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Birdair, who is the original roof builder, conducted an inspection of the
Metrodome roof fabric in April 2010. During this inspection the condition of
the fabric was rated by Birdair as “Good-Fair”. A limited number of areas in
need of minor repairs were observed. Following the deflation visual survey,
however, the diamond panels have downgraded to “Fair-Poor” and the

rectangular and triangular panels have been downgraded to “Poor”.

In order to provide a rational basis for categorizing the observed damage,
we have conducted a qualitative risk assessment of the fabric damage on a
panel by panel basis. A risk assessment provides a means to relate the
likelihood of certain undesirable events, primarily an in-service fabric
material failure of various sizes, to the consequence of the event, up to and
including full roof deflation. Based on the number of flaws observed in
particular panels, a qualitative rating can be established that relates to the
likelihood of flaws occurring in the panel. Various failure scenarios and
corresponding consequences are then postulated, allowing a qualitative

evaluation of risk.

The results of the risk analysis identify 26 diamond panels, 22 rectangular
panels, and nine triangular panels that we recommend for replacement, in
addition to the four diamond panels and one triangular panel that have
already failed. This represents approximately 60 percent of the panels.
Because statistically significant testing data is not available, the risk
assessment is necessarily qualitative and somewhat subjective based on
_engineering judgment of acceptable risk levels. A more quantitative

analysis approach is discussed in Part 4 below.

Part 4 — Quantitative Reliability Analysis

In order to provide a more quantitative analysis to supplement the
qualitative findings of the Part 3 risk assessment, a reliability analysis of the
roof panels has been conducted. In this analysis, flaws existing in the roof
are treated statistically as a randomly distributed variable scaled to certain
reasonable flaw sizes. The probability of a flaw of a critical size occurring
spatially at the same location as stress of a level that would lead to failure is

simulated using a statistical analysis process known as Monte Carlo
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referred to as progressive collapse, and can be characterized as rapid
spread of local damage to the global extents of the structure before the

system can be stabilized by intervention.

Air-supported fabric structures are particularly vulnerable to
disproportionate collapse. When local areas of the fabric contain damage
caused by debris impact, local overload in snow conditions, or undetected
prior damage, in the presence of a critical stress under externally applied
loads the extent of damage will rapidly spread by tearing. When the size of
the damage reaches a sufficient size the roof as a whole can no longer hold

the inflation pressure and will deflate entirely.

In the original design the consideration for disproportionate collapse was to
design the cable net and ring beam to be in the inverted position with a
design level uniform snow of 25 pounds per square foot. This protects the
cables and ring beam from damage in a deflation, and in fact controlled the
original design for these elements. However, as can be seen from the
current situation, when the roof is inverted the fabric itself is highly exposed
to further damage. In addition, there are significant economic implications
to the MSFC and its tenants in loss of use of the building until it can be re-
inflated.

Given the sensitivity of the global structural system to disproportionate
collapse caused by localized damage, the careful consideration of the
possibility of undetected localized damage should the existing membrane
be re-inflated takes on heightened concern. A single undetected flaw is
capable of causing a future deflation. Considering the damage caused by
the initial deflation followed by subsequent exposure to the vulnerable
deflated position, in our opinion there is a high global risk of the presence

of undetected local damage.
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1.

order to eliminate this risk, we recommend that the remaining membrane
panels also be replaced.

A summary of our recommended restoration extents is as follows:

We recommend a full replacement of the tensile membrane roof

system.

Extensive damage to the inner acoustic liner has been observed.
We recommend a full replacement of the inner liner at rectangular
and triangular panels concurrent with the external membrane

replacement.

We recommend that the inner acoustic liner at the diamond panels
be removed to allow direct access of heat introduced by the bowl
supply system to reach the underside of the fabric. Supplemental

acoustic measures may be necessary.

Our review of the condition of the cables and ring beam suggests

that no remedial work to these elements is required.

Local areas of aluminum clamping will require replacement, and

should be evaluated in detail as-the existing fabric is removed.

Detailed recommendations for specific features and engineering
requirements implemented in the roof restoration will be addressed in a

separate future report.
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Figure 8: Typical Roof Moisture Retention
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« Fill stresses for quadrant with panels 81-88: Figure 16
« Warp stresses for quadrant with panels 89-96: Figure 18
« Fill stresses for quadrant with panels 89-96: Figure 19

Results from the analysis of selected panels is summarized in Table 2.
Allowable stresses for the fabric panels obtained using ASCE 55-10 and
the original specified material strengths are listed in Table 3.

