 

1 

0 

0

*Contributed by R. C. Carlson and W. C. Patrick.
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Table 10-1. (Continued.) 
Number of errors 

File Time (absolute Julian day)' Number of data points Range License and 

name Start Stop Copied -- Discard Total ORbW VORb License channel

024AIB 

025AIC 

026AIC 

027AIC' 

028A1C 

029A/C 

029B/C 

030AIC 

030BIB 

031AIC 

032A1C 

033AIC 

034AIB 

034BIB 

035AIC 

036A/C 

037A/B 

037BIB 

038A!C-

039A/B 

039B1B

040A/A.  

041A/A 

041B/B 

042AIB 

042BIA 

043AIE' 

044A)B 

045A/A 
045BIA 

046AtD 

046B/B 

047AID 

048AIA 

049A/B 

049B1A 
050A/B 

051A/A 

051BIB 

052AIA 

053AIB 

054AIA 
055A/C 
05BAIC 055B1C 

056A/A 

057A/A 

058A/A 

059AIA 

"060AIA 
061A/A

557.484 

529.807 

577.327 

610.564 

618.247 

632.368 

650.669 

656.339 

686.067 

695.350 

703.304 

722.617 

723.271 

772.087 

781.126 

781.122 

802.184 

826.180 

837.205 

852.223 

873.582 

890.566 

905.151 

932.184 

939.300 

965.484 

990.234 

45005.305 

45005.260 

45030.397 

45053.229.  

45077.681 

45053.207 

45080.271 

45080.683 

45106.361 

45085.646 

45110.252 

45133.153 

45129.603 

45152.319 

45152.182 

45169.354 

45177.431 

45177.411 

45201.192 

45201.199 

45226.448 

45221.416

45169.359 161569 

45177.468 38772 

45201.199 77471 

45201.192 '70506 

45221.369 36943 

45218.443 50133 

45256.339 76218 

45256.336 99734

576.247 

590.272 

610.263 

618.247 

632.397 

651.453 

661.224 

686.187 

695.245 

705.889 

722.290 

781.117 

772.087 

781.122 

801.610 

802.173 

826.246 

842.202 

852.215 

873.582 

890.343 

905.159 

932.186 

939.266 

965.522 

984.225 

5005.301 

5053.225 

45030.390 

45053.204 

45077.681 

45080.213 

45080.231 

45084.987 

45106.363 

45109.549 

45103.386 

45133.155 

45152.179 

45148.636 

45177.430

72353 

104444 

84131 

40686 

84205 

88284 

30935 

90861 

45207 

48884 

78070 

124320 

141038 

22451 

"72433 
45460 

125763 

60618 

59890 

106996 

139520 

- 65577 

137485 

30576 

119826 

78904 

101456 

132236 

87612 

81367 

186845 

137590 

116475 

115728 

84845 

21836 

44184 

187505 

149434 

0 

177163 

28130

161022 

220634 

246818 

135709 

128934 

246689 

149990 

195535 

28418 

251160 

38106 

78350 

255311 

207882 

125108 

232540 

51882 

252670 

131904 

146334 

132414 

119367 

254703 

164256 

192270

195

31718 102071 

31095 135539 

117970 202101 

"203970 244650 

165522 249727 

164419 252703 

53536 84471 

157447 248308 

95148 140355 

43058 91942 

80297 158367 

123839 248159 

108318 249356 

20664 43115 

56439 '128872 

54589 100049 

122361 248124 

60467 121085 

51625 111515 

129470 236466 

72851 212371 

89464 155041 

114641 252126 

27134 57710 

124187 244013

82118 

119178 

114582 

48097 

47567 

59844 

112400 

79060 

12690 

166315 

16270 

34166 

67807 

58448 

125108 

55377 

23752 

91101 

93132 

68863 

61908 

62424 

204568 

88038 

92536

0 

0 

12 

2 

0 

0 

0 

14 

3 

1 

0 

0 

0 

0 

0 

0 

1 

0 

1 

0 

0 

0 

2 

0 

1 

2 

0 

0 
1 

0 

0 

0 

'1 
0 

0 

8738 

1 

0 

433 

1731 

0 

0 

0 

0 

0 

0

38 
60 

13 

8 

16 

11 

266 

7 

4 

186 

8 

37 

79 

2 

22 

286 

6 

5 

2 

12 

28 

10 

31 

2 

102 

5 

117 

6 

44 

72 

111 

14 

562 

13 

154 

15 

49 

260 

82 

20 

51 

2 

24 

22 

65 

97 

39 

5 

4 

49

2 
39 

8 

84 

204 

12 

3 

3 

3 

19 

102 

1 

11 
1 

3 

3 

184 

1 

206 

28 

20 

6 

1 

80 

75 

1869 

109 

333 

0 

59 

0 

3 

319 

16 

1 

16 

66 

104 

8775 

1 

0 

576 

1769 

773 

168 

162 

189 

21 

0

0 
0.  

0 

229 

0 

0 

0 

47 

0 

606 

23 

160 

0 

0 

245 

678 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

12 

166 

0 

0 

46 

0 

46 

0 

493 

0 

217 

0 

0 

112568 

46 

0 

5035 

65921 

0 

0 

0 

0 

0 
0



Table 10-1. (Continued.) 

Number of errors 
File Time (absolute Julian day)' Number of data points Range License and 

name Start Stop Copied Discard Total TORb yoIr License channel 

062A/A 45256.339 45288.544 141186 106148 247334 1 12 245 46 

062B/A 45288.533 45292.298 19574 199242 39498 0 5 167 0 

063AIA 45256.339 45285.208 62320 55826 118146 0 30 109 0 

064A/A 45292.298 45331.300 115960 125014 240774 1 1191 29 46 

065A/A 45292.219 45339.403 127878 127829 255707 1 83 7 46 

065B1A 45339.406 45340.228 1297 481 1784 0 0 0 0 

066A/A 45341.326 45359.430 27484 27326 54810 0 0 22 0 

067A/A 45340.229 45379.239 141259 109019 250278 0 4299 1 0 

067B/A 45379.239 45396.197 52839 41121 93960 0 17 0 0 

068A/B 45359.430 45396.235 97187 103609 200796 1 14 319 46 

069A/B 45397.554 45436.390 126985 127955 254940 45 7 413 88 

0691/B 45436.390 45453.232 42422 20740 63162 0 0 0 0 

070A/B 45396.197 45429.555 137282 112707 249989 0 89 140 0 

070B/B 45429.558 45453.226 74244 28242 102486 0 40 258 0 

071A/B 45453.235 45521.314 167626 86240 253866 0 119 0 0 

071BIB 45521.312 45533.418 198636 24606 223242 0 819 0 0 

072AID 45453.229 45527.182 178901 75150 254051 349 304 327 14331 

072B1B 45527.184 45544.350 33302 10198 43500 0 428 66 0 

073A/B 45533.418 45596.208 169408 84416 253824 0 591 112 0 

073B/A 45596.208 45632.198 36513 44286 80799 0 524 168 0 

074A/B 45544.350 45613.077 165178 55213 220391 1 746 2660 54 

075A/A 45613.080 45632.194 7404 14671 22075 0 0 0 0 

Totals 

00-45 44331.437 45053.225 4785868 3601064 8386932 99 4599 4933 2663 

46-65 45053.229 45340.228 2249098 2009035 4258133 10910 3056 14075 184510 

66-75 45341.326 45632.194 1656670 965499 2622169 395 7997 4486 14519 

overall 44331.437 45632.194 8691636 6575598 15267234 11404 15652 23494 201692 

'The absolute Julian day minus 2,400,000 was used to limit the number of significant digits in the archived data string.  
b TOR; time out of range.  

'VOR, value out of range.  

10.8 Considerations for Future Studies* 

Based on our experiences in developing and using data acquisition and data management systems, we 
offer the following observations. First, the dual computer-based DAS provided exceptional reliability, 
even though deployed in a remote location and largely left unattended. Second, segmenting the DAS into 
a down-hole component for digitizing signals and a surface-based component for controlling acquisition 
and archiving functions played a key role in ensuring high-quality data with minimal line loss and electri
cal noise problems. Third, an extender switching network produced substantial improvements in system 
reliability. Fourth, the particular needs and priorities of a future project should be carefully considered in 
deciding whether or not to integrate the DAS and DMS. At the SFT-C, separation of these systems al
lowed the test to proceed on schedule, with no delays associated with DMS software development. How
ever, additional technical difficulties, and both equipment and human interface problems, resulted from 
the separation.  

*Contnbuted by W C. Patnck.  
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11. Spent-Fuel Handling Experience*

Spent-fuel handling experiences at the SFT-C directly address the principal objective of the test: dem
onstration of the feasibility of safe and reliable transport, storage, and retrieval of spent nuclear fuel. To 
achieve this demonstration, we emplaced, stored for 3 years, and retrieved 11 canistered spent-fuel assem
blies. Three exchanges of spent-fuel assemblies between EMAD and the SFT-C were conducted at regular 
intervals to further this demonstration and to maintain readiness of personnel and equipment for retrieval.  

11.1 Operating Procedures and Training 

In addition to the mechanical and electronics systems described in Chapter 7, we developed operating, 
procedures and provided for personnel prequalification and training to ensure safe and reliable handling 
of the spent fuel.  

We developed the following detailed technical operating procedures (TOPs): 
"* Access Controls During Controlled SFT-C Operations, LLL-TOP-001. 
"* Transfer of Fuel Canister Assemblies Between Area 25 (EMAD) and Area 15 (SFT-C) at NTS, 

LLL-TOP-002.  
"• Transfer of Spent-Fuel Canister from Surface Transport Vehicle to Storage Hole, LLL-TOP-003.  
"• Retrieval of Spent-Fuel Canister From Storage Hole to Surface Transport Vehicle, LLL-TOP-004.  
"* Remove Spent-Fuel Canister From Storage Hole for Examination and Reemplace, LLL-TOP-005.  
"* Remove Spent-Fuel Canister from Storage Hole and Transfer to Another Storage Hole, 

LLL-TOP-006.  
These TOPs, although not referenceable documents, were retained in the SFT-C project records. Be

cause the TOPs comprise detailed checklists and written instructions for each step of the handling opera
tion, the completed TOPs constitute a thorough record of each handling operation. Any exceptions, abnor
mal occurrences, or overriding of control system interlocks were documented in these records.  

For handling operations at the EMAD facility, Westinghouse operators were trained to use the han
dling systems that were unique to the SFT-C. A Westinghouse supervisor/observer and operations con
troller were available. In addition, an LLNL cognizant engineer and a technician who were familiar with 
the mechanical and electronic aspects of the handling system were present. At the SFT-C,'the team con
sisted of two operators and a control room supervisor, under the administrative control of the SFT-C Task 
Director. Any abnormal occurrences required direct intervention by the Task Director who had custody of 
the key needed to override the automatic system interlocks.  

The operations team at the SFT-C and the STV driver and escort were selected based on technical 
skills and medical prequalification. All electronic and mechanical technicians and engineers who filled the 
operations team positions had previous direct involvement in design, fabrication, or testing of the perti
nent systems.  

The final stage of operator training (and system evaluation) was a "dry run" in which a simulated 
spent-fuel assembly was emplaced. This simulated canister was fabricated to have the same physical di
mensions as a spent-fuel canister and was appropriately weighted with lead shot.  

11.2 Receipt and Packaging Spent Fuel at EMAD 

Thirteen spent-fuel assemblies from the Turkey Point Unit 3 pressurized water reactor were received at 
EMAD following shipment from the reactor. These shipments of individual spent-fuel assemblies were 
made in NRC-licensed shipping casks in accordance with Dept. of Transportation regulations. Table 11-1 
provides the schedule for receipt, calorimetry, encapsulation, land removal of these assemblies from 
canisters.  

Following removal from the truck-mounted shipping cask and inspection, each spent-fuel assembly 
was encapsulated in a stainless steel canister (Chapter 7). Once the threaded lid was installed, the canister 

*Contributed by W C. Patrick
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Table 11-1. Receipt, encapsulation, and testing history of spent-fuel assemblies for the SFT--C.  
Fuel assembly Dateireceived Date Date removed Calorimetry 
serial number at EMAD encapsulated from canister date 

DOI 12112179 12/12179 5/14/84 
D04 12111179 12111179 (5/23/80)' 5121/84 5/20180, 8128185 
D06 11/30179 11/30179 6/21/83 
D09 10109179 10109179 314/85 
D15 11126179 11127/79 (117/81)' 7/26/83 718180, 1/6/81, 

7128/83, 8122185 
D16 10122/79 10/22179 614/85 
D18 10/20179 10120179 6/7185 
D22 11/12179 11/12179 (8/7/80)' 2125/85 719180, 8129185 
D34 11101179 11/01/79 (4/1180)- 3/26/84 4/1/80, 3/2 9 18 4 b, 

8/21/85 
D35 11115179 11/15/79 6/12185 
D40 9121179 9/21/79 7/17185 
D46 9125179 9125/79 7/31/85 
D47 10/1/79 1011179 8/2/85 -

Second date indicates welding date for those cases where the lid was not initially welded to permit calorimetry and other 
testing.  

bCalorimeter results were invalid.  

was remotely seal-welded, evacuated, backfilled with helium gas, and leak-tested. Calorimetry and do
simetry were conducted on selected spent-fuel assemblies before encapsulation and at later times 
(Chapter 6). The reader is referred to Bensky et al. (1979) and NVO-198 (1978) for further information on 
EMAD receipt, encapsulation, and testing operations.  

TU.3 Initial Spent-Fuel Emplacement 

Following receipt and encapsulation of the Turkey Point spent-fuel assemblies and preparation of the 
SFT-C facilities, emplacement of spent fuel began on April 18, 1980. In addition to the "dry run" with a 
simulated spent-fuel assembly, a "hot" dry run was conducted using spent-fuel assembly D40. This as
sembly was transported from EMAD to the SFT-C, temporarily emplaced in canister emplacement hole 
(CEH) number 11 on April 15, 1980, and retrieved on April 17, 1980. Emplacement and retrieval of D40 in 
CEH11 was the final confirmation that all systems were ready for the first official emplacement.  

On April 18, 1980, full press, radio, and television coverage was provided by local and national media 
representatives. On the days that followed, emplacement activities continued until all 11 spent-fuel assem
blies were in storage without incident or significant radiation exposure to operating personnel (Table 11-2).  
The eleventh spent-fuel assembly was emplaced May 28, 1980, completing the six-week activity. As dis
cussed in Chapter 12, the electrical simulators located in CEH02, 04, 06, 13, 15, and 17 were energized 
during the same time frame.  

11.4 Spent-Fuel Exchanges 

To ensure a continued state of readiness for both personnel and equipment, we exchanged spent fuel 
at regularly scheduled intervals of 9 to 10 months. These exchanges were conducted during two-week 
periods. The first week was spent demothballing and testing the equipment, including a full "dry run" 
using the spent-fuel simulator described previously. During the second week, a spent-fuel assembly was 
retrieved, raised to the surface, transported to EMAD, and placed in dry storage in the lag storage area in 
the floor of the EMAD shielded highbay. Another spent-fuel assembly canister was then loaded into the 
STV, transported to the SFT-C, and emplaced in the designated canister emplacement hole. Three ex
changes were conducted during the 3-year storage period.  
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Table 11-2. Spent-fuel emplacement schedule.  

Fuel assembly Emplacement 

Location serial number date 

CEH03 D40 4118180 

CEH16 D18 4122180 

CEH01 D34 4125180 

CEH05 D46 4129180 

CEH12 D09 5101180 

CEH14 D35 5106180 

CEH09 D47 5108180 

CEH07 D06 5113180 

CEH10 D01 5115180 

CEHOS D16 5120180 

CEH11 D04 5128180

-The first exchange was successfully completed January 12-14, 1981, about eight months after the initial 

spent-fuel emplacement. At that time, fuel assembly serial number (SIN) D09 was retrieved and returned 

to EMAD, and SIN D15 replaced it in CEH12. Nine months later, on October 26-28, 1981, SIN D06 was 

retrieved from CEH07 and was replaced by SIN D09, which had been removed from the array in the pre

vious exchange.  
The final exchange took place 10 months later, in August 1982, which was about 7 months before all of 

the spent fuel was retrieved. This exchange was somewhat more complex than the previous two. On Au

gust 16, 1982, fuel assembly SIN D04 was removed from CEH11 and returned to EMAD lag storage. Fuel 

assembly S/N D18 was then moved from CEH16 to CEH11 on the same day to maintain the same decay 

K,> heat level in the middle portion of the test array. On August 18, 1982, fuel assembly SIN D22, with a known 

lower burnup and lower power output, was emplaced in CEH16. By placing it near the end of the array, the 

effect of its lower power output was minimized.  
During this same period, SIN D34 in CEH01 was removed and inspected, using closed-circuit televi

sion and remote swipe sampling. This was done to evaluate potential damage to the canister that may have 

occurred as a result of a leaking emplacement borehole liner (Chapter 18). No problems were revealed 

during the inspection.
All exchanges were completed without incident or significant personnel radiation exposure.  

