M echanics of Granular Materials

(MGM)

Experiment Flight Hazard Analysis
and
Safety Compliance Data

Laboratory for Atmospheric and Space Physics
University of Colorado at Boulder
September 20, 2000



EXECUTIVE SUMMARY

The enclosed report and associated documents represent the Safety Compliance Data Package (SCDP)
for the Mechanics of Granular Materials (MGM) Experiment that has been manifested on STS-107 /
SPACEHAB currently planned for June 2001. This mission is the third flight for MGM and will
hereafter be identified as MGM-I11. The first experiment, MGM-I, was flown on STS-79 / SPACEHAB
[ MIR-04 in September 1996. This mission is presently considered for safety hazard reverification
purposes to be the “baseline mission”. The second experiment was flown on STS-89 /SPACEHAB /
MIR-08 in January 1998. The present report, "MGM Experiment Flight Hazard Analysis and Safety
Compliance Data," is based upon the same-titled report for MGM-1, which was authored by Sandia
National Laboratories (SNL) and the report for MGM-I1, authored by the Laboratory for Atmospheric
and Space Physics (LASP) of the University of Colorado at Boulder (UCB). The MGM-I experiment
hardware, software, and auxiliary hardware were designed, built, and tested by SNL. Subsequent to the
MGM-I flight in September 1996, responsibility for MGM missions has been assumed by LASP. Dr.
Stein Stureisthe MGM Principal Investigator (UCB) and Dr. Nicholas C. Costes is Co-Investigator
(UCB). Marshall Space Flight Center (MSFC) continues in the role of NASA sponsorship and
overseeing the MGM program. Dr. Khalid Alshibli isthe MGM Project Scientist(MSFC, University
AlabamaHuntsville (UAH).)

As was the case for the SCDP for the MGM-I and MGM-II missions, the present MGM-II1 report
authored by UCB/LASP includes a narrative MGM description with illustrationsin 6 sections covering
the MGM Experiment Overview, Flight Hardware, Thermal Control System, On-Orbit Operations,
Safety Assessment, and Hazard Analysis. The Hazard Analysis section of the SNL MGM-I report
included the detalled Payload Hazard Reports (PHRs), recorded on JSC 542B forms, for each
applicable hazard in hazard groups defined by NSTS 1700.7B, paragraph 209.1. Since the STS-107
mission is areflight for MGM, the MGM-I11 flight hardware has been evaluated as series hardware in
accordance with Section 9 of NSTS 13830 REV C, items A through N. In place of PHRs, the MGM-I 1
Reflight Hazard Analysis comprising Section 6.0 of the present report submits the 'unique data for
series/reflown elements by addressing theitems A-N inclusive. Item E in 6-E provides an Assessment
of Verification Methods through the Hazard Control Reverification Status Matrix for MGM-I11 (Series
Hardware). Safety verification methods for each hazard item in Payload Hazard Reports of the baseline
mission are tabulated to allow assessment of the status of corresponding MGM-I111 safety reverification
items and monitoring their submittal to the Safety Verification Tracking Log.
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1.0

MECHANICS OF GRANULAR MATERIALS

MGM EXPERIMENT OVERVIEW

The Mechanics of Granular Materials (MGM) experiment is designed to study the behavior of
cohesionless granular materials at low confining pressures in a microgravity environment.
Quantification of material constitutive behavior such as load-deformation, stress-strain, instability
and failure modes, and ultimate strength will advance the understanding of interactions between solid
particles and interstitial fluids. These interactions can contribute to catastrophic eventsin geologic
granular material deposits, such as landdides, dam failures, soil liquefaction caused by earthquakes
or wave action, and land erosion.

The MGM-II1 flight experiment will consist of 9 displacement-controlled, axial compression /
extension tests performed at very low differential confining pressures (< 0.075 psid) on right
cylindrical specimens of approximately 75 mm diameter and 150 mm in length. Test specimens
consisting of solid granular particles enclosed in athin, linearly elastic latex membrane are prepared
under controlled compaction methods and environmental conditions. The specimens are water
saturated, with the interstitial water kept at 2 psig pressure. Each end of the specimen incorporates a
rigid circular platen by which axial loading is applied. The specimen is enclosed in alarger, water-
filled prismatoid, which is pressurized at approximately 15 psig during transportation and storage.
The cdl is reduced in pressure to provide low differential confining pressure during on-orbit
experiment operations. The combined specimen / prismatoid plus associated sensors, cables and
connectors, etc., comprise a“test cell”. The 9 experiments will be performed on 3 separate, but
essentially identical, test cells during the STS-107 mission. Each test cell will be re-used twice, for a
total of 3 experiments per test cell. The ninth experiment will not be completed, but instead saved in a
re-used, pre-test configuration for post-flight examination.

The Phase I11 Flight Safety Review for the first and second flights of MGM were held on May 9-10,
1996 and September 16, 1997, respectively. There were no action items levied against MGM-I1 or
MGM-II by the Phase |11 Flight Safety Review Panel, and both were considered to be safe for flight.