Table 2 Analysis Summary Results

Panel Sag from . Loaql Sag from Max warp Max il
No. laser scan intensity analysis (ft) | stress (o) stregs
(ft) (psf) (pl)
22 4,052 70 3.96 90 100
38 2.365 70 3.11 110 110
46 2.999 70 3.07 - 90 90
68 6.4 70 6.35 140 90
72 6.88 70 6.68 125 120
35 n/a 70 3.45 70 40
Table 3 Sheerfill Il allowable stresses
o . strength
. . Specified L, (lifecycle B . Allowable
Orientation stress 7, (pli) factor) reduction stress limit
factor)
Warp 520 0.75 0.27 105.3
Fill 420 0.75 0.27 85.0
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Sensitivity of analysis results

The effect on the stresses due to variations in the deflections interpreted

: from the laser scans was studied by varying the load to achieve deflections
3 A differing by £6 inches. The'stresses were found to be not very sensitive to
‘ these changes in the deflection due to the nonlinear large displacement

ol nature of the behavior.

The effect of interaction between the main fabric and the liner panels was

also studied. The liner panel was modeled constrained to the main fabric

panel (Figure 20). The liner panel was modeled using properties of Sheerfill

. Z{' | B . . . s
| - V material. Using a process similar to one described above the load was

3 §§ calibrated to achieve a similar deflection in the combined model. To
. achieve a similar deflection around 105 psf of snow load was applied
Figure 20 P?r?el'l 22 modeled compared to a 70 psf of load in the model without the liner. The resulting
with liner

stresses (Figure 21 and Figure 22) were noted to be in the same range as

those observed for the model without the fabric liner. Similar studies were

performed for the rectangular panels with the same result.
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Ratio 1980
Maximum deflated stress specification
Panel # | Panel Type | Status allowable stress
Warp Fill Warp Fill
38 Diamond Intact 110 110 1.04 1.26
39 Diamond Intact 70 60 0.66 0.69
40 Diamond Intact 70 70 0.66 0.80
41 Diamond Intact 80 80 0.76 0.92
42 Diamond Intact 50 60 0.47 0.69
43 Diamond Failed NA NA NA NA
44 Diamond Failed NA NA NA NA
45 Diamond Intact 80 100 0.76 1.16
46 Diamond Intact 90 90 0.85 1.03
47 Diamond Intact 50 50 0.47 0.57
48 Diamond Intact 50 50 0.47 0.57
49 Diamond Intact 65 60 0.62 0.69
50 Diamond Intact 80 85 0.76 0.98
51 Diamond Intact 25 25 0.24 0.29
52 Diamond Intact 25 25 0.24 0.29
53 Diamond Intact 50 25 0.47 0.29
54 Diamond Intact 25 40 0.24 0.46
55 Diamond Intact 25 25 0.24 0.29
56 Diamond Intact 50 50 0.47 0.57
57 Diamond Intact 40 60 0.38 0.69
58 Diamond Intact 25 25 0.24 0.29
59 Diamond Intact 25 40 0.24 0.46
60 Diamond Intact 35 25 0.33 0.29
61 Diamond Intact 25 65 0.24 0.75
62 Diamond Intact 50 25 0.47 0.29
63 Diamond Intact 25 25 0.24 0.29
64 Diamond Intact 60 50 0.57 0.57
65 Rectangle Intact 75 65 0.71 0.75
66 Rectangle Intact 110 80 1.04 0.92
67 Rectangle Intact 140 90 1.33 1.03
68 Rectangle Intact 140 90 1.33 1.03
69 Rectangle Intact 110 10 1.04 0.11
70 Rectangle Intact 90 40 0.85 0.46
71 Rectangle Intact 110 65 1.04 0.75
72 Rectangle Intact 125 120 1.19 1.38
73 Rectangle Intact 115 65 1.09 0.75
74 Rectangle Intact 115 50 1.09 0.57
75 Rectangle Intact 120 90 1.14 1.03
76 Rectangle Intact 115 100 1.09 1.16
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Ratio 1980