11.5 Spent-Fuel Retrieval Operations 

The SFT-C was originally planned to last from 3 to 5 years, depending on when peak thermal and 

thermomechanical effects were observed (Ramspott et al., 1979). When it became evident that peak condi

tions were occurring, plans were made for a nominal 3-year test duration (Ballou et al., 1982)..  

Beginning in late February 1983, we dernothballed and tested the handling systems. Because of the 

duration of the project, several personnel were no longer available to fulfill their usual roles. New person
nel were selected, trained, and qualified in preparation for retrieval operations.  

Following a "dry run" operation, spent-fuel retrieval began with the removal of SIN D34 from CEH01.  
The retrieval schedule displayed in Table 11-3 was followed until all 11 spent-fuel assemblies had been re

moved and returned to EMAD lag storage. In 1986, the 13 spent-fuel assemblies used in the SFT-C were 

shipped to the Idaho National Engineering Laboratory. All retrievals were accomplished without incident 
or significant radiation exposure.  

As discussed in Chapter 12, the electrical simrulators located in'CEH02, 04, 06, 13, 15, and 17 were de

energized and removed during this time frame. The 20 auxiliary heaters in the side drifts were also de

energized and removed. In addition, the emplacement hole liners were extracted for examination and to 

\M-•" facilitate post-test geological sam pling.
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Table 11-3. Spent-fuel retrieval schedule.  

Fuel assembly Retrieval 
Location serial number date 

CEHO1 D34 3103183 
CEH16 D22 3107183 
CEH03 D40 3/10/83 
CEH05 D46 3/14/83 
CEH14 D35 3/16183 
CEH12 D15 3/22/83 
CEH09 D47 3/24/83 
CEH07 D09 3/29/83 
CEHU1 D18 3/31/83 
CEH08 D16 4/04183 
CEHl1 D01 4/06/83

. During these retrieval operations, we installed additional instrumentation in two of the canister em
placement boreholes (see Chapters 9 and 16). To capture the early-time cooling response of the rock sur
rounding these boreholes, it was necessary to have personnel underground while a spent-fuel assembly 
was in the UTV. Personnel dose rates were still maintained at very low levels by parking the UTV as far as 
possible from the work area.  

11.6 Personnel Health and Safety 

The spent-fuel handling system concepts used at the SFT-C (Chapter 7) minimized the exposure of 
operating personnel to ionizing radiation from the spent-fuel assemblies (Chapter 6). As reported by 
Raschke et al. (1983), a variety of instrumentation was deployed to determine the radiation dose rates 
throughout the test array during the different phases of operations, and to quantify and limit the person
nel exposures.  

The shielding design resulted in the neutron contribution to total dose being greater than the gamma 
contribution. This is shown in Fig. 11-1, which displays dose rates on contact with a transfer cask. In many 
cases, the gamma dose rate was too small to be measured so it was inferred from the neutron-gamma ratio 
measured in other locations.  

Total radiation exposures were less than 0.4 person-rem for the entire project (Raschke et al. 1983).  
Although the highest individual exposure was 10 mrem/operation, the average was about 30% of this 
value (Fig. 11-2). An "operation" is considered here to be the emplacement or retrieval of a single spent
fuel assembly. Maximum personnel doses and area radiation levels at various times and locations are given 
in Table 11-4.  

If we compare Fig. 11-2 with Table 11-4, we see that only part of the reduction in personnel dose during 
retrieval operations is attributable to decay. In the case of neutron dose, we see a decrease of a factor of four 
while the contact dose rate decreases by only a factor of two. We attribute the factor-of-two difference be
tween these values to a decrease in exposure time during retrieval operations.  

Following spent-fuel handling operations, team members submitted urine samples that were ana
lyzed for gamma-emitting isotopes and tritium (HTO). These bioassays led to the conclusion that no 
measureable internal dose was received by any SFT-C team member.  

Raschke et al. (1983) compared the dose commitment associated with spent-fuel storage to that re
ceived during reactor operations. Their analysis was based on SFT-C data for fuel aged 2.5 to 5.5 YOC and 
assumed an operator in a full-scale repository would conduct 1000 emplacements per year. This hypotheti
cal operator would have a normalized dose commitment of 0.002 person-rem/MW.y (electric), a very small 
fraction of the one-to-four person-rem/MW.y (electric) received during nuclear power plant operations 
(Cross, 1980).  
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Figure 11-1. Contact dose rates at transfer cask containing fuel assembly (after Raschke, et al., 1983).
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Figure 11-2. SFT-C personnel dose distribution during spent-fuel retrieval (after Raschke, et al., 1983).
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Table 11-4. Maximum personnel doses and area radiation levels associated with spent-fuel handling 
operationsa (after Raschke et al., 1983).  

Personnel doses 
(mrem/operation) Operation Gammab Neutronb 

Fuel emplacement 2 8 
Fuel storage 0 
Fuel retrieval 0.1 2 
Location 

Radiation Levels 

Transfer casks (at contact), mrem/h 15 75
Truck (inside cab), mrem/h 
Access hole headframe (top), mremloperation 

Underground canister drift area 
at top of shield plug, mrem/h 
During emplacement, mrem/operation 

During storage, mremih 
During retrieval, mrem/operation 

Other monitored underground locations

0.1 

0.2 

5 

1 

0 

0.3 

0

0 

2

1 

9 

5 
0

'Natural background levels have been subtracted from these values.  
b Neutron exposures were measured with albedo dosimeters; personnel gamma exposures were estimated from measured 

neutronigamma ratios.  
'Not measured.  
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12. Thermal Sources*

Three principal heat sources were deployed to produce the thermal conditions necessary to support 

the test objective of simulating the effects of a panel of a full-scale repository. In addition to the spent-fuel 

assemblies, electrical simulators, and auxiliary heaters, several incidental sources of heat were also 

present. Each source is described briefly below.  

12.1 Pressurized Water Reactor Fuel Assemblies 

Since the SFT-C was designed to simulate the first few years of disposal in an actual repository, it was 

necessary to produce thermal conditions that would meet or exceed repository conditions. As described in 

Chapter 3, we determined that spent-fuel assemblies having cooling times of 2 to 2.5 years at the time of 

emplacement would provide the required thermal conditions.  

Pressurized water reactor (PWR) fuel assemblies from the Florida Power and Light Co. Turkey Point 

Unit No. 3 were chosen because they would provide the required decay-heat level and were readily 

available during the time frame of test emplacement. A total of 13 Zircaloy-clad Westinghouse assemblies 

were shipped to the NTS to be used at the SFT-C. At any given time, no more than 11 of these assemblies 

were in place at the SFT-C. Additional information on the characteristics of these assemblies is provided 

in Chapter 6.  
Once received at the EMAD facility at NTS, each assembly was inspected and encapsulated in a 

stainless steel canister (NVO-210, 1980). These canisters consisted of a 356-mm-outside diameter (14-in.), 

9.52-mm (0.375-in.) wall, 304L stainless steel pipe section 3.91 m (154 in.) long with a 9.52-mm (0.375-in.) 

wall ellipsoidal end cap of the same material. To accommodate a threaded top closure and shield plug 

fixture, an upper body assembly with 356-mm-outside diameter (14-in.), 23.8-mm (0.937-in.) wall, 304L 

stainless steel pipe section 229 mm (9 in.) long was welded to the main body (Fig. 12-1). Internal fixtures to 

stabilize the fuel assembly, thermocouple guide tubes, and an evacuation/back filling port were also in
cluded in the canister design (Chapter 7).  

Initial calculations indicated that these spent-fuel assemblies would generate about 2.1 kW of decay 

heat at the scheduled date of emplacement. Revised calculations (Schmittroth et al., 1982) and calorimetry 
of selected assemblies (Patrick et al., 1984) established that the actual power level was about 1530 W at the 
time of emplacement of the center spent-fuel assembly 2.46 YOC. The revised calculated decay heat curve 
for the spent-fuel assemblies is shown as the smooth curve in Fig. 12-2.  

During the period from April 18 to May 28, 1980, 11 spent-fuel assemblies were emplaced in lined bore
holes in the canister storage drift of the SFT-C at a rate of two per week (Table 12-1). The storage geometry 
is as shown in Fig. 12-3. As the test progressed, exchanges of spent fuel were conducted on a regularly 

scheduled basis (Chapter 11). The three exchanges were: 
0 Serial number (S/N) D09 was replaced with SIN D15 in emplacement hole CEH12, January 

12-14, 1981.  
"* SIN D06 was replaced with SIN D09 in emplacement hole CEHO7, October 26-28, 1981.  
"* S/N D04 in CEH11 was removed and replaced with SIN D18 from CEH16, and S/N D22 was em

placed in CEH16, August 16-18, 1982.  
Following a 3-year storage period, the spent fuel was retrieved and returned to EMAD during March

April 1983. The retrieval schedule was as shown in Table 12-2. Power output ranged from 1564 W at em
placement of the first assembly (2.412 YOC) to 638 W at the retrieval of the last assembly (5.372 YOC).  

After retrieval, boiling-water calorimetry of spent-fuel assembly S/N D15 was performed July 28, 1983 
(fuel age 5.687 YOC) at the Westinghouse EMAD facility. Data obtained from four consecutive condensate 
collection periods that agreed within ±3% indicated a decay-heat generation rate of 625 W. This agrees 

within 3% of the 609-W decay-heat generation rate calculated using the ORIGEN2 code (Chapter 6), and 
used as input to all SFT-C thermal and thermomechanical calculations. The calculated average spent-fuel 
decay curve, adjusted for all calorimeter results except this most recent minor difference, is shown in 
Fig. 12-2.  

*Contributed by W. C. Patrick
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Figure 12-2. PWR fuel assembly and electrical simulator power history.  

Table 12-1. Schedule of spent-fuel emplacement and energizing of electrical simulators.  

Spent fuel emplaced Electrical simulator energized 

Date Emplacement hole Serial number Emplacement hole 

4118180 CEH03 D40 CEH15 

4122180 CEH16 D18 CEH02 

4125180 CEHO1 D35 CEH17 

4V29180 CEH05 D46 CEH13 

5101/80 CEH12 D09 CEH06 

5106/80 CEH14 D35 CEH04 

5108180 CEH09 D47 

5113180 CEH07 D06 

5115/80 CEH10 D01 

5/20180 CEHOS D16 

5128180 CEH11 D04 

12.2 Electrical Simulators 

To evaluate the effects of heat alone, compared with the combined effects of heat and ionizing radia

tion, it was necessary to deploy electrical simulators in the test array. A total of six simulators were installed 

in alternating storage boreholes near the far ends of the canister storage drift (Fig. 3-1).  

The simulator heating elements consisted of four tubular resistance heaters mounted in a stainless 

steel frame that was baffled and shrouded to Approximate the heat transfer characteristics of a spent-fuel 

assembly (Carlson et al., 1980). These heater elements were encapsulated in stainless steel canisters essen

tially identical to those used for the spent-fuel assemblies and were emplaced in the same storage configu

ration.  
All the simulators were preemplaced and each was energized in sequence when its counterpart 

spent-fuel assembly was emplaced (Table 12-1). Based on preliminary calorimetry data, the simulators 

were energized at about 1600 W. When better data became available, the power was reduced. The nominal 

power levels associated with each set point of the simulator controllers are shown as a stair-step history in 

Fig. 12-2. Figure 12-4 is a composite of actual 10-day-average power levels for each of the 6 simulators.
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Table 12-2. Schedule of retrieval of spent fuel 
and deenergizing of electrical simulators.  

Spent-fuel Electrical simulator 

Date retrieved deenergized 

03/03183 CEH01 CEH17 

03107183 CEH16 CEH02 

03109183 - CEHIS & CEH13 

03110183 CEH03 

03111183 - CEH04 & CEH06 

03114183 CEH05 

03116183 CEH14 

03/22183 CEH12 

03124/83 CEH09 

03129183 CEH07 

03/31183 CEH1l 

0414183 CEHO8 

0416183 CEH10 -

3.0 3.5 4.0 4.5 

Years out of core

5.0 .5.5 6.0

Figure 12-4. Electrical simulator power history showing effect of loop controller addition at 5.0 YOC.
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With minor exceptions, the simulators closely tracked the spent-fuel decay curve. The marked im- '.L, 

provement in agreement between simulator and spent-fuel power levels after 3.1 YOC reflects adjustment 
of the original calculated curve for calorimeter results and a commensurate adjustment in simulator power 
levels.  

Near the end of the test, a set of loop controllers with power-sensing feedback was installed to provide 
better control of simulator power (Chapter 9). These controllers substantially reduced variations in simula
tor power. The data beyond 5.0 YOC in Fig. 12-4 confirms the marked reduction in variability achieved with 
the new controllers. At the completion of the SFT-C, the simulators were deenergized and removed from 
their respective emplacement boreholes (Table 12-2).  

12.3 Auxiliary Heaters 

Each of the 2 parallel heater drifts was equipped with 10 electrical heaters located in small-diameter 
boreholes on 6-m centers. Loop-type electrical resistance heaters were used with metal disks positioned 
along the heater elements to center them in the borehole (Brough and Patrick, 1982). These auxiliary 
heaters were positioned with their centers at the same vertical depth as the spent-fuel and electrical
simulator canisters in the center drift. To complete the simulation, the auxiliary heaters were operated on 
the power schedule shown in Table 12-3.  

The 20 auxiliary heaters functioned reliably throughout the test. No heaters failed or exhibited erratic 
performance, and inspection of the heaters after they were extracted at the end of the test revealed no 
corrosion of the resistive heating elements. One unit, which was in a hole intersected by a water-bearing 
fracture, was lightly coated with carbonate minerals, but there was no evidence that this degraded heater 
performance. As reported by Patrick, Rector, and Scarafiotti (1984) and summarized in Chapter 9, several 
problems were encountered with the heater controllers. The resulting power spikes were of short duration 
and, hence, did not have a negative impact on the quality of the simulation.  

12.4 Incidental Heat Sources 

Facility lighting, air conditioning discharges, and electronics were additional sources of heat during 
the test. As discussed below, even the largest contributor (facility lighting) introduced only a minor 
amount of energy during the 3-year test.  

12.5 Energy Deposition 

Total thermal energy input to the test array was 1041 MW-h through retrieval, with an additional 
19 MW.h added during the 6-month cooldown period. This total is the aggregate of 4 sources: the decay 
heat of 11 spent-fuel assemblies from a PWR, 6 electrically heated simulators, 20 electrical guard or auxil
iary heaters, and the facility lights. The partition of these thermal loads is summarized in Table 12-4 and is 
shown graphically as a function of time in Fig. 12-5.  

By examining Fig. 12-5, we can readily see how the relative contributions of these heat sources 
changed as the test progressed. Initially, the spent fuel and electrical simulators were the principal contrib
utors, but as radioactive decay progressed, this contribution diminished. On the other hand, the energy 
contribution of the auxiliary (guard) heaters increased with time to produce the desired simulation.  

Facility lights represented a major component of the facility power requirement, but since they were 
used relatively little (during routine test operations and tours), their energy contribution was fairly con
stant and accounted for only 29 MW.h or 2.8% of the total during the approximately 3-year spent-fuel 
storage phase of the test. In the 6 months following retrieval, post-test sampling and characterization activ
ities required nearly continuous access to the subsurface. As a result, the cumulative energy input from the 
lights increased by 19 MW.h, a 65% increase over the previous 3 years.  
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Table 12-3. Auxiliary heater power table.  

Date of change Power (W) Comments 

06127/80 1850 Set too high 

07102180 925 Target power 

12116180 1250 Target power 

02119182 925 Set too low 

03101182 1400 Compensating power 

04108182 1350 Target power

Table 12-4. Cumulative energy input to the SFT-C by source.  

