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EVALUATION OF WMCO FOAM ALTERNATIVES S 9 7 6  

WMCO recently requested that IT Corporation (IT) and AS1 examine combinations 
of rigid and flexible foam in addition to the combination studied in August 
1987 as detailed in the attached report, "Structural Assessment K-65 Storage 
Silos Radon Mitigation and Dome Reinforcement." 
to discuss the structural effects of the combinations on the K-65 silos and 
the concerns related to foam reaction temperature. 

The purpose of this letter is 

The questions asked by WMCO and the responses prepared by IT and AS1 are as 
follows : 

Question 1: 

What is the minimum amount of flexible foam that can be applied in each 
silo and still provide the structural support for the 20-foot weakened 
center section? Will the following design work? (Reference Attachment 1 . )  

Response : 

The configuration depicted in Figure 1 of Attachment 1 was analyzed and 
the following conclusions were made based on the assumptions listed here- 
in. (Reference Figure 1 of Attachment 2, which depicts recommended foam 
layers. ) 

1 .  For this configuration, a minimum layer of flexible foam ( 3  feet 
thick) is required to maintain the expected loading on the dome within 
acceptable limits as a result of rigid foam expansion. 
loading is assumed to be a one time event, and once cure of rigid foam 
is complete, these loads will become negligible. 

This type of 

2. For this configuration, the loading 'on the dome due to seasonal 
temperature variations (thermal movement) is expected to be less than 
those produced by rigid foam expansion during initial cure. This type 
of loading is expected to be cyclic and not additive to the expected 
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loading due to initial rigid foam cure. If the dome is foamed in the 
summer, the maximum load of this type is expected to occur during the 
winter months when the dome contracts. 

3. If the dome collapses, the dome would be maintained in its approximate 
position with this foam configuration. 
2 inches is expected with a 3-fOOt layer of flexible foam. 

A settlement of approximately 

4. If the center portion of the dome collapses, the structural integrity 
of the remaining portion of the dome is questionable. The configura- 
tion depicted in Figure 1 of Attachment 1 does not provide support for 
the outer portion of the dome. 

5. Implementation of the foam system does not necessarily prevent ad- 
vanced cracking of the dome or even dome failure. It is recommended 
that additional weight be kept off the 30-foot center portion of the 
dome during the foaming operation. 

6. If contact between the rigid foam layer and the dome is not maintained 
for any reason, no structural support is provided. 

7. An uncertainty exists concerning the flexible foam when it is used for 
this particular application. 
foam may possibly change over time, which is known as "compression 
set." Because this is a new application for flexible foam, quanti- 
tative data do not exist; further investigation of this phenomenon 
(conducting tests) is recommended. 

The compressive modulus of the flexible 
I 

Conclusions and concerns related to foam reaction temperature are 
discussed in Question 4. 

Discussion : 

1. Assumptions Made In This Analysis 

The calculations performed to determine the effects of foaming used 
the following specific assumptions: 
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Maximum volumetric expansion of rigid foam is 6 percent. 

Compressive modulus of flexible foam is 0.9 pounds per square inch 
(psi) at 25 percent defection, and it exhibits a linear 
relationship between 0 and 25 percent deflection. 

Density of rigid foam is 2 pounds per cubic foot (pcf). 

The flexible foam does not expand during cure. 

The projected dome loading is particularly sensitive to the maximum 
volumetric expansion of the rigid foam and to the assumptions made 
concerning the compressive modulus of the flexible foam. 
volumetric expansion of the rigid foam during application of the foam 
is higher than the value assumed in the calculations, the resulting 
upward forces on the dome will be higher. If the compressive modulus 
of the flexible foam is higher than the value assumed in the calcula- 
tions, upward forces on the dome will become greater. 

If the 

References (Kirk-Othmer Encyclopedia of Chemical Technology, 3rd Edi- 
tion, Attachment 6) suggest that a relationship exists between density 
and compressive strength (measured by tests such as ASTM D1621) for 
flexible open-celled foams. 
indicates a compressive modulus of 0.9 psi for the particular brand of 

Information provided by Foam Enterprises 

flexible foam chosen for the original design. 
obtained to confirm this assumption. If test data yield a signifi- 
cantly different value, the flexible foam layer thickness should be 
adjusted accordingly. 

Test data should be 

Adequate controls are required during foam application to ensure that 
the assumed properties of the flexible foam are obtained. 
iation in these properties is anticipated, then the upper limits must 
be defined and considered prior to the foaming operation. 