A series of nine displacement-controlled triaxial compression experiments were performed in the
SPACEHAB module of the Orbiter, during STS-79 and STS-89 missions to MIR. The experiments
were conducted on atotal of nine right cylindrical specimens 75 mm in diameter and 150 mm in
length at confining pressures ranging from 0.189 psi to 0.007 psi (1.30 kPato 0.05 kPa) at relative
densities of 85% (STS-79) and 65% (STS-89). The displacement-controlled test configuration was
chosen to maintain overall specimen-apparatus stability aswell aslocal material stability in the event
of continuous or discontinuous bifurcation instability. All MGM-1 and MGM-I1 experimental test
cells, axial load testing, fluid pressure control, and data recording elements performed such that
scientific return was 100% for the overall missions.

In-flight anomalies on STS-79 occurred during the deactivation phase of both the first and third
experiments, and a hardware grounding anomaly was noted post-flight. In-flight anomalies aso
occurred on STS-89 during one experiment. None of these anomalies had any impact on safety or
science, as described in detail in Section 6-1, where resolution of the anomalies to prevent recurrence
on the presently manifested mission is also presented. For safety reverification of MGM flight
hardware and experimental procedures for the STS-107 reflight misson, STS-79 (MGM-I) is
considered the baseline mission.



2.0

MGM FLIGHT HARDWARE

2.1

2.2

2.3

General

MGM hardware is composed of two double-locker assemblies that provide structural
support and equipment mounting. For the first MGM-I flight on SIMM-04 the twin
double lockers held three test cell assemblies during ascent, descent, and in on-orbit
storage before and after experiment runs. This was also the case for MGM-II /
SPACEHAB / SIMM-08. However, three additional test cells were flown and carried in
separate SPACEHAB stowage. For MGM-111 on STS-107 the three test cells will all be
carried in separate SPACEHAB stowage. Each test cell consists of atest sample, sample
confinement, compressing mechanism, plus associated sensors, cables, and connectors.
Experiment operations are controlled by internal microprocessors and operated though a
user-interface on an external computer. Additionally, MGM has three locker-mounted
CCD video cameras, whose signals are multiplexed and interface with an externa
camcorder. This dlows for recording the sample displacement and deformation as
revealed by motion of grid patterns printed on the elastic latex membrane.

MGM hardware has been designed for compatibility with the Orbiter Middeck aswell as
the SPACEHAB module. For STS-107, MGM-I11 will be mounted on the aft bulkhead
of the SPACEHAB module. The experiment utilizes a self-contained viewing stage into
which experiment test cells are inserted on orbit for testing. MGM video cameras are
pre-adjusted so that additional focusing and alignment are not required. An STS-
provided Payload General Support Computer (PGSC) provides the crew interface to the
experiment control system. New to MGM, telemetry (both commanding and data) will
also be used on STS-107. An STS-provided camcorder records video data to document
test results. An experiment system functional block diagram is shown in Figure 1. Flight
hardware operational configuration isillustrated schematically in Figure 2. The following
paragraphs provide further hardware description.

Twin Double-L ocker Assembly

The Twin Double-Locker Assembly (TDLA) and test cell comprises the heart of the
MGM flight hardware. The TDLA consists of two horizontally adjacent, auminum
double locker structures asillustrated in Figure 3. The locker structures interface with the
SPACEHAB aft bulkhead by way of double experiment mounting plates that are
provided by SPACEHAB. The TDLA incorporates integra mounting / stowage
provisions for most MGM experiment components. Three stowage drawers are required
for storage of three test cells and miscellaneous small items.

Test Cell

The test cell isawater-filled prismatoid of triangular cross section that contains the
experiment sample and compressing mechanism. Figures 4 and 5 present several views
and detalls of the test cell. The sample consists of “Ottawa F-75 Silica’ sand, a
uniformly sized (0.2 £ 0.1 mm) granular material, pre-tumbled with particles smaller
than US Sieve No. 200 (i.e., smaller than 0.074 mm) removed. The sand is tumbled,
washed and dried before being closely packed, using a standardized dry pluviation
technique, into a 75 mm diameter by 150 mm tall cylindrical mold that holds and shapes
the latex sleeve. A vacuum is applied alowing release of the mold, and the sample
(including the latex deeve) isinstalled in the test cell between circular end platens, one of
which isfixed and the other moveable. The outside of the test cell is then assembled
around the specimen, filled with water and pressurized, confining the sand and allowing
the release of the vacuum. The internal voids in the sand are then filled with water. (On
previous missions, the voids contained only air.) The fixed platen isintegral with one of
the test cell end caps. The moveable platen is driven axially by means of alead screw
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mechanism powered by a stepper motor affixed to the opposite end platen of the test cell.
Thetest cell stepper motor operates continuously at a predetermined rate and dissipates
2.0 Watts electrically. The motor shaft output is connected to an integral reduction gear
train, which drives the moveable sample end platen. Sample end platens have polished
tungsten-carbide wear surfaces.

The two test cell end caps are triangular and made of aluminum. They provide fluid
boundaries, fluid interfaces and ports, and structural support for the end platen drive
mechanism. They also provide eectricad connection accommodation, and mounting
features for launch, landing, and on-orbit operation.