Cumulative energy Cumulative energy 

Source through retrieval through cooldown 
MW-h % of total MW-h % of total 

PWR fuel assemblies (11) 263.4 25.3 263.4 24.8 

Electrical simulators (6) 148.0 14.2 148.0 14.0 

Guard heaters (20) 600.6 57.7 600.6 56.7 

Facility lights 29.0 2.8 48.0 4.5 

Totals 1041.0 100.0 1060.0 100.0

1:

0

r_ 
wU

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Years out of core 

Figure 12-5. Cumulative thermal input by source.
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- 13. Heat Transfer Analyses and Measurements* 

_J Heat transfer calculations were performed for all phases of the SFT-C. As described in Chapter 3, the 
earliest test design-calculations used simplified models and assumed or laboratory-derived input proper
ties and related parameters. The as-built calculations and the post-test calculations incorporated progres
sive refinements in the calculational approach and input values (Montan and Patrick, 1981 and 1986). Al
though even the initial calculations provided good agreement with measurements (Patrick et al., 1982 and 
1983), the comparisons presented here are based on the most recent calculations of Montan and Patrick 
(1986), which show an improved level of agreement.  

13.1 Measurement System and Instrumentation 

The Type K thermocouples, which were the primary temperature measuring devices deployed at the 
SFT-C, provided excellent quality data for use in comparisons with calculated temperatures (Chapter 9).  
Pre- and post-test thermocouple calibrations established that accuracies were within the ISA special limits 
of error of ± 1.1°C. At temperatures below 1000C, errors generally did not exceed ±0.2'0 C and only at the 
150 'C calibration temperature did we see many errors in excess of ± 0.5 *C. Furthermore, instrument relia
bility was essentially 100%, and very few data were lost or rendered invalid by the data acquisition and 
data management systems (Chapter 10).  

The reader is referred to Chapter 9 of this report for further information on the locations and perform
ance of temperature-measuring devices.  

13.2 Calculational Results 

Chapter 3 summarizes the sequence of calculations used to design the SFT-C and to compare with 
test data. Our comparisons here will consider TRUMP finite-difference calculations of a three-dimensional 
infinite-length and a three-dimensional finite-length model of the SFT-C.  

From the outset of the test, an infinite-length representation of the SFT-C has been modeled using the 
TRUMP code (Edwards, 1972). At the completion of the test, Montan and Patrick (1986) conducted a series 
of eight calculations to parametrically examine the influence of conductivity, initial mesh temperature, pre
cooling of the rock during construction, a "skin" of low conductivity material lining the drifts, heat capac
ity, ventilation flowrate, and the convection coefficient. Based on the results of this study, a calculation 
having the following attributes was determined to provide the best overall agreement with the data: 

"* k - 3.11 W/m.K; 
"* C = 930 J/Kg.K; 
0 ventilation = 0.026 m3/s.m (to the unit cell, using partial-flow model); 
"* ambient rock temp. = 24.7 0C; 
"• inlet air temp. = history as measured during test with a "precooling" period associated with 

construction; 
* Nusselt number = 0.13 Ra13.  

The finite-length model represented an initial attempt to include a more correct representation of heat 
flow from the ends of the array. Because the infinite-length array assumed that heat sources existed far 
beyond the actual ends of the SFT-C, measured temperatures outside the middle one-third to one-half of 
the array were considerably lower than calculated, with the level of agreement becoming worse as the end 
of the array was approached.  

The finite-length model could not take advantage of many of the symmetries present in the infinite
array case. As a result, some 22,500 zones were required for this calculation. This required two major sim
plifications to be made. First, radiative heat transfer was treated as a conductive process by assigning the 
drift nodes very high conductivities and low densities. Second, selected drift nodes were connected to 
external nodes whose temperatures tracked the inlet air temperature history to simulate ventilation.  

*Contributed by W. C. Patrick.
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13.3 Comparison of Data and Calculations

Three types of comparisons between measured and calculated temperatures allow us to examine how 
well the heat transfer has been modeled at the SFT-C. These comparisons are temperature histories at 
selected locations, contours of calculated temperatures with measured temperatures superposed at se- '9 

lected times, and cross-plots of measured vs calculated temperature changes at selected locations.  

13.3.1 Near-Field Comparisons with Infinite Array Model 
Figure 13-1 displays measured and calculated near-field temperatures at the center canister emplace

ment hole (CEH09) for the duration of the heating and post-test cooling phases of the SFT-C. The desig- 5 
nators TOP, MID, and BOT refer to locations 0.3 m below the top, at the midheight, and 0.3 m above the 
bottom of the active heated length of the spent-fuel assembly, respectively. The radial positions displayed 
are the surfaces of the canister and the liner, and positions 200 and 360 mm into the rock.  

Several observations may be made concerning this comparison. First, the agreement is excellent at the 
MID position, with differences generally less than 2'C during the heated phase and increasing to about 
5 °C during the post-retrieval cooling phase. Second, while both the TOP and BOT positions on the canister 
and liner are cooler than the middle, the measured temperatures are considerably warmer near the top of 
the emplacement borehole than near the bottom. This is in marked contrast to the calculated results, which 
show the bottom position to be warmer. These results are consistent with the concept that the drift surface, 
being ventilated, produces cooler temperatures near the top of the heat sources. On the other hand, the 
data are consistent with the concepts of convective heat transfer within the emplacement borehole, which 
would tend to elevate the temperature of the top of the canister. The latter view is also supported by a 
calculation reported by Montan and Patrick (1986), which indicates that the temperatures near the top of 
the canister can be increased by assigning the concrete drift floor a somewhat lower conductivity than the 
rock mass. Third, in all cases the measured and calculated histories are nearly parallel; either converging or 
diverging slightly during the 3.5 year test. This encourages us to believe that fundamental aspects of heat 
flow are being properly modeled and should provide continued good agreement for much longer time 
periods.  

Turning to Fig. 13-2, similar comparisons may be made for one of the electrical simulators located near 
the central region of the array. Although the simulated decay curve is somewhat more erratic than the 
radioactive decay curve associated with Fig. 13-1, it is evident that the quality of the simulation is very 
good. The comments made above for the spent-fuel assemblies generally apply for the simulators, with a 
few clarifications. First, it appears that the temperatures measured at the TOP position near the simulator 
are somewhat higher than those near the spent-fuel assembly, causing the differences in comparison with 
calculations to be greater for the simulators. Likewise, at the BOT position the measured temperatures are 
lower. This, too, increases the differences between measured and calculated temperatures. Potential 
causes for these differences include the absence of helium fill gas in the simulators and deposition of ther
mal energy directly into the rock via attenuation of gamma radiation from the spent-fuel assemblies 
(Patrick et al., 1983). Second, the effects of fluctuations in power level are observable for several tenths of a 
metre into the rock but rapidly dissipate with distance.  

The second heat source from the inlet end of the array provides an example of how the quality of the 
infinite-array model degrades near the ends of the facility (Fig. 13-3). Here we see a consistent underesti
mation of actual temperatures as a direct result of the absence of additional heat sources that would cause 
two-dimensional heat flow with an attendant suppression of heat flow out the ends of the SFT-C. Note 
that the break and vertical deflection in the curves at about 4.75 YOC is the result of a spent-fuel exchange 
(Chapter 11), when a fuel assembly of lower burnup was emplaced in this borehole.  

13.3.2 Intermediate-Field Comparisons 

Although near-field temperature conditions are important to understand the behavior of waste forms 
and certain types of canister and overpack materials, the response of the repository system is influenced by 
temperatures on a large scale. We discuss here comparisons between measured temperatures and those 
calculated using both the infinite-length and finite-length array models.  

Using the same infinite-length array calculation as in the previous section, we can examine the devel
opment of the thermal regime by contouring calculated temperatures and superposing measured temper
atures from two heavily instrumented cross sections of the array (Stations 2 + 83 and 3 +45). Figures 13-4a
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Figure 13-1. Comparison of measured and calculated near-field temperature histories, CEH09, CN1194.  

and 13-5a show the effect of cooling the rock mass during construction from its initial value of 24.7 0C. The 
23 and 24°C contours are in good agreement with measured temperatures (positions of measurements are 
noted by the + symbols). The progressive increases in temperatures during the three-year heated phase 
are shown sequentially for Stations 2 + 83 and 3 + 45 in Figs. 13-4b through f and 13-5b through f, respec

tively. Finally, the results after the 6-month post-retrieval cooling phase are shown in Figs. 13-4g and 13-5g.
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Figure 13-2. Comparison of measured and calculated near-field temperature histories, CEH06, CNl194.  

Several observations may be made based on Figs. 13-4 and 13-5. First, it is clear that excellent agree

ment between measured and calculated temperatures was achieved at all times and locations associated 

with these two stations. Second, the proper treatment of radioactive heat transfer within the drifts pro- ._ 

duced temperature contours that paralleled the drift surfaces. As reported by Patrick, Montan, and Ballou 

(1981), the more typical treatment of a drift as an insulator produced contours perpendicular to the drifts, 
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Figure 13-3. Comparison of measured and calculated near-field temperature histories, CEH16, CN1194.  

resulting in markedly different thermal stresses. Third, heat removal by the ventilation airstream had a 

pronounced effect on both the calculation and the measurements. During the cooling phase when ventila

tion rates were about doubled (Figs. 13-4g and 13-5g), this effect was even stronger. Fourth, temperatures 

in the pillars between the drifts were consistently lower than calculated at all times during the heating and 

cooling phases. This implies that heat transfer into the airstream was more effective than the calculations
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indicate. As discussed in Chapter 14, this appears to be inconsistent with the observation that the calcu
lated amount of thermal energy removed exceeded the measured amount.  

These effects may be examined more succinctly with cross-plots of measured and calculated tempera
ture changes for all the points shown in the previous figures. Although Montan and Patrick (1986) present 
plots for all times and locations, we show here composite cross-plots for the two stations (using data and 
calculations from 6-month intervals during the heated phase) and at the end of the cooling phase. During 
the heated phase of the SFT-C, temperature increases were slightly less or about equal to calculated at 
Station 2+83 (Fig. 13-6a), and were consistently less than calculated at Station 3+45 (Fig. 13-7a), as evi
denced by slope (Al) values of unity in the former case and less than unity in the latter case (considering the intercept AO also). Cooler temperatures at Station 3 + 45 are a reflection of "end effects" that were not 
adequately treated in the infinite array model. We see that during the cooling phase, the measured values 
were consistently lower than those calculated at both locations but were lowest at Station 3 + 45 (Figs. 13-6b 
and 13-7b). These figures also indicate the quality of the data: the R 2 (RR) values range from 0.93 to 0.98 and the root-mean errors (RM) range from 0.96 to 2.3°C. These RM values approach the specified ISA special limits of error of the thermocouples, which is 1.1°C. Similar trends were reported for data obtained at other 
times (Montan and Patrick, 1986).  

Although we believe that these results from the infinite-length array are excellent and adequate for 
design purposes, the finite-length model produced remarkably better results at several locations. The an
ticipated improvement near the ends of the heated array is clearly evident in Figs. 13-8 and 13-9. These 
figures show calculated and measured temperatures at positions 2.1 and 13.3 m below the emplacement 
drift and about 2.0 m off the drift centerline. In the upper part of Fig. 13-8, the rapid changes in temperature 
at 2.5 and 5.3 YOC are associated with emplacement and retrieval of spent-fuel assemblies in an infinite array. The lower part of this figure shows the excellent agreement with data that we obtained when the 
calculation properly considered that the last spent-fuel assembly of the array was more than 6 m away from 
the measurement location. Figure 13-9 shows a similar, though less pronounced effect at the 13.3-m depth.  

Significant improvements were not expected near the central parts of the array where the infinite
length assumption was basically correct. However, at locations such as instrument CETO11, which was 
positioned 1.8 m laterally from the drift centerline and 2 m below the floor, the 5 to 8 °C difference produced 
by the infinite-length model was reduced to about 2 to 3°C by the finite-length model (Fig. 13-10). Similar 
results were seen in the center of the pillar (Fig. 13-11), above the pillar (Fig. 13-12), and beneath the pillar, 
midway between the linear arrays of heat sources (Fig. 13-13). In all cases, we see that the finite-length 
model produced cooler temperatures than its infinite-length counterpart. These improvements near the 
central portion of the array are related to the ventilation model (Chapter 14).  

13.4 Assessment of Models 

These results lead us to conclude that available finite-difference codes and associated models can accu
rately simulate the conditions that will be present in future test areas and full-scale repositories. This con
clusion is supported by a three-way logical comparision. First, as shown in Chapter 3, the model for the 
central 15-by-15-m module of the SFT-C provided nearly identical results to those produced by a model of 
the 8,000-canister array in a full-scale repository. Second, we have shown in this chapter that the SFT-C 
model results are in excellent agreement with the field measurements. Third, it follows that the field mea
surements approximate the conditions of the 8,000-canister repository and, hence, validate its model.  

This study indicates that a finite-length model can be an important adjunct to less costly infinite-length 
approximations if the analyst must determine conditions near the edges of the problem. Otherwise, it ap
pears that infinite-length models with their attendant symmetries can reduce the cost of modeling while 
allowing greater sophistication (such as thermal radiation and convection and finer zoning) of the model.  
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14. Ventilation System Analyses and Measurements*

The measurements and calculations discussed in the previous chapter focused primarily on conduc
tive, radiative, and convective heat transfer processes. The removal of thermal energy by the ventilation 
airstream, which was also treated in those calculations, is discussed in this chapter.  

14.1 Measurement System and Instrumentation 

During the construction of the SFT-C facility, the underground workings were ventilated to remove 
the effluents from operating equipment and the detonation products of high explosives, and to provide 
fresh air for the workers (Chapter 5). Once the facility was outfitted, a much smaller squirrel-cage7-type 
blower was used to provide a flow of air to keep air temperatures low enough for continued access to the 
facility, while minimizing the amount of energy removed. The ventilation system was augmented after the 
spent fuel was retrieved so the rock mass could be cooled in as short a time as possible (Ballou et al., 1982).  

A measurement system was installed to measure airflow rate, inlet and outlet dry-bulb temperatures, 
and inlet and outlet dewpoints during the heating and cooling phases of the SFT-C (Chapter 9). During 
construction, no measurements were obtained.  

With the exception of a few, relatively minor malfunctions, the turbine flowmeters provided reliable 
performance during the test. As noted in Chapter 9, accurate calibration of these units was not possible 
with the low-sensitivity equipment that was available for use on the test.  

The measurement of dry-bulb temperatures was accomplished using the same Type K Inconel 600
sheathed thermocouples as were deployed elsewhere. High accuracy and precision were obtained by us
ing individual calibrations for these units.  

Latent heat of vaporization calculations required that changes in moisture content of the air be known.  
Lithium chloride dewpoint cells at the inlet and outlet of the three-drift facility provided reliable data on 
chlanges in moisture content (the vapor pressure).  

The reader is referred to Chapter 9 of this report and to Brough and Patrick (1982) and Patrick, Rector, 
and Scarafiotti (1984) for details concerning the instruments used to monitor the ventilation airstream.  

14.2 . Ventilation System Measurements 

With periodic preventive maintenance, the ventilation systehin operated reliably for the duration of the 
test. Because two fans and appropriate valving provided a redundancy in the system, unplanned ventila
tion outages did not occur. During spent-fuel exchanges and retrievals, it was necessary to periodically 
check the flow straightener, which was immediately upstream from the turbine flowmeter in the main 
ventilation duct. This requirement arose because pieces of graphite shim, used as gasketing material on 
the spent-fuel canister shield block, would at times be sucked into the ventilation take-off box and lodge 
against the flow straighteners. This caused local increases in the air velocity.  

The ventilation flowrate through the canister access shaft is shown in Fig. 14-1. The effects of changes 
in flowrate are annotated. As indicated by the increase in flowrate at about 5.3 YOC, the two squirrel-cage 
blowers were run in series to maximize flow through the central drift of the facility during the post
retrieval period. During post-retrieval cooling, two additional turbine flowmeters measured the flowrate 
in each of the heater drifts.  

Inlet and outlet dry-bulb temperatures measured during thetest are shown in Figs. 14-2a and 14-2b, 
respectively. In addition to the seasonal variations in temperatures indicated by the peaks and troughs, it is 
also clear that there was a pronounced warming of the inlet airstream as conductive heat flow through the 
rock caused sorfie preheating of the air outside the ventilation control door where the inlet air temperature 
measurement was made. This effect is dramatically reversed following retrieval operations when the in
creased flowrate allowed no "tempering" of the inlet airstream. As a result, inlet temperatures quickly 
dropped below the pretest values. Outlet air temperatures were also measured in each of the heater drifts 
during the 6-month cooling period.  

*Contributed by IV. C. Patrick.
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Figure 14-1. Ventilation flowrates through the canister access shaft.  