Panel# | Panel Type | Status Maximum deflated stress al;p\);gg;gast;?enss

Warp Fill Warp Fill

77 Rectangle Intact 90 65 0.85 0.75
78 Rectangle Intact 65 50 0.62 0.57
79 Rectangle Intact 40 35 0.38 0.40
80 Rectangle Intact 25 25 0.24 0.29
81 Rectangle Intact 40 30 0.38 0.34
82 Rectangle Intact 70 - 60 0.66 0.69
83 Rectangle Intact 110 90 1.04 1.03
84 Rectangle Intact 120 75 1.14 0.86
85 Rectangle Intact 100 25 0.95 0.29
86 Rectangle Intact 80 25 0.76 0.29
87 Rectangle Intact 65 25 0.62 0.29
88 Rectangle Intact 25 15 0.24 0.17
89 Rectangle Intact 40 25 0.38 0.29
90 Rectangle Intact 90 65 0.85 0.75
91 Rectangle Intact 110 65 1.04 0.75
92 Rectangle Intact 120 65 1.14 0.75
93 Rectangle Intact 140 90 1.33 1.03
94 Rectangle Intact 120 90 1.14 1.08
95 Rectangle Intact 120 110 1.14 1.26
96 Rectangle Intact 110 110 1.04 1.26
97 Triangle Intact 20 110 0.85 1.26
98 Triangle Intact 60 80 0.57 0.92
99 Triangle Intact 70 25 0.66 0.29
100 Triangle Intact 70 25 0.66 0.29
101 Triangle Intact 70 25 0.66 0.29
102 Triangle Intact 25 25 0.24 0.29
103 Triangle Intact 40 40 0.38 0.46

104 Triangle Failed NA NA NA NA
105 Triangle Intact 25 20 0.24 0.23
106 Triangle Intact 25 20 0.24 0.23
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The test resuits for flexfold tensile and trapezoidal tear are concerning
because these tests are most closely related to how a fabric structure
might actually fail in service. The flexfold tensile test measures the strength
of a 1” strip of material after an intentional crease has béen introduced.
This is highly relevant to the issues at hand due to widespread observed
creasing of the Metrodome fabric material from ice and snow sliding as well
as wind flutter. The trapezoidal tear test results are indicative of the
resistance to spread of local damage initiated either be debris or a pre-
existing flaw in the material. Most large-scale fabric failures are closely
related to the tear properties of the material, which are generally low for
PTFE coated fiberglass fabrics.

Water absorption tests (Table 10) indicate absorption levels higher than
allowable by current specification. This may be attributable to breakdowns
in the PTFE coating caused by abrasion from snow or ice sliding. Refer to

Mioroscopid Evaluation discussion below for further details.

Biaxial Tests

Biaxial tests were conducted at Panels 22, 41, 71, and 72. In addition,
several virgin samples of Sheerfill II-HT were tested biaxially for comparison

purposes. Results are shown in Figures 10 through 21.

Biaxial test results provide a means to measure the stiffness, or elastic
moduli, of a membrane material. Results depend on the ratio of loading in
the orthogonal warp and fill directions. The purpose of conducting biaxial
testing on the Metrodome material was to identify if high loading during the
deflation event caused detectable changes in the stress-strain properties of

the material.

Biaxial test results, with one notable exception, were generally favorable.
Tests at Panels 22, 41, and 71 indicated behavior that is within
expectations for a membrane material that has been through 30 years of
load cycles. Each biaxial test indicated that the membrane material is
stiffer than a virgin sample, which is indicative of removal of construction

stretch and crimp effects due to repeated loading. Panels 41 and 71 were
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subsequently loaded to failure (Figure 16 and 17) and results were within
expectations for biaxial testing.

Due to lack of existing test results, a baseline test of stiffness effects
caused by high loading excursions was performed on virgin Sheerfill [I-HT
material (Figures 18-20). In the first cycle, the material was put through the
standard biaxial test protocol. In the second cycle, the material was loaded
up to 275 pli in each direction, well beyond the normal working stress limits
of the material. In the third cycle, the material was retested again using the
standard biaxial protocol. The first cycle was compared to the third cycle
to determine stiffness effects of the high loading excursion. Observed
results are consistent with the effects found in testing of Panels 22, 41, and
71, that is, the high loading excursions removed some of the stretch of the
material and led to a stiffer membrane. Because the Metrodome roof is air-
supported, the ability of the membrane to take on an equilibrium form in the
inflated condition is related to the strain of the material. In certain areas,
particularly panel corners, stiffer existing membrane could produce higher
than anticipated stresses to achieve the inflated roof form. This effect
shoul/d be evaluated if any of the existing panels are re-inflated for

permanent service.