The test cell end caps are separated by three stainless steel rods, which also serve as
alignment guide rods for the moveable end platen. Each rod has a threaded portion at
both ends and two machined shoulders that assure precise spacing between the two end
caps. Therods provide test cell structural integrity in the axia direction and ensure
precise pre-loading of elastomer seals between the end caps and the Lexan outer shell of
the test cell.

The lateral water boundaries are provided by a hollow Lexan outer shell, machined to a
triangular cross section as shown in Figure 4. Lexan is optically transparent to permit
video recording of the sample during experiment operations. Redundant O-rings
installed in each test cell end cap provide a water-tight seal between the Lexan shell and
the end caps as shown in Figures 4 and 5.

Each flight-configured test cell contains approximately 150 cubic inches (2.5 liters) of
deionized, distilled water. The void space within the sand is saturated with water stored at
2 psig. In addition, test cell water contained by the water jacket surrounds the sample and
is pressurized at approximately 15 psig during transportation and storage to maintain
mechanical stability of the sample during these periods. The closed-loop fluid systemis
filled before launch and does not require any makeup or removal of water. On STS-79
and STS-89, water was removed from the system following each test. For STS-107 water
will be transferred, through the test cell, between accumulators. On orbit, the test cell
water pressure is reduced by way of the experiment fluid control system (described
below) to just over 2 psig before applying axia loads to the sample. Thetest cell water is
re-pressurized to 15 psig following sample axial loading operations. Three bellows-type
fluid accumulators, mounted on the moveable end platen, maintain the applied 15 psig
test cell water pressure during transportation and storage by accommodating small fluid
volume changes resulting from ambient temperature and pressure excursions.
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2.4

Fluid Control System

The MGM Fuid Control System, depicted schematically in Figure 6, is a closed-loop
system that regulates both the test cell water jacket pressure and the specimen fluid
pressure before, during, and after on-orbit axial loading operations. It interfaces with
each test cell by means of low-1oss quick-disconnects.

Water pressure control is accomplished with two electronically controlled piston-type
fluid accumulators, illustrated in Figure 7. Each accumulator piston is driven by a stepper
motor that operates at a nominal 600 steps per second. The angular motor shaft rotation
is 15° per step, and each motor dissipates 4.5 Watts electrically. The motor shaft output
is connected to an integral 360:1 reduction gear train, which drives the accumulator
piston. Each accumulator stepper motor is driven independently asis required to produce
or maintain the desired differential pressure between the water jacket and the test sample.

The water jacket accumulator, which initially contains only a small amount of water, is
used to reduce test cell water jacket pressure before on-orbit testing. This is
accomplished by withdrawing water from the water jacket until the desired differential
test pressureis achieved. That accumulator maintains the desired differential test pressure
(under software control) as the sample is compressed during the test. At the end of the
test and before removal of the test cell, the water jacket pressureisraised to 15 psig by
the reverse process.

For STS-79 and STS-89 (MGM-I and MGM-I11) the sample accumulator contained air
since al the specimens were tested under dry conditions. For MGM-I11 on the STS-107
mission, the sand voids and corresponding sample accumulator contains water. The
accumulator, stepper motor, and related hardware used for the sample is essentialy
identical to the water jacket hardware, which has been proven safe when containing water.
The specimen accumulator is used to regulate the interior water pressure of the sample at
2 psig to help maintain the differential pressure between the sample interior water and the
exterior water jacket. During drained tests, the sample accumulator moves to maintain the
2 psig pressure. During undrained tests, the sample accumulator is initially positioned
such that the sample pressure is 2 psig. During undrained specimen compression this
accumulator does not move, alowing the specimen pressure to vary.

No water will need to be added or taken away from the accumulators during the mission.
However, water will need to be transferred between accumulators. Thiswill be performed
using the closed-loop system. When all four QDs are connected to the test cdl the
balance valve can be opened to transfer water between water and specimen accumulators.
In this process, the sample accumulator is moved in the appropriate direction, and P1, the
absol ute pressure sensor corresponding to the water jacket accumulator, maintains alow
gauge pressure (16.7 psia), resulting in the water jacket accumulator moving at the same
rate but in opposite direction and taking in the water from the sample accumulator.

Set point differential pressure regulation is implemented by experiment Embedded
System (ES) control of the accumulator drive motors in response to inputs from absolute
pressure sensors (P1 and P2) that monitor various system pressures, and vented pressure
sensors (DP1 and DP2), which read the gauge pressures in the water jacket and the test
sample. The difference between the gauge sensors is used to read the differentia
pressure between the water jacket and the test sample. This arrangement is different from
STS-79 and STS-89: previoudly, two differential pressure sensors directly read pressure
difference. The change included a change of sensors. The Tavis brand sensor (0-0.01
psid) isreplaced by a Lucas-Schaevits brand sensor (0-5 psig) which has the same
electrical requirements. The Validyne sensor type was not replaced, though one pressure
port is now open to the atmosphere to read gauge pressure, and the exchangeabl e sensing
diaphragm was replaced to change the sensing range.
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