The history of inlet and outlet dewpoint temperatures are shown in Figs. 14-3a and 14-3b, respectively.  
Once again, we see seasonal variations in dewpoint. Increases in flowrate tend to depress both the inlet 
and outlet dewpoints, presumably because the air has less opportunity to gain moisture as it flows through 
the facility. Consistent with this observation, decreases in flowrate during the ventilation tests raised the 
dewpoint. The increase in dewpoints at about 5.7 to 5.8 YOC is caused by additional water being added to 
the ventilation airstream as a result of post-retrieval drilling operations. As discussed below, this wateri 
appeared to be present at both the inlet and outlet points and, therefore, did not significantly contribute to 
energy removal. • 

Using the dry bulb, dewpoint, and flowrate data presented above, it is possible to calculate the quanti
ties of sensible and latent heat removed by the ventilation airstream (Patrick, Rector, and Scarafiotti, 1984).  
"Sensible heat" is the energy associated with increasing the temperature of air at a constant water content,:-,_ 
whereas the "latent heat" is the energy associated with vaporizing water and adding it to the airstream.  
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Figure 14-3a. Inlet air dewpoint temperature.
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Figure 14-3b. Outlet air dewpoint temperature.  
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The history of energy removal by both these mechanisms is shown in Fig. 14-4. Through retrieval opera
tions at about 5.4 YOC, about 76.7% of the energy was associated with sensible heat, and 23.3% was associ
ated with the heat of vaporization. During the post-retrieval cooling period, the sensible heat fraction in
creased to about 78.2% as a result of increased cooling associated with the increased ventilation rate.  
Another contributing factor was the increased use of facility lighting, which tends to deposit energy where 
it is easily removed: directly into the airstream and at surfaces in contact with the airstream. As noted 
earlier, minor decreases occurred in energy removal as latent heat, despite increases in the availability of 
water due to drilling operations. This decrease is evident in Fig. 14-5 at times later than about 5.5 YOC.  

, The history of the rate of energy deposition described in Chapter 12, and the history of the rate of 
energy removal shown in Fig. 14-4, are shown as 10-day averages in Fig. 14-6. These input and output
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powers dearly show the relative effects of perturbations on the system, as noted. Following spent-fuel 
retrieval, the sole contribution to input power was the facility lights. As a result, the power removed ex
ceeded the power input during the post-retrieval period.  

14.3 Ventilation Calculations 

Chapter 3 summarizes the sequence of calculations used to design the SFT-C and to compare with 
test data. The reader is referred to Montan and Patrick (1981 and 1986) for details of the calculations, partic
ularly the details of the ventilation models that were employed. Our discussion and comparisons pre- ,,.  

sented here focus on two of the models: a TRUMP three-dimensional infinite-length representation and a 
TRUMP three-dimensional finite-length representation of the SFT-C.  

We have used the finite-difference code TRUMP (Edwards, 1972), beginning with the detailed design 
calculations and progressing through post-test calculations. Although no actual "flow" of air occurred in 
the model, the effect could be modeled with what Montan and Patrick (1981) dubbed a "partial flow" 
model. This formulation was effectively implemented with the infinite-length model where the many 
planes of symmetry kept the model small, allowing more details to be represented. In employing the finite
length representation of the SFT-C test array, Montan and Patrick (1986) found it was necessary to elimi
nate many of these refinements. Ventilation was simufated by treating the drifts as highly conductive ma
terials with central nodes connected through a heat-transfer coefficient to external nodes whose 
temperatures were controlled to the ambient inlet air temperature. Montan and Patrick (1986) also describe 
how heat sinks within each drift were used to model ventilation with analytical solutions. These sinks 
were assigned negative power histories based on the measured energy removal rates.  

14.4 Comparison of Data and Calculations 

Figure 14-7 provides a direct comparison of the measured and calculated energy removal rates for each 
of the models. The curves for the infinite-length model (U) and the finite-length model (X) indicate that 
during the construction period there was an initially high rate of energy removal (power) that quickly de
creased as the nearby ambient rock temperatures decreased to near the inlet air temperatures. As heating 
of the rock mass begins at about 2.5 YOC, we see an increasing trend in the power curves as the rock near 
the drift surfaces becomes warmer. The finite-length model removes somewhat more energy than its 
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Figure 14-7. Energy removal rates calculated using four techniques and measured.  
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infinite-length counterpart. The curves labeled S and T represent energy removal rates for two analytical 
models (Montan and Patrick, 1986).  

The modeled trends (U and X) are in marked contrast to the measured energy removal rate. With the 
notable exception of short-duration decreases associated with decreases in the ventilation flowrate 
(Fig. 14-6), the data indicate a relatively flat response. Although this measured response appears 
unreasonable (more heat should be available for removal as the drift surface temperature increases with 
time), there was no indication of instrumentation malfunction that would lead us to question the data 
(Chapter 9).  

The cumulative effect of differences between the measurements and the finite-difference models are 
shown in Figs. 14-8 and 14-9 for the infinite-lenrgth arid finite-length representations,, respectively. In
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Figure 14-8. Cumulative energy deposition and removal as calculated by an infinite-length representa
tion of the SFT-C and as measured.
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Figure 14-9. Cumulative energy deposition and removal as calculated by a finite-length representation 
of the SFT-C and as measured.
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Fig. 14-8, we see that the cumulative input energy curve for the model is somewhat lower than the data.  
This occurs because of the way the auxiliary heaters were treated in the model (Montan and Patrick, 1981).  
The cumulative energy removal by the model deviates increasingly from the data until, at the end of the 
test, it is more than double the measured value.  

Figure 14-9 indicates the more exact energy input provided by the finite-length model; the difference 
between these curves is nearly all the result of not including the effects of lighting in the calculation 
(Chapter 12). However, differences between measured and calculated cumulative energy removal are even 
more pronounced than in Fig. 14-8. Nearly three times as much energy is removed by the calculation as 
was measured.  

Despite the lack of agreement between measured and calculated energy removal, we must recognize 
that these two models provide excellent agreement between measured and calculated temperatures 
throughout the test array. As discussed in the previous chapter, we see the best agreement with the finite
length representation of the SFT-C, which also provides the greatest discrepancy with regard to energy 
removal.  

Turning to the more simplistic analytical solutions, we can evaluate how well a completely different 
formulation can calculate energy removal. In this case, we are not simulating the physical mechanisms of 
energy removal but are simply extracting energy by means of a "negative source" in each drift. Curve S in 
Fig. 14-7 represents the rate of energy removal used in a calculation to approximate the measured rate of 
energy removal. As reported by Montan and Patrick (1986) and summarized in Chapter 3, this low rate of 
energy removal resulted in substantially higher temperatures throughout the rock mass comprising the 
SFT-C. Thus, while one can force the measured and calculated energy removal rates to be the same, the 
effect on the quality of temperature predictions is unacceptable.  

Using the same analytical technique, Montan and Patrick (1986) quadrupled the energy removal rate 
(curve T in Fig. 14-7). Even a change as coarse as this one produced marked improvement in the level of 
agreement between measured and calculated temperatures throughout the rock mass.  

14.5 Assessment of Models 

It should be clear from the preceding discussion that there is a conflicting judgment concerning our 
ability to model the effects of ventilation on a heated rock mass. The ventilation models used for both the 
infinite- and finite-length TRUMP calculations result in excellent agreement between measured and 
calculated temperatures throughout the heated rock mass and appurtenant engineered features of the 
SFT-C. However, the energy removal associated with these models disagrees in both form and magni
tude with the measured energy removal. Although it is tempting to conclude that the energy removal data 
are in error, we have detected no instrumentation malfunctions or errors that could produce such errors 
in the data.  

Based on this analysis, we conclude that the models reported by Montan and Patrick (1981 and 1986) 
provide accurate representations of the effects of ventilation on heat transfer within the rock mass and 
engineered structures comprising a simulated repository. However, the energy removal calculated by 
those same models does not agree with the measured removal of energy in the airstream. We have not yet 
been able to explain this discrepancy despite a dilligent effort to model the phenomena.
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15. Radiation Transport Calculations and Measurements* 

Together with heat transfer and rock mechanical response, radiation transport was a principal phe
nomena studied at the SFT-C. By comparing calculations of radiation transport with measurements of 
radiation doses and dose rates, we were able to confirm our radiation shielding design, assess the current 
state of the art in both calculations and measuremrents, and further our understanding of the behavior of 
crystalline rocks in the presence of intense ionizing radiation.  

15.1 Radiation-Dose to Granite 

Radiation-dose-to-granite calculations using a Monte Carlo technique (Wilcox and Van Konynenburg, 
1981) were believed to accurately predict the dose rates and cumulative doses that would be received by the 
rock surrounding the emplacement boreholes. As a result of peer review comments, we incorporated radi
ation dosimetry in the instrumentation program of the SFT-C (Brough and Patrick, 1982). The perform
ance of the measurement system and comparison of data and calculations are summarized below.  

15.1.1 Measurement System 

A gamma and neutron dosimetry system was developed and fielded at the SFT-C by EG&G-Santa 
Barbara Operations under contract to LLNL. This suite of instrumentation consisted of: (1) 7LiF dosimeters 
that operate on the concept of photoabsorption response to ionizing radiation; and (2) manganese, cobalt, 
and silver neutron foils.  

As described in Chapter 9, five of 17 emplacement boreholes were instrumented with seven dosimeter 
strings. Although four emplacement boreholes contained spent-fuel assemblies, the fifth contained an 
electrical simulator, thus, serving as a control to detect possible instrumentation problems. The dosimeters 
in this borehole were exposed to 4 x 106, 3 x 107 and 3 x 108 rad prior to emplacement.  

Quam and DeVore (1981, 1982, and 1984a) found that the 7LiF dosimetry faded as a result of postirradia
tion heating and also exhibited temperature sensitivity due to irradiation at elevated temperature. As a 
result, they fielded short-term gamma dosimeters that operated on the principal of thermoluminescence 
(Quam and DeVore, 1984b).  

Neutron foil dosimetry was determined to provide inadequate results. Counting statistics were so low 
that accurate measurements were not possible (Quam and DeVore, 1981). However, it was determined that 
the neutron dose rates were negligible compared to the gamma dose rates in the emplacement boreholes.  

The interested reader is referred to reports by Quam and DeVore (1981, 1982, 1984a, and 1984b) for 
details concerning the long-term gamma and neutron dosimetry, and the short-term dosimetry, respec
tively. The description and performance of these instruments are summarized in Chapter 9 of the present 
report.  

15.1.2 Comparison of Data and Calculations 

Using the calculations of Wilcox and Van Konynenburg (1981) as a basis (Chapter 3), Van Konynenburg 
(1982 and 1984) evaluated the measurements reported by Quam and DeVore that were discussed above.  
His initial comparisons identified the influence of temperature on the long-term measurements.  

Pretest thermoluminescent dosimetry (TLD) at the Battelle facility on September 12, 1979, produced an 
average contact dose rate of about 0.21 Gy/s in LiF, in excellent agreement with the calculated 0.211 Gy/s.  
Following retrieval of the spent-fuel assemblies, a simhilar measurement at EMAD indicated a dose equiva
lent to 0.055 Gy/s in LiP, exactly the calculated value. Given the ± 25% uncertainty in the calculations and 
±11% uncertainty in the measurement, this is excellent agreement.  

Comparison between in-situ long-term dosimetry and calculations are not nearly as good. Table 15-1 
summarizes these comparisons by presenting the 'ratios of measured to calculated doses at the various 
measurement positions for the three time-periods during which measurements were made. We see here, 
and graphically in Figs. 15-1, -2, and -3, that the measurements are consistently about a factor of two less 
than the calculation. Furthermore, there is substantial scatter in the data. Van Konynenburg (1984) con
cluded that this is the result of the inability to accurately correct the data for fade.  

*Contributed by W C. Patrick 
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Table 15-1. Ratios of doses measured by optical absorption technique to doses calculated using Monte 
Carlo simulation. Where two values are shown, they correspond to two separate absorbtion peaks.  
Emplacement hole Vertical distance Measurement period 

number, radial from midplane, 4/80 to 1112181 to 10123181 to 
position (m) (m) 1112/81 10123/81 3/8183 

CEHO1, 0.30 (wall) +1.22 0.56 0.54 0.49 
0 0.67 0.62 0.56 

-1.22 0.56 0.57 0.55 

CEHO3, 0.30 (wall) + 1.22 0.65 0.53 0.54 
+ 0.66 0.69 0.53 0.62 

0 0.75 0.67 0.65 
-0.66 0.71 0.69 0.65 
+1.22 0.73 0.64 0.62 

CEH03, 0.51 + 1.22 0.55, 0.47 0.65, 0.51 0.38, 0.41 
0 0.40 0.58 0.30, 0.25 

-1.22 0.39, 0.40 0.63 0.35, 0.25 

CEH03, 0.66 + 1.22 0.51 0.68 0.79 
0 0.60 0.66 0.72 

-1.22 0.66 0.55 0.52 

CEH07, 0.30 (wall) + 1.22 0.64 0.55 0.56 
0 0.66 0.55 0.60 

-1.22 0.75 0.58 0.64 

CEH1, 0.30 (wall) + 1.22 0.66 0.53 0.55 
0 0.74 0.60 0.58 

-1.22 0.62 0.57 0.55 

The two sets of short-term TLD measurements provided much better agreement with the calculations.  
Table 15-2 displays ratios of dose rates measured with CaF2 TLD to those calculated. In addition, the data 
are shown graphically in Figs. 15-4 and 15-5. We see the best agreement with the data obtained March 8, 
1983: the best-controlled, best-calibrated set of measurements (Van Konynenburg, 1984; and Quam and 
DeVore, 1984b). Because the half-lives of the significant radionuclides are well known, and good agree
ment was obtained between calculations and measurements for these two intermediate points at the be
ginning and at the end of the test, we believe that the calculated doses and dose rates are an accurate 
reflection of the true values absorbed by the rock.  

15.1.3 Dose to Granite 
Van Konynenburg (1984) presented the calculated total absorbed doses to the rock at the wall of 

each emplacement borehole. These total doses account for differences in spent-fuel source strengths, 
differing emplacement and retrieval times, and the occurrence of spent-fuel exchanges at some positions 
(Table 15-3).  

15.2 Areal Dosimetry and Radiation Monitoring 

A variety of instruments was used to continuously monitor: (a) the radiation levels in the underground 
storage area and in the vicinity of spent-fuel handling operations, and (b) potential releases to the atmo
sphere. The principal monitoring system used continuous air monitors (CAMs) and remote area monitors 
(RAMs) to confirm that no radioactive effluents had escaped and that radiation dose rates were near back
ground levels (Chapter 9).  
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Figure 15-1. Comparison of calculated and optical-absorption-measured doses for hole CEH03 for the 

period from April 1980 to January 12, 1981 (after Van Konynenburg, 1984).  

In preparation for operations related to the SFT-C, background radiation-survey data were obtained 

at selected locations. These were later augmented by sampling from the CAMs and from the liner-rock 

annular spaces of the emplacement boreholes. As indicated in Table 15-4, most values were at or near back

ground levels. The slightly elevated 137Cs and tritium levels are attributed by Raschke et al. (1983) to pre

vious nuclear weapons effects testing at the same underground level. Dosimetry indicated background 

beta-gamma dose rates of about 0.04 mR/h and gamma dose rates of about 0.02 mR/h in the spent-fuel 

storage drift.  

15.3 Summary of Personnel Radiation Exposures 

Radiological monitoring and personnel dosimetry were an ongoing part of the SFT-C operation. The 

radiological safety program used personnel and area dosimeters, bioassays, continuous monitoring with 

RAMs and CAMs, routine surveys with portable instruments, swipes, and sampling of air, soil, rock, wa

'k,_ ter, and appropriate test hardware.
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Figure 15-2. Comparison of calculated and optical-absorption-measured doses for hole CEH03 for the 
period from January 12, 1981 to October 23, 1981 (after Van Konynenburg, 1984).  

Maximum occupational exposure data obtained during spent-fuel emplacement, storage, and re
trieval operations are shown in Table 15-5 (Raschke et al., 1983). These data are normalized to an "opera
tion" involving the emplacement or retrieval of a single spent-fuel assembly. The reduction in exposure 
during retrieval is due partially to a factor of 2 decay in the source term and an apparent reduction in expo
sure time by an additional factor of 2 or more (Chapter 11).  

Figure 15-6 expands on the tabulated maximum exposure data by providing the distribution of gamma 
and neutron exposures during the retrieval operation. The two relatively high exposures were received by 
the health and safety officer and the operations coordinator, whose roles in the retrieval resulted in their 
being nearer the shielded spent fuel for longer periods of time than most of the crew.  