Biaxial testing of Panel 72 produced failure at a very low load level during
initiation of the test (Figure 21). The failure appears to have initiated in an
area of potentially damaged warp yarns, and spread by tearing across the
fill yarn direction. The failed fill yarns were observed to have very little
extension out of the PTFE matrix, which is unusual. Further visual
observation of the possible area of failure initiation shows discolored warp
yarns, which is indicative of moisture damage. It is notable that Panel 72

also demonstrated several low tear test results.

The results of the Panel 72 biaxial test are highly concerning, and represent
the possibility of hidden flaws in the material propagating damage upon
exposure to in-service stresses. It is hypothesized that the damage in
Panel 72 is related to infiltration of moisture to the glass yarns and
subsequent damage. Moisture damage of glass yarns is a well
documented phenomenon in glass composites (Lee, 1993). To combat

this effect, the e-glass yarns used in Sheerfill products are coated with a
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silicone material during production. The silicone protects the yarn against
moisture in the event of a breakdown in the PTFE coating, and also allows
the warp and fill glass yarns to move across one another under load
without damage. However, if the silicone coated glass yarns are exposed
to sufficient moisture, or the glass yarn has been compromised by damage
such that the interior of the yarn is exposed, sufficient quantities of
moisture will displace the silicone coating and allow direct attack on the
glass yarn. Thus, distributed damage of the PTFE coating in combination
with large amounts of moisture is an extremely concerning condition for
PTFE coated fiberglass materials. This is precisely the environment that the
Metrodome roof material has been subjected to since the December 12
deflation. Refer to Part 3 of our report for further details based on the

visual survey results.

Microscopic Evaluation

Because of the above concerns, a small piece of the Panel 72 material was
observed under an electron microscope at the State University of New
York Buffalo. Images are shown in Figures 22 through 28. Of note are the
occurrence of a regular pattern of “holes” in the PTFE coating that appear
to align with the intersection points of the crossing warp and fill yarns. The
microscopic image show these holes to be filled with dirt. It is not apparent
from the images the depth of the hole, but if they are assumed to be
spherical the depth appears to be above the level of the underlying glass
yarns.

Similar observations were made of the fabric at BC Place in Vancouver,
British Columbia following the 2007 deflation of that roof (Hightex, 2007).
Figure 29 is reproduction of an image from the Hightex report showing ink
penetration through the cross section of a similar hole. The ink did not
reach the glass yarn. A similar test on material from Panel 41 of the
Metrodome is underway at the time of this report.

The observed holes in the PTFE coating samples from the Metrodome are
likely related to abrasion caused by ice sliding. As a chunk of ice slides
across the surface, the high spots of the membrane surface are found at
the crossing of yarns. Impact of the ice on the exposed PTFE likely has
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lead to “cleaving” of a spherical shape of PTFE out of the surface of the
coating. Further evaluation would be required to determine if the potential
exists for this phenomenon to produce a depth of cleaving sufficient for

exposure of the glass yarns.
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Figure 2: Biaxial Test Setup and Procedure

FABRIC STRESS FABRIC STRESS FABRIC STRESS
WARP FILL WARP FILL WARP FILL
(PLI) (PLI) (PLI) (PLI) (PLI) (PLI)
20 20 20 20 20 20
20 50 110 20 20 50
20 80 110 50 50 50
20 110 110 80 80 50
20 140 110 110 110 50
110 140 140 50
20 20
50 20 20 20 20 20
50 50 140 20 20 80
50 80 140 50 50 80
50 110 140 80 80 80
50 140 140 110 110 80
140 140 140 80
20 20
80 20 20 20
80 50 20 110
80 80 50 110
80 110 80 110
80 140 110 110
140 110
20 20
20 140
50 140
80 140
110 140
140 140
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Table 4: Panel 41 Test Results _