If a var- 
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2. Expansion of Rigid Foam and Resulting Loads on the Dome 5 9 1 6  

Assuming instantaneous maximum vertical expansion of both rigid foam 
layers, a 3-fOOt layer of flexible foam results in an upward force on 
the dome of 41 pounds per square foot (psf) (see pp. 48-50 of Attach- 
ment 3), while a 2-foot layer of flexible foam results in an upward 
force not to exceed 67 psf (see pp. 44-48 of Attachment 3). 
weight of the dome is approximately 26 psf acting downward. 
the objectives of this project is to maintain the structural integrity 
of the dome; therefore, the dead weight should not be substantially 
exceeded. 
listed assumptions, and the lower layer of rigid foam should be 
allowed to cure before the flexible foam is applied. 

The dead 
One of 

A 3-foot layer of flexible foam is recommended based on the 

3. Loading on the Dome Produced by Seasonal Temperature Variations (Ther- 
mal Movement of Dome) 

At the maximum assumed delta temperature of 140°F (120O.F maximum 
summer temperature to a minimum winter temperature of -20°F), the 
maximum dome movement is 1.26 inches (see Page 28, Attachment 3). The 
calculated loading on the dome due to the maximum dome movement is 18 
psf when a 3-fOOt layer of flexible foam is used. 
loading for a 2-foot flexible foam layer is 27 psf. 
loadings are approximately equal to or less than the dome dead weight 
of 26 psf, adverse effects to the dome are expected to be minimal. 

The calculated 
Because these 

Question 2: 

Since a 2- to 23-foot layer of flexible foam will be applied under the 
rigid foam supporting the 20-foot weakened center section of the dome, can 
the same design be used for the entire silo dome for each silo? 
following design work? 

Will the 
(Reference Attachment 1 . )  
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Response : 
. 1' 

Answer to Part 1 of Question 2 

Silo 1 contains approximately 20 feet of residue; Silo 2 contains approxi- 
mately 22 feet of residue. Calculations are based on conditions in Silo 1 

and are expected to produce a larger loading on the dome for any given 
flexible foam layer thickness. Silo 1 contains a greater depth of rigid 
foam. The greater depth of rigid foam results in increased linear expan- 
sion and higher upward forces. 
calculations and Figure 2 of Attachment 2.)  

(Reference Attachment 3 for these 

Answer to Part 2 of Question 2 

The following conclusions were made based on the calculations and the same 
assumptions stated for Question 1 .  Note that the configuration in Ques- 
tion 2 differs from the configuration studied in the original Structural 
Assessment Report prepared by AS1 and provided in Attachment 4. 
fore, the analysis of this configuration is more limited than that of 

Question 1 .  

There- 

The conclusions for Question 2 are as follows: 

1 ,  

2. 

For this configuration, a minimum layer of flexible foam ( 3  feet 
thick) is required to maintain the expected loading on the dome due to 
rigid foam expansion within acceptable limits. Again, this type of 
loading is assumed to be a one time event. 

The loading of the dome due to seasonal temperature variations (ther- 
mal movement) is more complex than that discussed in Question 1 .  This 
is because the rigid foam layer is continuous under the dome and has a 
varying cross section. Also, the maximum vertical dome thermal move- 
ment occurs at the dome center and decreases in the outer region of 
the dome. 
ment 2 is chosen based on other factors, further study of dome thermal 
movement is required. 

If the foam configuration depicted in Figure 2 of Attach- 

. .  
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5 9 1 6  
3. Conclusion Numbers 3, 5, 6, and 7 made in response to Question 1 also 

apply to Question 2. 

Discussion: 

1 .  Assumptions Made in this Analysis 

The assumptions used in response to Question 1 also apply to Question 2. 

2. Expansion of Rigid Foam and Resulting Loads on the Dome 

The loads calculated for this configuration do not include expansion 
of the 3-foot layer of rigid foam on top of the K-65 residue. 
justified based on the conclusions of Question 4. 

This is 
A 3-foot layer of 

flexible foam results in an upward force on the dome of approximately 
23 psf (see Page 54 of Attachment 3), while a 2-foot layer of flexible 
foam results in an upward force of 40 psf (see Page 55 of Attachment 3). 