Radiation exposures for the duration of SFT-C were less than 0.4 person-rem or, on average, less than 
0.016 person-rem/operation (Raschke et al., 1983, and Chapter 11). These measurements confirm the ade
quacy of the designs of equipment and storage-hole configuration discussed in Chapters 3 and 7.  
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Figure 15-3. Comparison of calculated and optical-absorption-measured doses for hole CEH03 for the 
period from October 23, 1981 to March 8, 1983 (after Van Konynenburg, 1984).

Table 15-2. Ratios of dose rates measured by 
CaF2 TLD to dose rates calculated using Monte 
Carlo simulation.  

Emplacement hole Vertical distance Measurement 
number, radial from midplane, period 
position (m) (m) 8/13/82 3/8/83 

CEHI01, 0.30 (wall) + 1.22 1.19 0.97 

0 1.34 1.10 

-1.22 1.57 1.11 

CEH03, 0.51 + 1.22 0.89 0.94 

0 0.77 0.77 

-1.22 0.87 0.89 

CEH03, 0.66 + 1.22 1.31 1.25 

0 0.94 0.88 

-1.22 1.00 1.07
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Figure 15-4. Comparison of calculated and thermoluminescence-measured dose rates for hole CEH03 
on August 13, 1982 (after Van Konynenburg, 1984).  

15.4 Radon-Thoron Measurements 

Radon-thoron concentrations in the subsurface areas of the SFT-C were monitored to ensure that no health hazards resulted from this natural source of radiation. The measurements indicate a gradual in
crease from 1 x 10-10 Ci/m3 to about 6 x 10-1 Ci/m 3 as the rock mass was heated. These data, obtained at a nominal ventilation flowrate of 1.3 m3/s through the canister drift, were augmented by measurements during a ventilation-effects test in which flowrates were varied from 0 to 3.2 m3/s (Raschke et al., 1983). There 
was a definite trend to decreasing radon-thoron concentration with increasing ventilation flowrate up to 1.3 m3/s (Fig. 15-7). An additional measurement at 3.2 m3/s indicated a radon-thoron concentration of 6 x 
10-10 Ci/m 3, whereas the expected value from this log-linear relationship would be about 10-11 Ci/m 3. This suggests that a minimum practically achievable concentration exists at flowrates in excess of about 1.0 to 1.5 m3/s. Hypothetically, such a minimum could result when the flow was such that the increased emana
tion of radon, which is enhanced by the negative-pressure ventilation, is balanced by the increased volu
metric dilution of the radon. It is important to note that the peak radon-thoron concentrations, which oc
curred during a 12-day period of no ventilation, were 75% of one maximum permissible concentration (1 x 10-8 Ci/m 3 for nonradiation workers) and were very much lower even with low ventilation rates.  
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Figure 15-5. Comparison of calculated and thermoluminescence-measured dose rates for hole CEH03 

on March 8, 1983 (after Van Konynenburg, 1984).
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Table 15-3. Calculated total absorbed doses to 
wall of emplacement boreholes for entire period 
of emplacement (after Van Konynenburg, 1984).  
Hole number Absorbed dose in granite (MGy)

CEH01 

CEH03 

CEHO5 

CEH07 

CEH08 

CEH09 

CEH10 

CEH11 

CEH12 

CEH14 

CEH16

1.55 

1.62 

1.59 

1.55 

1.53 

1.58 

1.58 

1.60 

1.57 

1.57 

1.55

Table 15-4. Results of tests for radiation contain.  
ination (after Raschke et al., 1983).

Sample source 

Water (from CAM 
filters) 

Air (from CAM 
units)

Tritium (mCi/cm
3) 

Background Maximum Average 

1.2 x 10" 1.2 x 10-3 3.4 x 10-4 

-I" 1x10-1 <1 x 10-1
Liners 

HTO b 14 x 10' 6 x 10-' 
HT b 3.1 x 10-s 2 x 1o-s 

Gamma (pCilg) 
PILEDRIVER Shaft Canister 

Sample source (personnel lift) drift 

Rock
'•Cs 
23SU 

22Ra 

Water from liners 

Access hole filings

3.3 

<0.02 

0.5

0.02 

0.2 

2.3 

0.4 of' 3 7Cs 

0.04 of 13Cs

'Not measured.  
b Not applicable.

Table 15-5. Maximum personnel doses associ
ated with spent-fuel handling operations (after 
Raschke et al., 1983).  

Dose, mremloperationb 
Handling operationa Gamma' Neutron' 

Fuel emplacement 2 8 
Fuel storage 0 _d 

Fuel retrieval 0.1 2 

"An "operation" is the emplacement or retrieval of a single 
spent-fuel assembly.  

b Natural background levels have been subtracted from 
these values.  

I Neutron exposures were measured with albedo dosime
ters; personnel gamma exposures were estimated from mea
sured neutron/gamma ratios since no gamma exposure ex
ceeded the 30 mR threshold of the film badges.  

d Not measured.
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Figure 15-6. SFT1-C personnel dose distribution during spent-fuel retrieval (after Raschke et al., 1983).
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Figure 15-7. Radon-thoron concentration vs ventilation flowrate (after Raschke et al., 1983).
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16. Rock Mechanical Response Analyses and Measurements

The response of the rock mass to excavation for the underground facilities and subsequent deposition 

of more than one gigawatt-hour of energy was calculated and measured as part of the SFT-C operation.  

Several types of instruments were deployed to record the displacements and stress changes that resulted 

from excavating and heating the underground facility (Chapter 9). Likewise, a variety of finite-element 

models were employed to perform the calculations (Chapter 3) using available material properties, 

stresses, and temperature conditions. These measurement systems and calculations are briefly summa-" 

rized here and the resulting measurements are compared with the corresponding calculations.  

16.1 Measurement System* 

To record the response of the rock mass and selected geological discontinuities, we deployed a variety 

of instrument types throughout the three-drift complex (Figs. 16-1 and 16-2). During the" 'mine-by" experi
ment, 12 borehole rod extensometers were installed to measure displacements within the rock immedi

ately surrounding the central drift. Three vibrating-wire stressmeters were also deployed. Although origi

nally not intended for use during the heated phase of the SFT-C, the mine-by extensometers were 

refurbished and used.  

Legend 

-o-o-o- Reconditioned mine-by extensometer array.  
Circles indicate approximate anchor locations 
for upper extensometer 

0 Thermal-phase extensometer installed vertically 

-o-o-o- Vibrating-wire stressmeters showing approximate 
gauge location. Not reinstalled for thermal-phase 
"monitoring 

- - Thermal phase vibrating-wire stressmeters in 
horizontal borehole. Squares show approximate 
location of three-gauge array 

9 Thermal-phase vibrating-wire stressmeters in 
vertical boreholes 

Horizontal-convergence wire extensometer 

"o Vertical-convergence wire extensometer 

• Three-component fracture-monitor systems 

X Vertical overcore boring 

Horizontal overcore boring 

Figure 16-1. Location of thermal phase instrumentation.  

*Contributed by W C. Patnck
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Figure 16-2. Cross section showing thermal-phase and Mine-by instrumentation arrays.  

Measurements of displacements within the rock were augmented by two sets of six four-anchor borehole extensometers grouped near the center CEH09 (designated GCE) and near the end (CEH03) of the 
canister drift (designated GBE). In addition, single four-anchor units were installed at the far ends of the facility to monitor displacements where temperature changes were relatively small (designated GAE and 
GDE).  
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Additional vibrating-wire stressmeters were installed as rosettes of three: two sets about 0.7 m from 

the canister drift rib in the north pillar (designated NSG), two sets near the center of the north pillar (desig

- n nated NSG), and one set at the depth of the center of spent-fuel assemblies stored in CEH03 and CEH09 

(designated CSG). The stressmeters used durirng the mine-by experiment were removed for evaluation 

and were not replaced.  
From a facility operational point of view, drift closure is often more important than displacements, 

which occur far from the drift surface. To monitor relative displacement between opposite surfaces of the 

drifts, convergence-wire extensometers (CWE) were designed, fabricated, and installed. Five sets of hori

zontal and vertical CWEs were installed in each drift and one unit was placed in the Receiving Room near 

the base of the canister access shaft where a fault zone was identified during mining (Chapter 4). At each of 

these locations, provision was made for manually acquired tape extensometer readings (Chapter 9). In 

addition, two so-called "through-hole extensometers" were installed to span from the far south to the far 

north ribs of the three-drift array. Excessive frictional effects on the portions of the catenary that passed 

through the pillars resulted in data of limited value, so these are not discussed further.  
Three orthogonal components of displacement at selected locations on five discrete geological frac

tures were measured using seven fracture monitor systems (FMSs). These units were developed and de

ployed to monitor displacements that were associated with possible discontinuum responses.  
When the concrete floor overlying the canister drift invert began cracking during the early stages of 

heating, we installed reference pins and recorded relative displacements across the cracks with a Whitte

more gauge. Although no attempt was made to calculate the measured phenomena, crack development 

and response were consistent with the other aspects of calculations and measurements, as discussed later 

in the chapter.  
Following retrieval of the spent-fuel assemblies, we installed two rosettes of three instruments in 

CEH03 and CEH09 to measure displacements within the 0.61-m diameter boreholes as cooling progressed 

(CDGs). These highly sensitive instruments provided data on the very-near-field response.  

The calculated root-sum-square (RSS) errors and measured calibration errors for the various rock me

chanical instrument types are provided in Table 16-1. In comparing data with calculations, it is essential 

<'M_ that these errors be considered. It is impossible for the calculations and measurements to display any bet

ter agreement than is permitted by the inherent errors in the measurement system. Reliability data and 

other details are provided in Chapter 9.  

16.2 Summary of Calculational Results* 

A variety of calculations was undertaken to guide the design of, and to assist in the interpretation of, 
data obtained from the SFT-C. The discussion here will focus on finite-element calculations completed for 
analyses of the mine-by and the heating, and subsequent cooling, phases of the test.  

As described in Section 3.3.3, both continuum and discrete-joint models of the mine-by were used.  

Because these calculations were two-dimensional, exact treatment of the major geological features was not 

possible. Instead, these features were modeled as though they were parallel to the axis of the drifts 

(Heuze, Butkovich, and Peterson, 1981). In the discussion on mine-by results, these discontinuum calcula

tions and the continuum calculations given in the same report are used as a basis of comparison.  
Post-test calculations reported by Butkovich and Patrick (1985) are the basis of discussion of heating

and cooling-phase results. As noted in Section 3.3.6, these calculations employed the best-available mate

rial properties and in-situ stresses. Rather than attempt to model heat flow processes exactly, we chose to 

vary the effective parameters to provide the best possible agreement between measured and calculated 

temperatures. This approach minimized the contribution of temperature errors to the total inaccuracies of 

the model. As reported by Butkovich and Patrick (1985), the mean-square errors between measured and 

calculated temperatures were within the Instrument Society of America (ISA) special limits of error of 

1.1°C for the thermocouples. For the heating and cooling phases, most comparisons of data and calcula

tions use the Butkovich and Patrick (1985) Calculation 2. Deformation modulus and Poisson's ratio were, 

respectively, 38 GPa and 0.25 for the rock mass, and 19 GPa and 0.35 for an explosively damaged zone 

around each drift. Application of a vertical mesh loading of 6.21 MPa provided a stress of about 789 MPa at 

the midheight of the underground openings. Based on in-situ stress measurements, a horizontal-to
vertical stress ratio of 1.2 was used.  

*Contributed by W. C. Patrick 249



Table 16-1. Summary of calculated errors and calibration errors for rock mechanical instrumentation 
deployed on the SFT-C.  

Number Calculated RSS Mean (standard deviation) Instrument type deployed error calibration error 

Mine-by series 
extensometers (data 12 units,

r typical 5-m roul 6 anchors 56 tm -5.6 (55.3) pma 

G x E extensometers 8 units, 33 pm - 8.6 (36.3) plm 
with potentiometers 32 anchors 
G x E extensometers 3 units, 112 pm -3.6 (7.6) Am' 
with LVDTs 12 anchors 
GxE extensometers 3 units, 63 pm 176.9 (309.0) pm 
with proximeters 12 anchors 

Convergence-wire 
extensometers 32 84 to 306 Amb 3.8 pm' 
Fracture monitor 7 units, 
system 21 components 10pUm 0.8s ml 
Borehole closure 14 (including two 15 pAm 1.2 pm' 
monitor for instrument 

evaluation) 

Vibrating-wire 
+ 38 to -58% of stressmeters 18 0.02 MPa readingd 

'Composite values for all rod extensometers are 10.7 (115) pm, 75% of post-test calibration results were in a + 50-pm window and 
about 29% were within a ± 5-;m window.  

b Dependent upon wire length, see Chapter 9.  
Nfean error due to change in sensitivity; no field calibration.  
Range of errors for six calibrated stressmeters.  

16.3 Comparison of Data and Calculations* 

The measurement systems and calculations described above provided displacements and stress 
changes that may be compared to assess the capabilities of the models, and to determine the degree of correctness of the underlying assumptions of those models. Comparisons are made for the excavation, 
heating, and cooling phases of the experiment. The interested reader is referred to numerous previous 
reports for additional discussions (see the Bibliography).  

16.3.1 Response During the Mine-By Experiment 
The mine-by, or excavation response, experiment was conducted by instrumenting the rock mass between the two heater drifts and measuring how the rock displaced and how stresses changed as the central 

drift was mined. To mine the center drift, an upper heading and a bench were removed using conventional 
drill-and-blast techniques (Chapter 5). Prior to conducting the mine-by experiment, ADINA calculations 
were performed to determine the ranges and preferred orientations of the instrumentations. These continuum calculations were later the basis of comparisons with data shown here. When these comparisons 
showed that the measured displacements within the pillars were opposite in sign to those calculated, dis
crete joint modeling of the experiment was undertaken by Heuze, Butkovich, and Peterson (1981).  

The results of both the calculations and the data presented by Heuze, Butkovich, and Peterson (1981) are summarized for nondilatant joints at two stations in Figs. 16-3 and 16-4 and for dilatant joints at one station in Fig. 16-5. For the upward angled extensometers, we see quite good agreement between the ADINA calculation and the measurements. Although only about half agree within a factor of 2, many of 

*Contributed by W C. Patrick, D G. Wilder, and J L Yow, Jr.  
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Figure 16-3. Comparison of field observations with JPLAXD and ADINA calculations, for the relative 
movements (in mm) of MPE anchors during the mine-by. Station 2 +83, nondilatant joints (after Heuze, 
Butkovich, and Peterson, 1981).  
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Figure 16-4. Comparison of field observations with JPLAXD and ADINA calculations for the relative 
movements (in mm) of MPE anchors during the mine-by. Station 3 + 45, nondilatant joints (after Heuze, 
Butkovich, and Peterson, 1981).
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Figure 16-5. Comparison of field observations with JPLAXD and ADINA calculations for the relative 
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Butkovich, and Peterson, 1981).
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the measurements are near the limits of accuracy of the extensometers (Table 16-1). The measured displace.  
ments are opposite in sign of those calculated to occur at the locations of the horizontally oriented exten.  
someters at both stations.  

Examination of the JPLAXD discrete-joint models shows that these calculations provide considerably 
larger displacements at most locations. Although the JPLAXD results are opposite in sign from the ADINA 
results (and the data) at some inclined extensometer locations, the measured narrowing of the pillars was 
not calculated. Taken in total, the JPLAXD results indicate a poorer level of agreement than the ADINA 
results. The former agreed with the measurements within a factor of 2 at less than 15% of the locations 
where inclined extensometers were present. Furthermore, disagreement in sign at the horizontal borehole 
locations was the same as for the ADINA calculation.  

Heuze, Butkovich, and Peterson (1981) do report that pillar stresses were calculated to decrease at loca
tions near the ribs of the center drift and near the center of the south pillar. The near-rib decrease agrees 
with measured decreases at these locations, but the measured decrease in the center of the north pillar was 
not calculated to occur.  

16.3.2 Response at Elevated Temperatures 
The response of the rock to extensive heating and subsequent cooling was calculated and measured.  

Since the locations and scales of measurements varied considerably, the following discussion is organized 
according to location and scale.  

Displacements and stress changes within the rock mass. Displacements within the rock mass were 
recorded by borehole extensometers that referenced anchor-point displacements to head assemblies lo
cated at the surfaces of the drifts. Stress changes were recorded by vibrating-wire stressmeters (Figs. 16-1 
and 16-2).  