% PHYSICAL TEST DATA

" PROJECT: J-11-509 Metro Dome
" FABRIC TYPE: Sheerfill-I S o © 7 Date Tested 1/28/2011-2/1/2011
- . Rectangle 47 Subpanel T e e e S e U Tt
ol irdair B
TEST RESULTS
% % o
Sample | Original Stre/ngth 1880 | Strength | 2002 stre/r:gth
Received | Roll Test | oo o ntion | Released |Retension| _AS™ |getention
(All per ASTM D 4851, unless noted) A B o] D E F G H ! J K L M N o] P |From Site | Results N Refeased "
E Testing {1980) Using The| Spec [Usingthe spec Using The
Average Avg 1980 Test Avg 1980 Avg 2002
Results Spec Spec
Weight (oz/yd?) 37.78 | 37.7 | 371.7 | 38.0 37.80 40,20 NA 37.50 NA 38.50 A
Thickness (in.} 0.037 { 0.037 { 0.038 | 0.038 0.037 0.031 NA 0.032 NA 0.030 NA
Warp 8k6'77‘7 719.8 | 786.2 730.9' 8102 783.6 | 763.7 7704 T . L 77? . M‘!‘005“ . 78% 520 150% o 825 . 94%
Strip Tensiles (Ibfin) Dry - B 28 B FF | B - 28 8
py | 58826153 | 5944 | 629.4 | 689.9 | 6854 | 6721 | 7239 | - ). 882 ) S8T | 8% | 40 154% goo | .Mo%
JB JB JB JB JB JB FF JB
Warp 75}.1 7758 566.57 7}828 739.0 75224 ’760.4 7222 o ) b 1 ‘741' 925 mh 30'/_.. . 440 ) 169% . 625 . 119%
Strip Tensiles (Ib/in) Wet B B 58 e JB B B 5B
pg | 80%1[5617 5553 5835 | 650.3 | 8005 BOB2 (8314 | )\ f b ) f ] 58| 80 ) 8% 360 166% [ 485 129%
JB JB JB JB JB JB JB JB
Warp | 47581 466.1 470.1 537.9 | 375.7 | 8102 | 4232 | 5379 | B IR U S— S I NU.LCONN ... B 440 108% | s | %
N N N Flexfold BF BF BF BF BF BF BF BF
Strip Tensiles (Ibfin) 0lbs 296.0 | 307.0 | 319.3 | 291.6 | 532.9 | 412.0 | 383.5 | 333.1 359 522 69% 360 100% 415 87%
e R o | & o 1 or | oF | o i [ - . . .
Trapezoidal Tear (Ib.) Warp | 850 | 523 156.526) 67.7 )} 566 | 83.4 | 566 | 806 | ) ) )l f o 55 o T 38 6% )75 3%
Fill 486 | 51.3 | 463 | 468 | 583 | 464 | 47.2 | 516 50 83 60% 38 130% 70 1%
Special Strip Tensiles (Ibfin) Warp 832.5 | 775.7 ) 8306 | 816.7 | 836.8 | 781.5 | 8302} ) ws o ] B
Wet TAeAnsiIe fromthis combination Dry JB JB JB JB JB JB JB
identified SPw as soaked for 86 636.9 | 636.5 | 644.1 | 670.0 | 651.0 | 611.2 | 642.0 637 600
frs Filt s eETE s s s el N S S ISR I S - . . ..
Special Strip Tensiles (Ibfin} Warp | 8727 | 7665 T08.3 | 7915 | 7516 | at2 7019 768 | o f b IO I TR 825
Wet Tensile fromthis combination Wet o JB JB JB JB JB JB JB
identified SPw as soaked for 96 i ) 588.4' 5462 457’7‘0' ‘617.4‘ 573‘6 565.1 627.3 o . ) e . i ,58:{, i o e ) ‘son
hrs JB FF JB JB JB JB JB
AF-ADHESVEFAILURE CF -COHESIVEFAILURE FF-FABRIC FALURE JB-JAWBREAK BF-BREAKATFOLD
COMMENTS: e  QATECHNICIAN: _ GJ Panfil / Dan Thornton
. SR S R S 0T
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Table 6: Panel 71 Test Results