Typical results of relative displacement measurements and calculations are displayed in Figs. 16-6 and 
16-7 for Stations 2 + 83 and 3 +45, respectively. The indicated displacements occurred between a time of 3.0 
YOC (about 6 months into the heating phase when all instruments were operating) and 5.25 YOC (the end

K-_'

Figure 16-6. Results from Calculation 2 for Station 2 + 83 at 5.25 YOC (after Butkovich and Patrick, 1985).  
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Figure 16-7. Results from Calculation 2 for Station 3 + 45 at 5.25 YOC (after Butkovich and Patrick, 1985).  

of the heated phase). In general, we see good agreement between measurements and calculations. In the 
three cases where there is a disagreement in sign, the measurements are near or below the limit of accuracy 
of the instruments. There is a clear tendency for measured displacements to be less than calculated at all 
locations other than above and at the south of the canister drift at Station 3+45.  

To more quantitatively examine the level of agreement, cross plots of the measurements and data were 
prepared and lines were fitted to the resulting paired values. Figure 16-8 is a composite of all pairs at 3.5, 
4.5, 5.25, and 5.86 YOC (12, 24, and 33 months into heating and 6 months into cooling phases). The accom
panying statistics indicate excellent overall correlation between the measurements and calculation: the 
slope (Al) is near unity. Although there is considerable scatter in the data, the root-mean-error (RM) of 78 
Itm is not much larger than would be expected from considerations of the accuracy of the instruments 
(Table 16-1).  

While the data presented above represent "snap shots" in time, Wilder and Yow (1986) presented 
time-series plots for these same instruments. A typical example displays several features that are common 
to these data (Fig. 16-9). First, only about a third of the total displacement occurred before 3.0 YOC, the 
base time for the data reported in detail above. Second, the curves are, in general, separated and in order of 

increasing depth. This is an important indicator of consistency in the data. Third, while nearly complete 
recovery to the initial position occurs for anchors near the drift surfaces, only partial recovery is observed 
at greater depths where cooling and the concommitant decrease in thermal stresses are less complete.  

Because of instrumentation failures (Patrick, Rector, and Scarafiotti, 1984), data records are discontinu
ous for the GxE-series extensometers located vertically downward in the canister drift. Wilder and Yow 
(1986) have merged the segments of these records, using certain assumptions to match early time trends to 
the trends observed later with the replacement instrumentation. A typical example of the resulting time
series plots is displayed as Fig. 16-10. As with the previous plot (Fig. 16-9), there are several indicators that 
the data are consistent both before failure of the transducers and after their replacement. It is important to 
note that the vertical position of the group of curves for the later times was adjusted but that the relative 
positions of the individual curves were not changed.
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Figure 16-8. Comparison of measured displacements with the results of Calculation 2, (units in 14m).  
Coefficients Al and AO give the slope and Y intercepts respectively for best fit line A. Line B has values of 
1.0 and 0.0 (after Butkovich and Patrick, 1985).
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Figure 16-9. Time-series of relative displacements recorded by the six- anchor extensometer MBI13 
(after Wilder and Yow, 1986).
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Figure 16-10. Time series of relative displacements recorded by the four- anchor extensometer GBE05.  
Note that segments of data have been merged because of instrument failures at early times (after Wilder 
and Yow, 1986).  

Changes in stress were also measured at selected locations for comparison with calculational results.  

Comparisons are limited to the cooldown period because the stressmeters that were initially installed 
failed and were replaced (Patrick, Rector, and Scarafiotti, 1984). As indicated in Table 16-2, agreement be
tween measured and calculated cooling stresses was quite good, particularly when one considers the accu
racy of this instrumentation (Table 16-1). The average values for the first two entries are exactly the calcu
lated values. At the midpillar location, the average measured value is only about one third the calculated 
value.  

Room-scale closure. Room-scale closure was continuously measured with sets of CWEs, which 
spanned the width and height of the three drifts at several locations (Figs. 16-1 and 16-2). At each CWE, 
manual readings were periodically obtained by means of a tape extensometer connected to spherical seats.  
Air temperatures varied with position along these instruments and also varied in time as the drifts were 
heated and subsequently cooled. Four-wire resistance measurements provided average wire tempera
tures for the CWEs, and a thermistor clipped to the tape extensometer provided a single-point estimate of 
its temperature. Temperatures recorded in this manner were used to correct for the effects of thermal ex
pansion of instrument components (Chapter 9 and Carlson, 1986).  

Because the manually acquired data and associated temperature readings were few in number and the 
conversion algorithm was simple, tape extensometer results were available quite early in the test (Yow and 
Butkovich, 1982; and Patrick et al., 1982). Arithmetically averaged, temperature-corrected measurements 
obtained by various operators are used here to produce single curves for comparison with the calculational 
results.  

The calculations indicate that as much as two thirds of the maximum closures took place before the first 
tape extensometer readings were obtained, which was about 6 weeks after emplacement of the first spent
fuel assemblies.-As a result, it was necessary to add the amount of closure that was calculated to occur to 
the averaged measured values in order to facilitate comparison. The resulting comparisons are shown in 
Figs. 16-11, 16-12, and 16-13 for the canister drift, north heater drift, and south heater drift, respectively.  

Despite the somewhat erratic appearance of the data, which results from the marginally acceptable 

accuracy of the tape extensometer, the calculations and data track each other quite well. For measurements
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Table 16-2. Comparison of measured and calculated stress changes that occurred during the cooling 
phase of the SFT--C (after Butkovich and Patrick, 1985).

Location
Measured stress 

change, MPa

Horizontal in-plane stress 1.18 m from spent fuel at midpoint elevation

Station 3 + 58 
Station 2 + 98

3.5 

3.3

Vertical in-plane stress at midheight in rib 0.7 m from canister drift

2.1 

0.9

Vertical in-plane stress at midheight of rib at middle of pillar

0.6 
0.3

0.4

E 

E.

0.0 

-0.4 

-0.8 

-1.2 

-1.6
2

0.4

E 
E 

E 

CO 
CL

Years out of core

Figure 16-11a. Calculation 2 results compared 
with measured horizontal closure of the canis
ter drift (after Butkovich and Patrick, 1985).
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Figure 16-11b. Calculation 2 results compared 
with measured vertical closure of the canister 
drift (after Butkovich and Patrick, 1985).

showing closure during the entire heating phase, the calculational results show a similar effect. Likewise, 
where the measurements show closure followed by dilation, the calculations indicate the same response.  
The rather pronounced upward deviation in the data trends centered around 5.0 YOC appear to relate to 
variation in the ventilation rate at this time (Chapter 14). A similar, less obvious deviation is seen at about 
3.5 YOC when an earlier modification was made to the ventilation system.  

Wilder and Yow (1986) analyzed the CWE data that provide both a more continuous record (a higher 
density of data) and data somewhat earlier than were available from the tape extensometers. In addition, 
they used the CWE data obtained from individual stations to examine potential spacial or geological effects 
on rock response. Figure 16-14 displays the maximum displacements that occurred during the heating 
phase of the test. With the exception of the end stations in the canister and north heater drifts, relatively 
little variation as a function of position is seen in the vertical direction (Fig. 16-14a). In light of the accuracy 
of these instruments, the consistency is quite remarkable. The substantially larger closures seen near Sta
tion 4 + 00 in the canister and north heater drifts is directly attributable to the presence of the Receiving 
Room fault (Chapter 4).  

Considerably more variability is seen in the horizontal displacements that occurred during the heated 
phase (Fig. 16-14b). While Wilder and Yow (1986) found that many of these variations were associated with
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Figure 16-12a. Calculation 2 results compared 
with measured horizontal closure of the north 
heater drift (after Butkovich and Patrick, 1985).
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Figure 16-13a. Calculation 2 results compared 
with measured horizontal closure of the south 
heater drift (after Butkovich and Patrick, 1985).
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Figure 16-12b. Calculation 2 results compared 
with measured vertical closure of the north 
heater drift (after Butkovich and Patrick, 1985).
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Figure 16-13b. Calculation 2 results compared 
with measured vertical closure of the south 
heater drift (after Butkovich and Patrick, 1985).

identified shear and fault zones, the relationship was not completely consistent. The larger closure near 
Stations 3 + 50 and 4 + 00 is related to the presence of the Receiving Room fault. Although the proximity of 
the ends of the heated array may suggest a possible cause for the upward deflections of the curves for the 
north and south heater drifts at Stations 2 + 50 and 3 +75, respectively, this effect is absent in the canister
drift data in Figs. 16-14a and b.  

Similar comparisons may be made for the displacements recorded during the cooling phase of the 

SFT-C (Fig. 16-15). The total displacements are typically less than half the heating phase values and are 
consistently opposite in sign, indicating the anticipated recovery uponcooling the rock mass. Of particular 
interest is the suppressed recovery of the vertical canister drift and north heater drift displacements. This 

response is attributed by Wilder and Yow (1986) to the presence of the fault that, conceptually, would have 
experienced inelastic deformation during the heated phase.  

Response of discrete geological features. The FMSs provided measurements of three orthogonal 
components of displacement at a total of seven locations on five geological features, which are principally 
shear and fault zones. As reported by Wilder and Yow (1986), the response of these features as recorded by
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the FMS unit was highly complex and not fully understood. Even so, the timing and direction of the 
responses were reported to be generally consistent with each other and with other displacement 
measurements.  

They also report that while the Receiving Room fault closed at locations near the invert (and, hence, 
near the greatest thermal perturbation), normal-displacement measurements indicated that this feature 
opened slightly near the roof line. These two observations are consistent with a block rotation mechanism.  
Similar responses were recorded near the center of the heater array where fracture closure and up-dip 
motion were recorded at some locations, while slight opening and up-dip motion were observed nearby 
on the same fractures.  

Crack formation and growth in the concrete floor. When fractures began to form in the concrete floor 
near the spent-fuel CEHs, reference pins were installed to permit periodic monitoring with a manual Whit
temore gauge. From the time the fractures were originally observed at about 60-deg intervals around the 
CEHs, they grew until they intersected or coalesced with similar fractures from adjacent holes. Eventually, 
the continuation of fracture development changed the original radial geometry to a roughly rectangular 
pattern in the region of the floor between the emplacement holes (Chapter 5).  

A typical history of change in fracture aperture is provided in Fig. 16-16. The overall trend of fracture 
opening is evident as time and heating progress. This is consistent with the calculated response of the 
underlying rock, which expands and bows upward as a result of heating, thus, subjecting the upper layer 
of concrete to tensile stresses that initiate fractures and cause subsequent fracture opening.  

After retrieval of the spent-fuel assemblies at about 5.2 YOC, rapid closure was observed at all six mea
surement stations. This response reflects the contraction and lowering of the drift floor that accompanied 
cooling of the underlying rock. As the rate of cooling slowed deep in the rock and as the high rate of venti
lation continued to rapidly cool the concrete floor, a slight reopening of the cracks occurred, as noted by the 
slight upturn in the curve.  

When ventilation experiments were in progress at about 4.5 YOC (Chapter 14), a response similar in 
shape and magnitude was observed (Fig. 16-16). However, the mechanism causing fracture closing was 
quite different. It appears that the reductions in ventilation rate and resulting increases in air temperatures 
caused the concrete to expand, thus, partially closing the fractures. When ventilation was restored to its 
original rate, this response was quickly reversed. By about 5.0 YOC, the trend of aperture opening was 
essentially the same as before the reduction in ventilation rate.  

Borehole-scale response to cooling. Strain-gauged proving-ring assemblies were deployed to mea
sure deformations in the 0.61-m diameter CEHs subsequent to spent-fuel retrieval (Chapter 9 and Patrick 
and Rector, 1985). Although several of these units malfunctioned before the 6-month data acquisition per
iod was completed, all provided high-quality data for a sufficient period of time to facilitate analysis.  

Figure 16-17 provides a typical example of the behavior of an emplacement borehole following retrieval 
of the spent-fuel assembly. The rapid initial rate of change in borehole diameter decreases to near zero 
during the first 6 months, closely following the decrease in cooling rate discussed in Chapter 13. (As noted 
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Figure 16-16. Typical change in fracture aperture as recorded by a Whittemore gauge at station WAP1415 
on the concrete floor of the canister drift (after Patrick et al., 1984).
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Figure 16-17. Typical example of closure history from instrument CDG092 in canister emplacement bore

hole CEH09 (after Wilder and Yow, 1986).  

in Chapter 3, the duration of the post-retrieval cooling period was selected based on calculations that 

showed this same style of rock mechanical behavior.) 
Wilder and Yow (1986) report that observed displacement trends are qualitatively similar to near-field 

analytical solutions for borehole diameter changes. However, the magnitudes of measured diametral 

changes -were typically three to four times larger than those calculated. The authors attribute this 

disagreenment in magnitudes to the material properties or stress boundary conditions used in the analytical 

'Ki solutions.  
To allow direct comparisons of data from each of the two levels in the two instrumented boreholes, 

Wilder and Yow (1986) selected data from two equally spaced time intervals when all 12 gauges were opera

tional. These data and the resulting "principal displacements" are shown in Table 16-3. For each of these 

two cooling periods, borehole convergences in the direction parallel to the axis of the canister drift are 

nearly identical for the four locations. Displacements in the other directions vary considerably (one to eight 

times the calculated maximum RSS error of 15 im, Chapter 9), with the possible exception of the CEH09 

location at 73 days cooling time. As a result of these variations, the principal directions change, both within 

a given borehole and between boreholes (with the exception of CEH09). Although the in-situ state of stress 

is highly anisotropic (Chapter 4), the superposed thermal stresses are probably quite uniform due to the 

test geometry (Chapter 3). In the absence of detailed analysis of these displacements in the context of the 

local geological features and the three-dimensional geometry of the borehole and drift, it is not possible to 

definitively establish the cause of the observed variations.  

16.4 Assessment of Modeling Capabilities* 

Based on the comparisons between data and calculations presented in this chapter, an assessment may 

be made of the capabilities to model facilities similar to the SFT-C with codes such as those used here. It 

appears that the continuum and discrete joint models used here can provide estimates of the displacement 

and stress responses of fractured hard rock such as granite. There was an apparent tendency for the dis

crete joint models (using either dilatant or nondilatant joints) to overestimate the displacements that were 

observed to result from excavation of the underground openings. Although neither formulation predicted 

the observed lateral contraction of the pillars between the drifts, overall agreement with the displacement 

data was better with the ADINA results.  
During the heated phase of the experiment, an ADINA continuum formulation provided calculational 

results that were in good agreement with field data. This observation is tempered by the realization that 

* Contributed by W. C. Patrick.
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Table 16-3. Canister emplacement borehole 
diameter changes following spent-fuel retrieval 
(after Wilder and Yow, 1986).  

Emplacement hole convergence 36.5 days after fuel removal, 

CEH03 CEH03 CEH09 CEH09 

Parallel to axis (mm) 0.200 0.205 0.195 0.200 
+ 60-deg from axis (mm) 0.165 0.190 0.220 0.195 
- 6(-z: c; from axis (mm) 0.155 0.215 0.140 0.170 
Major principal (mm) 0.200 0.220 0.230 0.210 
Minor principal (mm) --.5 0.190 0.140 0.170 
Theta from axis' (deg) ý, 1, ccw 42 cw 39 cw 26 

Emplacement hole convergence 73 days after fuel removal.a 

CEH03 CEH03 CEH09 CEH09 

Parallel to axis (mm) 0.255 0.250 0.255 0.260 
+ 60-deg from axis (mm) 0.220 0.250 0.300 0.280 
-60-deg from axis (mm) 0.210 0.315 0.205 0.235 
Major principal (mm) 0.255 0.315 0.310 0.285 
Minor principal (mm) 0.200 0.230 0.200 0.230 
Theta from axisb (deg) cw 6 ccw 60 cw 44 cw 43 

' All convergence values are rounded to the nearest 
0.005 mm.  

b Theta is the direction of the maximum displacement vector 
in the horizontal plane, measured from the centerline of the 
canister drift.  

data were not available for comparison of the initial several weeks of response and the accuracies of some 
of the instruments were marginally acceptable.  

A particularly important observation is that the geological structure, which appeared to dominate the 
excavation response, was less active during the heated phase of the test. This indicates that it is more im
portant to include geological features when the rock is subjected to dynamic loading (such as drill-and
blast mining) than when the loading is quasistatic. Furthermore, Wilder and Yow (1986) conclude that the 
role of geologic features tends to be greater when they are subjected to stress decreases than when they are 
subjected to stress increases.
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17. Acoustic Emission and Wave Propagation Monitoring* 

This experiment was conducted as part of the SFT-C to determine if acoustic emission and wave

propagation monitoring could, in concept, provide a reliable means for assessing changes in conditions

such as rock stability and permeability-in and around a nuclear waste repository. The results and conclu

sions of over 3-1/2 years of continuous monitoring of acoustic emission and wave-propagation 

characteristics are summarized here together with a description of the instrumentation and experimental 

procedures. Further details and analyses are provided elsewhere (Majer et al., 1981 and 1982; Patrick et al., 

1982 and 1984).  

17.1 Background 

A potential repository monitoring method that possesses the natural advantage of concentrating ex

pected long-term effects into less frequent, (yet much larger) transient effects is based on the observation 

of acoustic emission (AE) or microearthquake (ME) phenomena. Differing only in frequency and distance 

scales (AE involves kilohertz frequencies and centimeter distances; ME involves hertz frequencies and 

kilometer distances), both phenomena represent strain relief through discrete faults or failure events 

within the respective media. There are well-established methods (Johnson, 1979) in ME seismology for 

locating and describing the nature of such sources of elastic wave radiation. With proper scaling, these 

methods are thought to be applicable in investigating AE events from an underground repository. The 

SFT-C study addressed the applicability of ME seismology techniques to AE in monitoring the integrity of 

an underground waste repository.  
, Few studies of seismic activity on this scale have been reported. One such experiment at the Stripa iron 

ore mine in Sweden was conducted by the Lawrence Berkeley Laboratory (LBL) of the University of Cali

fornia and the Swedish Nuclear Fuel Safety Agency (KBS). This experiment employed electrical heaters in 

granite to study thermal stress effects, but the associated AE studies were begun well after the heaters 

were turned on and only one sensor was used. However, considerable AE activity was still observed dur

ing the later stages of the-heating phase. Activity increased during the initial stages of the cool-down per

iod (Paulsson and King, 1980).  

Two mechanisms are generally thought to be responsible for AE activity induced by heating: (1) con

trasting thermoelastic behavior of different minerals within the rock, and (2) thermal gradient effects. Yong 

and Wang (1980) investigated AE from air-dried Westerly granite at atmospheric pressure and over the 

temperature range of 20 to 120'C. An abrupt increase in AE was observed at a threshold temperature of 

approximately 70'C. Yong and Wang (1980) found that above this threshold temperature, the rate of AE 

depended strongly on the rate of heating.  
In further experiments, Yong and Wang (1980) compared AE from specimens of air-dried and water

saturated Westerly granite. The rate of AE in a dry specimen was observed to be higher than for one that 

had been water-saturated at the same temperature and heating rate. This behavior was attributed to differ

ences in thermal gradient within the specimen (the thermal gradient being smaller in the water-saturated 

specimen than in the dry specimen).  

17.2 Measurement System and Instrument Locations 

The equipment selected to monitor AE activity included accelerometers, charge amplifiers, and a 15

channel transient-waveform recorder system interfaced to a microprocessor-based automated seismic 

processor (ASP). The specifications of the equipment are listed in Table 17-1, and the frequency response of 

the system and a system diagram are shown in Figs.'17-1 and 17-2, respectively.  

After consideration had been given to the frequency content of the background noise, the attenuation 

properties of the granite, and source dimensions of the expected cracking, we decided to concentrate on 

the 1- to 10-kHz frequency range. These frequencies correspond to source radii on the order of several 

*Contributed by E. L Majer and W C Patrick.
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Table 17-1. Specifications for accelerometers and 
charge amplifier. (After Patrick et al., 1982.)

-- 1.0 

4a 

S0.1 

0 

T 0.01 

u 0.001 

10

Frequency (Hz) 

Figure 17-1. System response (acoustic emis
sion sensor mounted on stainless steel plus pre
amplifier), obtained by placing the mounted 
sensor on a block of granite and pulsing the 
system for 1-ms. The rock seems to act as an 
effective anti-alias filter. Units are in Hz and 
acceleration response is relative (after Patrick et 
al., 1982).

Columbia 5002 accelerometer 

Sensitivity 

Frequency response 

Resonant frequency 

Capacitance 

Output resistance 

Columbia 9021 charge amplifier 

Source impedance 
(capacitive device) 

Charge gain 

Output impedance 

Frequency response

13 pC/g
2 to 10 kHz (± s%) 
50 kHz 

850 pF 

2 x 10iow 

500 pF max 

100 mVlpC (40 dB) 
12511 

1 to 10 kHz (±5%)

. g = acceleration of gravity.

Charge 
risducer amplifier 

2

15

Transient waveform analyzer

A-D, 10 bit 4096 buffer 

Triggermodule

Any
8 of 
15 

data 
inputs

If I of 8> 
threshold, 

then trigger 
all 15.  

1=1-8

Playback 
& delay_ 0-

Monitor 

21

15

ASP 
and/or 
tape

Figure 17-2. Total system showing the AE sensor (transducer), preamplifiers (mounted as close as possi
ble to the sensor), transient waveform analyzer (Physical Data 515-A), and data handling device [either a 
tape recorder or the automated seismic processor (ASP)] (after Patrick et al., 1982).
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centimeters, using the static model of Brune (1970 and 1971). Although much higher frequencies are gener

ated by smaller fractures, they would remain undetected in the 50- x 20- x 10-in array employed in this 

experiment. The lower frequency was selected on the basis that sources larger than several meters would 

probably be too infrequent at the stress levels encountered at the 420-m subsurface. Furthermore, ambient 

background noises are a problem at frequencies less than 1 kHz.  

The accelerometers were mounted in 40-mm-diameter stainless-steel stock, which were epoxy

cemented into 48-mm-diameter drill holes, shown in Figs. 17-3 and 17-4. Those sensors numbered 1, 2,3, 8, 

9, 10, 11, 12, 17, 18, and 19 were shallow and horizontal, 0.3 to 0.6 m above the mine floor. Those sensors 

numbered 4, 5, 6, 7, 13, 14, 15, and 16 were placed in inclined holes 6.5- to 7-m deep, drilled from the side 

drifts to a level even with the bottoms of the canisters. The deep sensors numbered 5, 6, 14, and 15 con

tained accelerometers, and the one numbered 13 contained a piezoelectric source for velocity and attenua

tion monitoring. In total, 15 accelerometers were installed to form a three-dimensional array centered on 

the row of canisters.  
, The amplified signals from the sensors were sent to the instrument alcove and digitized to 10-bit accu

racy at 100,000 samples/s by the transient waveform analyzer. If the signal level rose above a preset thresh

old, a 4096-point data window was captured by the waveform analyzer and played back at 20 samples/s to 

a slow-speed, 14-channel tape recorder (frequency response dc to 40 Hz) or to the automated seismic proc

essor at 200 samples/s. A triggering module monitored eight of the fifteen stations. If the signals of any one 

or more of these eight selectable stations rose above a preset threshold, the event triggered playback at the 

reduced rate for the 4096-point data window on all fifteen channels. Between events, the raw data were 

sent real-time to the recorder and ASP. A visual monitor on one of the trigger stations provided a 

continuous record of events so that they could easily be located on the magnetic tapes. Except for the tran

sient waveform analyzer, the system was identical to that used to monitor and record earthquakes. The 

waveform analyzer permitted the scale-down from high AE frequencies to the much lower earthquake 

frequencies.  
Unfortunately, when many events occur, full processing of the data becomes tedious, time

consuming, and far too labor-intensive. A similar problem was encountered in applying passive seismic 

techniques to geothermal exploration (Majer and McEvilly, 1979). During that study, fully processing 100 
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0 50 AE sensor 
ft ''''=Spent 

fuel 
ft 0 = 2.5-kW heater 

o = 0.4-kW heater 

Figure 17-3. Plan view of Climax experiment showing waste canisters, heaters, and acoustic emission 

sensors. Signals from the AE sensors are hardwired to the instrumentation alcove (after Patrick et al., 

1982).
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�9.

Figure 17-4. Cross section of mine openings showing AE sensor locations in "deep" holes (dashed 
lines) and on the surface (after Patrick et al., 1982).  

events recorded at twelve stations required several months of work. Therefore, we designed and fabri
cated an in-field processing and virtual real-time display of seismic-event source parameters. This ASP is a 
microprocessor-based, parallel-processing computer. It is self-contained, low-power (CMOS, 
1 W/channel), capable of providing sophisticated data analysis, and it eliminated the need for peripheral 
data storage devices or computers. Basically, a set of real-time algorithms perform event detection, P- and 
S-wave timing, and amplitude functions. Then Fourier transforms are calculated and processed to deter
mine source parameters for the events. The available modes of calculation were: 

1. Event count, number of events (from test initiation) that have met amplitude and occurrence 
criteria.  

2. Event location, x,y, and z coordinates, t, and the residuals.  
3. Cumulative and interval b-values, for P- and S-wave amplitudes (maximum-likelihood method).  
4. Source properties from spectral data; i.e., using dc level, corner frequency, and high-frequency 

slope to estimate the moment, source area, displacement, and stress drop.  
5. First-motion polarity for fault plane solution.  
6. Debug mode (all raw data are printed out).  

A more detailed description of the ASP is provided by Majer et al. (1981).
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j 17.3 Summary Results of Acoustic Emission Monitoring 

Continuous monitoring of AE activity began about 3 months before spent-fuel emplacement, was con

ducted throughout the 3-year storage phase of the SFT-C, and was completed about 5 months subse

quent to spent-fuel retrieval. The locations of seismic events are shown in relation to the thermal sources 

deployed at the SFT-C, in Figs. 17-5 and 17-6. Locations were calculated using raw data acquired by the 

ASP in conjunction with calibration data obtained by recording the signals resulting from hammer blows 

at known locations. This technique resulted in determination of locations to within ±0.5 m.  

Although the clustering of events near the canister emplacement holes was expected, the spatial segre

gation of AE activity in plan view is striking. Despite a uniform distribution of AE sensors, nearly all events 

are located in the southeastern region of the test array. Geologic structural data reported by Wilder and 

Yow (1981) provides a possible reason for this segregation (Chapter 4). All events reported here are located 

to the south of a NE-SW trending fault that passes between CEH05 and CEH06. In addition, nearly all 

events are east of a NE-SW trending shear zone that passes through CEH09 (the center hole). It appears 

that although the thermal load is relatively uniform throughout the test array (Chapter 13), stresses and/or 

strength (which govern rock failure and, hence, AE) are not uniform. Stress differences under uniform 

loading conditions could be the direct result of differences in rock-mass deformation moduli, whereas 

strength differences may be the result of spatially varying fracture intensities and orientations, both of 

which may be related to the fault or shear zones, particularly ones oriented N 55-deg E. Insufficient data 

are available to conclude whether or not variations in moduli and strength may be the cause of the ob

served anomaly in AE, activity.  
The time-varying nature of AE activity is clearly shown in Fig. 17-7. Several peaks of activity super

posed on a background of two to three events per week are evident. The major peaks at the beginning and 

end of the storage phase of the test demonstrate the sensitivity of the monitoring technique to rapid 

changes in thermal stresses induced in the rock. The three short-duration peaks that occur late in 1980, 

1981, and 1982 are the direct result of rapid thermal transients resulting either from increasing the thermal 

output of heaters or from loss of power to several of these thermal sources.  

Two distinct types of events were recorded during this study (Majer et al., 1982). Type 1 events had 

characteristics similar to what one would observe in a ME: clear P- and S-wave arrivals, impulsive onsets, 

and b-values near unity. Type 2 events occurred in "swarms" with quite different characteristics: poorly 

defined S-wave, emergent onset of the P-wave, and restricted range of magnitudes. Although attenuation 

could be expected to produce similar differences in characteristics, this does not appear to be the case her?.  

Comparing Type 1 and Type 2 events with similar travel path lengths, the latter are generally of greater 

magnitude and lower frequency content than the former.  

It is interesting to note that although laboratory research (Yong and Wang, 1980) indicates that AE ac

tivity does not begin until about 70'C, we observed significant activity at lower temperatures. We hypothe

size that the incremental thermal stress superposed on tectonic and excavation-induced stresses was suf

ficient to produce AE at lower temperatures. An additional contributing factor is the existence of 

macroscopic fractures in the rock mass, which were absent in the laboratory specimens. Majer et al. (1982) 

have previously reported that the AE events appear to cluster on or near such geologic features.  

17.4 Summary Results of Wave Propagation Studies 

Wave propagation studies were initiated about 6 months following spent-fuel emplacement. The 

source for monitoring amplitudes and arrival times at AE sensors throughout the test array was provided 

by a piezoelectric crystal installed in the bottom of sensor hole AE13 and pulsed with a 1.6 kV, 3-As rise-time 

power supply. Because of concern for possible recording and source-receiver coupling variations, P-wave 

amplitude data are reported relative to data received at acoustic emission sensor AE19. It is important to 

note in the following discussion that it was not possible to locate the path between sensors AE13 and AE19 

outside the thermally affected zone. Therefore, ratios of the data may cancel out thermal effects on P-wave 

amplitude that might otherwise have been observed.  

In examining Figs. 17-8a through 17-8c, we discern no trend in P-wave amplitude relative to the P-wave 

amplitude at AE19. As observed above, this is very likely the result of experiment bias. The S-wave to P

wave amplitude ratios shown in the same figures display a definite increasing trend during the early
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Figure 17-5. Plan view of acoustic instrumentation locations and zones of principal seismic activity (after Patrick et al., 1984).
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Figure 17-6. Cross-sectional view of acoustic emission instrumentation locations and zones of principal 

seismic activity (after Patrick et al., 1984).  

phases of the test, followed by a broad, somewhat erratic plateau, and ending in a slight downturn. This 

trend in SIP amplitude ratio approximates the temperature trend in the central region of the SFT-C. Only 

minor variations in SIP amplitude ratio are observed at AE19, probably because the path between AE19 

and the source in AE13 is much shorter than the other paths. It is interesting that, although the trend of SIP 

amplitude ratios follows that of temperatures, the SIP ratio at the end of the test is definitely greater than at 

the beginning of the test. This difference remains although temperatures are only slightly (10 to 15°C) 

above ambient, indicating a more or less permanent change in the wave propagation characteristics of the 

rock mass in the vicinity of the SFT-C. This conclusion is substantiated by Wilder and Yow (1986) who 

report that geologic features tended to not fully recover following the episode of heating and subsequent 
cooling.  

In addition to these amplitude data, arrival times were also recorded. Based on a digitizing rate of 

100,000 samples/s, or 10 ps, and a maximum travel time of 3 ms, we were able to resolve velocity changes to 

better than 1%. No changes in P- or S-wave velocities were recorded throughout the monitoring period.
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Figure 17-7. AE activity and temperatures from January 1980 through June 1983 (after Patrick et al., 1984).

(Q

0 200

(



Years out of core 
3.0 3.5 

88 

6- 6 

E 4 CD 0 4 "-----" 'AE3 4 

> ... A E 14 23 

Cn C 2 ------ ----- ------ ----.  
4 AE19 1 

1 

CL 3 

E. - -AE5~ ~ 
(>. 2 AE2 

-a--. A E12 .- 1 

v- M 300 320 340 360 4 24 44 64 84 104 125 145 165 185 205 225 245 265 285 

< O. 1980 1981 

Days 

Figure 17-8a. P-wave and S-wave amplitude changes through day 285, 1981 (after Patrick et al., 1984).
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Figure 17-18b. P-wave and S-wave amplitude changes from day 285, 1981, through day 190, 1982 (after Patrick et al., 1984).
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17.5 Conclusions and Recommendations

The frequency of AE activity is directly related to changes in energy deposition to the rock mass.  
Changes in AE frequency rapidly followed such changes in the rate of energy deposition. Spatial varia
tions in AE activity appear to relate to variations in rock-mass strength and deformation characteristics, 
although insufficient data exist to conclusively establish this relationship. Previous analyses of the AE data 
(Patrick et al., 1983) indicate small-scale shear or fracturing on the order of 0.01- to 0.05-mm per event with 
source dimensions of several centimeters.  

Monitoring revealed that no variations in P- and S-wave velocities occurred at the scale and tempera
ture ranges of the SFT-C. Measurable changes in the SIP amplitude ratios were recorded where path 
lengths exceeded several meters. These changes are hypothesized to be due to closure of fractures and/or 
drying of the rock mass at elevated temperatures. Changes in P-wave amplitudes could not be clearly de
termined, because the reference path could not be located outside the zone of influence of the SFT-C.  