PHYSICAL TEST DATA

PROJECT: _ ‘J11-509 Metro Dome ) S -
FABRIC TYPE: Sheerfill-ll Date Tested 1/28/2011-2/1/2011
~_UNIT: Rectangle 71 Subpanel 1 - o
ROLL # 0 irdair . i
TEST RESULTS
_ % % %
Sample | Original | o in| 180 | strength | 2°%2 | strengtn
Received | Roll Test Retention | Released |Retension ASTM Retention
(All per ASTM D 4851, unless noted) A B c D E F G H I J K N From Site | Results . Released
Testin 1980 Using The| Spec Using the Spec Using The
N 9 (A ) |1980 Test| Avg 1980 : 2002
verage ve Results Spec Ve Spec
Weight (oz/yd?) 38.74 | 38.8 | 40.1 39,35 41.30 A 37.50 NA 38,50 NA
Thickness (in.) 0.037 | 0.037 | 0.038 0.037 0.031 NA 0.032 NA 0.030 NA
Warp 802.2 | 786.8 | 773.4 782.9 | 815.6 | 790.4 785 960 82% 520 151% 825 95%
B e R hadi o . S Ik
Strip Tensiles (Ibfin D S
1P Tensiles (Ibfin) R 7y Kxg N 8602 | 7158 | 6673 | 581 545 | 100% | 430 | 158% | o0 | 1%
FF | B | & BB | B ) o
Warp 756.8 | 745.3 | 686.8 5092 | 7688 | 7328 [ 718 915 8% 440 163% 625 115%
Strip Tensiles (Ib/in) Wet B B B B 8 B
e | 6954 ] 647.1 6725 | 6285 | 6339 | 6100 | 661.4 | 611.7 640 543 | 100% 360 178% | 465 138%
B w | .| w|[w|w]|e]| B ) )
Warp | 5116 ] 487.0 | 4666 | 5356 | 548.7 | 510.1 | 5710.0 | 6836 | 522 [ 64% 440 119% 680 %
Strip Tensiles (lbin) Flexfold Lo BT T - T BF BF BF
P 10 Ibs Fy | 3285|3096 | 3346 | 426.4 | 334.9 | 419.8 | 378.1 | 397.0 366 431 85% 360 102% 415 88%
BF | BF | BF | BF | BF | BF | BF | BF
Trapezoidal Tear (Ib.) Warp | 67.5 | 64.2 | 57.0 | 57.7 | 59.7 | 57.5 | 58.3 | 63.1 61 74 82% 35 173% 75 81%
P ) Fil | 571 | 51.8 | 553 | 60.0 | 56.1 | 55.7 | 51.8 | 53.0 55 83 86% 38 145% 70 79%
Special Strip Tensiles Warp 765.4 | 763.0 | 814.0 [ 749.9 | 7953 [ 816.2 | 8056 [ 718.0 s [
(Ib/in)  Wet Tensile from bry ) JB JB FF JB JB JB JB FF
this combination identified SP e ].6997 | 5788 | 6216 | 6696 | 6986 | 6962 | 664.5 | 615.7 656
was soaked for 96 hrs / 1% 15 s t=1%5 1515
Special Strip Tensiles Warp 687.8 | 739.6 | 775.1] 690.6 | 719.0 | 756.6 | 719.7 | 7425 729
(Ib/in) Wet Tensile from Wet o JB JB JB JB JB JB JB JB
this combination identified SP gy | 6081]547.1]546.21622.3 [ 6218 | 6355 | 623.0 | 534.4 599
was soaked for 96 hrs ! B B FF | B B | B B | B
" AF-ADHESNEFAILURE CF-COHESNEFALURE FF-FABRIC FAILURE JB-JAWBREAK BF -BREAKAT FOLD
COMMENTS: _ “GATEGHNICIAN: Gl Panfil/Dan Thomton
SU— ; . ; S S R G
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! 600um ' Electronmage 1 I B00pm 1 Electron Image 1
Comment: weathered 100x sec Comment: weathered 100x sec
Figure 24: Panel 72 Microscopic Image 600 um Scale Figure 25: Panel 72 Microscopic Image 600 um Scale Alternate Light



WALTER P MOORE Metrodome Roof Deflation Assessment

Part 2: Review of Testing
February 10, 2011 $02.10026.00

! 300pm 1 Electron Image 1 300pm Electron image 1

Comment: weathered 200x sec Comment: weathered 200x sec
Figure 26: Panel 72 Microscopic Image 300 um Scale - Figure 27: Panel 72 Microscopic Image 300 um Scale Alternate Light
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assumed to be a normally distributed random variable. Using Monte Carlo
simulation techniques several sets of (X, a) are generated and the resulting
conditional probability of failure can be estimated as follows

N
: ®)
F.= Nz I 0))

Since the mean density of flaws for the roof structure is unknown we have
assumed different mean densities and established the failure probability

under each assumption.