If future studies are undertaken, the following are recommended: 
1. Monitor before, during, and after any thermal disturbances.  
2. Station spacing be on the order of several meters.  
3. If velocity variation is monitored, the resolution be on the order of 1 is.  
4. Total processing be carried out. [Event count or occurrence rate is not adequate at the scales in

volved; fault-plane solution and moment tensor analysis related to available stress and displacement mea
surements are also required. Such analysis was attempted but too few events occurred at the scales in
volved (tens of meters) to obtain any conclusive results.] 

5. Once zones of AE have been determined, a smaller-scale array be emplaced to collect information 
for comprehensive data analysis.  

6. A larger number of sources be used for controlled velocity and amplitude monitoring, and a refer
ence path be established well outside the zone of influence of the experiment.  

In general, we conclude that seismic measurements can provide useful information on the overall sta
bility and integrity of a rock mass subjected to stress changes from excavation activities either alone or in 
combination with thermal loads. It also appears that the techniques employed at the SFT-C have broad 
use in monitoring suspected zones of weakness. Application of these techniques for delineating individual 
small fractures does not appear to be possible nor particularly useful at this time.
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18. Metallurgical Investigations*

Metallurgical investigations were conducted to address three areas of concern: water leaking into the 

interior of a welded emplacement borehole liner, subsequent corrosion of the canister inside the liner, and 

corrosion of the thermocouple sheaths and connecting rods of borehole extensometers.  

18.1 Analysis of Emplacement Borehole Liner Weld 

Each of thelO.61-m-diameter canister emplacement holes (CEH) was lined with a 0.46-m-diameter 

6.4-mm-thick carbon steel liner constructed of tubular pipe sections with a flat 6.4-mm-thick plate welded 

to the bottom. Although the liners were specified to be watertight, temperature measurements on CEH01 

indicated that the liner leaked within the first month following spent-fuel emplacement (Fig. 18-1; Patrick 

et al., 1983). Further monitoring of temperatures indicated that the water was present at least until 3.1 

YOC. This conclusion is based on the observation that the canister temperature did not rise above the local 

boiling point of water. At 3.1 YOC, the heat output decayed to a level where boiling ceased at the canister 

surface. The break in trend on the liner temperature curve at this time also indicates that water was being 

evaporated from the annulus between the liner and canister.  
We inspected the CEHO1 canister and liner during a scheduled spent-fuel exchange in August 1982 

(Chapter 11). Although it appeared undamaged during a remote videotape examination, numerous "high 

water marks" formed by iron oxide stains were present on the stainless steel canister. The interior of the 

liner was completely dry despite the presence of water to a height of about 2 m in the liner/emplacement 

hole annulus. There was an abundance of iron oxide materials that resulted from partial corrosion of the 

inside of the liner. No radioactive products were present.  
Following retrieval of the spent-fuel assemblies during March and April 1983, all 17 CEH liners were 

extracted. In the process, the bottom weld on the CEH01 liner broke loose and water from outside the liner 

once again entered. Inspection of the other liners revealed partially broken welds and, more typically, a 

fine line of iron oxide on the exterior of the liner at the location of the weld.  
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Figure 18-1. Temperature histories of the canister and borehole liner located in CEH01. Note the break in 

the trends of the curves at about 3.0 YOC which result from water being boiled out of the canister-liner 

annulus (after Weiss et al., 1985).  

*Contributed by H Weiss, R. Van Konynenburg, and W. C. Patnck.
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A carbide-tipped saw was used to obtain samples of the CEH01 liner that were returned to LLNL for 
analysis of corrosion and weld integrity. The question of corrosion was simple and direct to answer: the 
corrosion was limited in extent and normal in character. There was no evidence of pitting or crevice attack.  
The question of weld quality was investigated further to determine the cause of the weld failure and to 
determine if failure could be avoided in future applications.  

The weld specification called for a nondimensioned chamfer and a dye penetrant inspection. This type 
of test is useful in determining surface cracks, but not weld penetration. In this particular case, there was 
no reference on the drawing to a required penetration other than filling the chamfer.  

Figure 18-2 shows a cross section of a typical section of the CEH01 liner weld. This cross section indi
cates the lack of penetration: part of the chamfer is still in evidence (note the dotted line). There is a corro
sion crack in the weld that was probably generated as a result of the crevice and high stresses (Fig. 18-3).  
This latter figure shows why the welded parts separated: the crack almost reached the outer surface of the 
liner. As a result of the narrow crevice created by the shallow weld, selective corrosion of an intergranular 
and transgranular nature occurred in the joint.  

An ultrasonic technique was developed and evaluated to provide 100% field inspection of welds of this 
type using a combination of shear-wave angle beam and longitudinal-wave normal incidence search units.  
Because plate thickness may vary as a result of corrosion or metal-forming processes, it was necessary to 
determine actual plate thickness at each point where lack of penetration (LP) was to be measured. This was 
done with a normal incidence search unit. Knowing the plate thickness, the 450 angle-beam search unit 
was used to find and measure the extent of LP. Accuracy of the LP measurement was a function of three 
variables: material thickness, refracted angle of the search unit, and length of the sound path of the LP 
indication. All must be accurately known. Our test geometry provided LP accuracy of ± 0.010 in.  

In conclusion, it appears that the adequacy of the canister-emplacement-hole liner weld could have 
been ensured by taking three basic steps, which we recommend for future welding in tests and full-scale 
nuclear waste storage schemes. First, provide proper welding instructions in the drawings. Second, spec
ify testing appropriate to the function the weld must fulfill. Third, inspect 100% of the parts using the 
proposed ultrasonic technique when a high level of certainty is required.  

Figure 18-2. Lack of weld penetration and remnant chamfer associated with CEH01 liner weld (10 x) 
(after Patrick et al., 1984).
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Figure 18-3. Corrosion crack in the crevice of the CEH01 liner weld. Note remnant of chamfer (33 x) 
(after Patrick et al., 1984).  

18.2 Corrosion of Emplacement Borehole Liners 

After the borehole liners were extracted following retrieval of the spent-fuel assemblies, we found that 
each of the 11 liners that had contained spent fuel showed significant corrosion in a 3-4-cm-wide band 
around its outer surface, at the transition between the thicker, top section and the thinner, bottom section 
(Chapter 7). In some places, the corrosion was about 5 mm deep. None of the six liners that had contained 
electrical heaters exhibited such corrosion. Since the temperature histories and the initial chemical envi
ronments of the spent-fuel liners and the heater liners were essentially the same, the corrosion appears to 
have been related to the gamma irradiation present around the spent-fuel liners.  

The most likely explanation appears to be that the gamma irradiation fixed a small fraction of the nitro
gen in the liner-rock annulus as NO, and nitric acid (Jones, 1959), and that these species condensed with 
water on the coolest accessible surface. As a result of enhanced heat conduction in the thicker section and 
end effects, the coolest surface was the band where the corrosion was observed. Dilute nitric acid is

279



thought to react autocatalytically with iron, so that even though only a few grams of HNO3 are calculated 
to have been formed in each emplacement hole annulus, a significant increase in the corrosion rate could 
occur (Evans, 1960). We did not perform any experiments to verify this hypothesis, but radiation-enhanced 
corrosion by the nitric acid mechanism has been studied and documented by others (Byalobzheskii, 1970).  

18.3 Metallurgical Analysis of Spent-Fuel Canister 

After the spent fuel was retrieved from the SFT-C, the canister located in CEH01 (described above) 

was cut open, the fuel assembly removed, and the canister decontaminated and sectioned for metallurgi

cal analyses. These analyses were reported by Weiss, Van Konynenburg, and McCright (1985) and are sum
marized here.  

The main body of the 304L stainless steel canister was constructed from a 3.92-m-long standard 356

mm-outside diameter, 9.52-mm wall pipe section (Chapter 7). An ellipsoidal end cap of the same material, 
a 230-mm-long upper section of 356-mm-outside diameter, 23.8-mm wall 304L pipe section, and a threaded 
top closure completed the canister.  

The temperature history of the canister was as noted in Fig. 18-1. At the canister midsection, the 
gamma dose rate decayed from 1.9 x 104 rad/h (53 mGy/s) to 8.0 x 103 rad/h (22 mGy/s) during the 3-year 

storage period (Van Konynenburg, 1984).  
After retrieval and removal of the spent-fuel assembly, the canister was cut into seven cylindrical sec

tions and the bottom dome section, which were steam cleaned to remove contamination and shipped to 
LLNL for evaluation. The longitudinal autogenous welds were found to be sound with no fissures, but 

penetration through the pipe wall was incomplete. The "high-water marks" observed during the August 

1982 inspection were not visible, possibly because they were removed by the steam cleaning process. In 

addition, a suspected "corrosion pit" was examined. Under magnification, this feature was determined to 

be an arc strike mark, and no evidence of pitting or intergranular corrosion was observed.  
We conclude that the 304L stainless steel canisters provided excellent performance during the three

year storage phase of the SFT-C, even when the emplacement borehole liner allowed boiling ground
water to come in contact with a canister.  

18.4 Corrosion of Instrument Components 

18.4.1 Analysis of Extensometer Connecting-Rod Failures 

The 6.35-mm-diameter connecting rods associated with the borehole extensometers located in the 

canister drift of the SFT-C began to experience failures shortly before spent-fuel retrieval operations 
began. By the end of the data acquisition period, six rods had failed. Another failed after completion of the 

SFT-C, and three more fractured during post-test evaluations (Chapter 9, and Patrick, Rector, and 
Scarafiotti, 1984).  

Metallographic sections of the failure surfaces revealed classic stress-corrosion cracking to be the 
mechanism of failure in this 31.5% Ni, 5% Co, iron alloy (Superinvar). The environment to which the rods 
were subjected was relatively benign: temperatures fairly uniform in the range of 45 to 55°C, low tensile 

stresses, sealed (at least at installation) from ground water, and test duration of about 3 years. The presence 
of a small amount of calcium carbonate in the root of the corrosion cracks led us to believe that the sealing 

had failed at some time during the test, allowing ground water to contact the rods and possibly causing 
galvanic coupling with the copper hydraulic anchorage system and zinc-plated hardware present on the 
outside of the extensometer.  

We attempted to reproduce in the laboratory the type of failure observed in the field instrumentation in 
an effort to determine the conditions that contributed to the failures. We conducted two series of experi
ments using virgin Superinvar obtained from the same lot as was used in the field instrumentation. A 

variety of couplings and specimen surface preparations were evaluated, as described below, but all speci
mens had in common exposure to Climax ground water and temperatures of 50'C.  

In the first series of experiments, single Superinvar specimens turned to a reduced diameter of 

0.76 mm were dead-weight-loaded to attain stresses of 90% of tensile yield strength. Five cells were set up
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for this series. Cell 1 contained only Superinvar; cell 2, Superinvar coupled to copper; cell 3, Superinvar 

<./ coupled to 1020 steel; cell 4, Superinvar coupled to zinc-coated 1020 steel; cell 5, Superinvar coupled to 

copper, steel, and zinc.  
The specimen in cell 2 (coupling with copper) failed after 550 h of exposure. Fractography of the failed 

surface indicated that corrosion did influence the failure, but that the fracture was mostly ductile and not 

like the fractured surfaces from the extensometer rods that failed in the field. This test was repeated with 

no failure noted.  
A second test specimen failed after 2000 h. This unit had both copper and carbon steel segments at

tached to the test frame. The surface morphology of this specimen was one of stress corrosion cracking and 

ductile failure of the reduced cross section. Intergranular and transgranular fractures dominated the mor

phology, with evidence of ductile deformation present in the form of "dimples." The surface morphology 

of the specimens that failed in the field was primarily transgranular, that is, flat and across the grains.  

Thus, the failure mechanism was somewhat different in the laboratory test, making extrapolation to the 

field tenuous. However, if one extrapolates from the observed corrosion rate of 0.30 to 0.56 mm per year, 

then these data are consistent, in terms of time to failure, with failures observed in the field.  

In the second series of experiments, the Superinvar specimens were loaded in proving ring assemblies 

to a stress calculated to be 50% of tensile yield strength. The proving ring itself was covered with an imper

meable silicone coating and the assemblies were placed in cells containing Climax ground water at 50'C.  

Three cells were set up for this experimental series. Cell 1 contained three proving rings with rods having a 

freshly machined Superinvar surface and three proving rings of the as-exposed (scaled and oxidized) Su

perinvar. Three specimens each were used for replica'tion of results. Cell 2 contained three proving rings 

with rods having as-exposed Superinvar surfaces galvanically coupled to copper. Cell 3 contained three 

proving rings with rods having as-exposed Superinvar surfaces coupled to zinc-coated steel.  

Whe'n no failures had occurred after several thousand hours of testing these full 6.35-mm-diameter 

specimens, the ground water in the test cells was made more hostile by adding 94 g/L CuCI2-2H 20. Corro

sion progressed very rapidly and two failures occurred and were analyzed. Corrosion and oxidation of the 

\_,- fracture surfaces were very severe. After cleaning, the fracture surfaces were examined by both optical and 

scanning*electron microscopes.  
Figures 18-4 and 18-5 are photomicrographs of the first rod that failed in the field application, and 

Figs. 18-6 and 18-7 are photomicrographs of the laboratory-tested specimen in ground water plus CuC12

2H 20. Although the latter is much more severely attacked, both SEM photographs show a similar combi

nation of intergranular- and transgranular-type fracture. The photomicrographs also show the combina

tion of both types of stress corrosion cracking. However, the more severely attacked laboratory specimen 

shows some pitting along the fracture path, which is related to the presence of chloride ion. The laboratory 

specimen shows no evidence of a ductile failure. Its fracture surface is similar in morphology to that of the 

field failure sample.  
Understanding that there are some caveats, it is interesting to compare our failure with the well

known breaking-time curve for nickel alloys (Fig. 18-8; Copson, 1959). This suggests that a Fe-Ni-Cr alloy 

under a very hostile environment would be very sensitive to stress corrosion cracking. Our particular ma

terial does not have the chromium to form a passive layer, which certainly would have some effect on the 

time-to-failure. The point to be made is that, in a chloride environment with applied stress, Superinvar is 

not a good choice of material for corrosion resistance. In our particular application, we selected Superinvar 

based on thermal expansion rather than corrosion characteristics. Inadvertant leakage through seals ap

parently allowed the entrance of ground water with its associated minerals, leading to the eventual failure 

of the rod. Clearly, exclusion of ground water from the extensometer could have prevented the observed 

failures.  

18.4.2 Thermocouple Sheathing Corrosion 

Nearly 500 Type K thermocouples were deployed to monitor temperatures throughout the test array.  

All were specified to be sheathed in Inconel 600 with MgO electrical insulation.  

Although no thermocouple failures occurred during the data acquisition period, four sheaths were 

found to be corroded during post-test calibration activities (Fig. 18-9). All four were located in spent-fuel 

storage boreholes: three on the outer surface of a liner up to the time corrosion was noted and one on a liner 

followed by subsequent redeployment in the empty borehole to monitor another instrument. In these po

sitions, temperatures ranged from 80 to 100'C and total gamma dose was estimated-at 2 x 108 rad during
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the 3-year storage period. The fourth thermocouple experienced a subsequent 6-month exposure to tem
peratures, declining from 60 to 30'C.  

Metallurgical analyses of the sheaths revealed that while two were Inconel 600, as specified, the other 
two were 304-series stainless steel., We speculate that the latter two units were erroneously sheathed at the 
time of manufacturing. The extent to which incorrect sheathing was used for the nearly 500 thermocouples 
is unknown since it was not confirmed by subsequent sampling, a process deemed unnecessary because 
none of the remaining thermocouples exhibited corrosion or any other problem at the time of post-test 
calibration.
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Figure 18-4. Fracture developed in a Superinvar extensometer rod which failed in service (40 x) (after 
Patrick et al., 1984).

Figure 18-5. Micrograph of stress corrosion cracking in a Superinvar extensometer rod which failed in 
service (1000 x) (after Patrick et al., 1984).
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Figure 18-6. Fracture development in a Superinvar rod which failed during testing (21x) (after Patrick 

et al., 1984).

<,-' Figure 18-7. Micrograph of fracture surface of Superinvar rod which failed during testing (1000 x) (after 
Patrick et al., 1984).

283



1000

E 

a,

100 [+

104-I

1
0 ' 20 40 60 80 

Nickel content (wt %) 

Figure 18-8. Relationship between breaking time and nickel content (after Copson, 1959).
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Figure 18-9. Corroded stainless steel thermocouple sheath showing exposed thermocouple wires and 
magnesium oxide insulation.
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