Methodology

The process can be described in the following steps:
a. Establish a load level L
b. Establish stress levels in a single fabric panel at the load level
selected using a FEM analysis
c. Generate several thousand sets of random variables, x and a
For each set calculate failure, /, using equation 4 and for the entire
simulation establish conditional probability of failure, £, using
equation 5.
e. Assume a flaw density and then using equation 1 calculate the
total probability of failure of a single panel
f.  Assuming a load intensity distribution integrate the probability of
failure over the entire roof to establish probability of failure for the
roof structure
g. Repeat this over several load levels to generate a failure curve for
the entire roof
Forkthe purpose of this study three different mean flaw sizes 0.2 (12 mm),
0.3 (18 mm) and 0.4 (24 mm) representing small, medium and large size
flaws were selected. For flaw density we assumed one to five flaws per

panel.

Simulation Size and Accuracy

The accuracy of estimates obtained using Monte Carlo simulations are
dependent on the size of the simulation sets. Events that have a low
probability of occurrence require orders of magnitude higher number of

simulations to achieve similar levels of confidence as events with higher
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probability of occurrence. The number of simulations required to obtain

estimates within +10% of the true value with 95% confidence is given by

196\* (1 — p) ©)
M= (35)
where pis probability being estimated. For example if the estimated

probability is 0.001 then A,y is 383,776 and if the estimated probability is
0.00001 then A,,,is 38,415,616 which can be computationally intensive.

Acceptable levels for structural reliability or probability of failure are given in
Table G1.8.1a (ASCE/SEI 7-10, 2010) for various conditions which is
reproduced in Figure 2. In the case of the fabric roof structure, failure can
be described as one that is sudden or leads to wide-spread progression of
damage for which the failure probability is given as 2.0x10%/yr under
occupancy category lll. This annual probability of failure (P¢) can be
separated into structural probability of failure at a given load level (Fx,) and

the annual probability of exceedance of that load level (7).

Pp = Prg X P, (7)

When using a load and resistance factor approach for designing
occupancy category lll structures, typical annual probability of exceedance
of load levels is 0.000588, therefore the structural probability of failure at
the ultimate load level using nominal strengths reduced by resistance
factors is expected to be in the range 2.0x10%/0.000588 = 0.0034.
However, fabric structures are typically designed using allowable stress
design methods. If we assume that the target reliability levels are same for
structures designed using either allowable stress design method or the
load and resistance factor design method we can expect that the structural
probability of failure at service load levels using allowable stress levels
would be in the same range. For this reason we selected to run
approximately 400,000 simulations for each case to estimate the failure

probabilities within +10% of true probabilities with 95% confidence.

Allowable stress levels for the fabric panels are established following
ASCE/SEI 55-10 Section 4.4.

Oaw = BLiTsw 8
Ofw = B Ltwa
where 8 is defined as a strength reduction factor, L, is defined as a life-
cycle factor which adjusts the member capacities to allow for the effects of
aging caused either by environmental effects or by the effects of wear and
4
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tear on membrane protective coatings 7, and 7, are the specified tensile
strengths in the warp and fill directions respectively and o, and o,.are the
allowable stresses in the warp and fill directions respectively. Allowable
stress levels for the fabric panels are listed in
Table 1 and Table 2 below. For the purposes of this study, the original

project specification material strength values are used. While these are
known to be somewhat conservative, the original strip tensile specification
strengths are observed to be similar to those found via current testing for
flexfold tensile strength (See Report Part 2). Due to widespread observed
creasing, it appears reasonable to use values consistent with current tested

flexfold strengths.

Table 1 Allowable stresses under snow load

Allowable
Specified o
Orientation ) L 8 stress limit
stress 7, (pli)
105.3
Warp 520 0.75 0.27
85.0
Fill 420 0.75 0.27 .
Table 2 Allowable stresses under wind load
Allowable
. Specified
Orientation L, B stress limit
stress (pli)
128.7
Warp 520 0.75 0.33
‘ 103.9
Fill 420 0.75 0.33

