The dead weight of the dome is approximately 26 psf. 
the objectives of this project is to maintain the structural integrity 
of the dome, the dead weight should not be substantially exceeded. 
Therefore, a 3-foot layer of flexible foam is recommended based on the 
listed assumptions, and the lower layer of rigid foam should be al- 
lowed to cure before the application of the foam layer. 

Because one of 

Question 3: 

Can a gel (previously studied) replace the flexible foam in the original 
design for each silo or in the above two designs? 

Response : 

The gel is an incompressible material that could possibly concentrate the 
weight of the foam above the gel to the silo walls over a relatively small 

area and is therefore not recommended. 
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Question 4: 

If the original design is used for each silo: 
(a) How exothermic is the flexible foam? 
(b) How slow should the flexible foam be applied and what method (e.g., 

(c) How fast will the heat build up in each silo? 
layered ) ?  

(d) Will the heat buildup in the silo and inside the foam layers affect 
the foam and/or concrete walls/dome? 

The current design consists of a base layer of rigid foam, an intermediate 
layer of flexible foam, and a top layer of rigid foam. 
rigid foam is used as both a sealant for radon gas and a structural base 
for the additional layers of foam. The depth of the rigid foam layer 
should be such that it does not exceed the straight sides of the silo 
after expansion. 
mately 3 feet thick and allow for the expansion of the rigid foam as well 
as seasonal and daily expansion of the silo itself due to temperature 

The top layer of rigid foam is intended to support the 

The base layer of 

The intermediate layer of flexible foam will be approxi- 

9 fluctuations. 
central dome area of the silo. 

Response 4(a) : 

The exothermic heat of reaction for flexible foam is 24 Kcal/mole. 
(Reference Attachment 5.) 

Discussion 4(a): 

In contrast to the rigid foam, flexible foam dissipates reaction heat 
quickly to the ambient air due to its open cell structure (reference 
thermal conductivity data in Attachment 6). 
prises stated that from the ambient temperature of 75°F the maximum resul- 
tant foam temperature reported for the flexible foam is about 140°F, or a 

Dave Dressel of Foam Enter- 
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delta temperature of 65°F. The temperature rise occurs within 5 to 10 5976 
minutes of application. 
ture of the flexible foam is approximately 200°F. 

He stated that the thermal degradation tempera- 

Response 4(b): 

Per vendor recommendations the flexible foam should be fabricated contin- 
uously in layers not to exceed 5 feet in depth during each layer appli- 
cation. 
cation of additional layers as required. 

There should be a 4- to 8-hour cooling period prior to appli- 

Response 4 ( c ) : 

Rigid foam conducts heat slowly; flexible foam conducts heat readily. 
Heat capacity data on rigid foam are provided in Attachment 6. 
of reaction should not differ significantly from that of flexible foam, 24 
KcaMnole, per Attachment 5. Per vendor information, the maximum pro- 
jected surface temperature for the concrete silo would be 120°F. Exactly 
how fast the heat would build up and dissipate would be a function of the 
application rate as well as the physical properties of the foam. The 
application rate depends on the injection equipment of the vendor, as yet 
not specified. Insufficient information is available to model the system. 

The heat 

Discussion 4(c): 

Per Dave Dressel of Foam Enterprises, a test was performed with a 10-foot 
cube of rigid foam. Thermal measurements at the core indicated a temper- 
ature drop of 1°F per hour, requiring 7 to 10 days to cool the entire mass 
to an ambient temperature of 75OF. Based on this information, maximum 
core temperature must have ranged from 243 to 315°F. 
that the maximum foam temperature reported for rigid foam is 290°F. 
Enterprises also applied rigid foam inside a steel vessel; the maximum 
surface temperature was reported to be 120°F. The low surface temperature 
resulted from the rapid cooling of the outer surface layer of the foam and 
the steel vessel, combined with the slow transfer of heat resulted from 
the inner core due to its high thermal insulating value. A similar heat 

The vendor confirmed 
Foam 
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5916 transfer profile would be expected within the concrete silos. Based on 
the vendor-supplied data, the foam core temperature may reach 290OF; the 
surface temperature would not be expected to exceed 120OF. 

As stated in the discussion section of 4(a>, flexible foam dissipates heat 
quickly because of the open cell structure. With proper air circulation 
in the silo, the reaction heat is not expected to build up beyond that as 
a result of the rigid foam reaction. 

If a substantial temperature rise is detected during application in either 
the rigid foam or flexible foam applications, the rate of application 
could be reduced. A method of detecting surface or internal temperatures 
within the silo during foaming should be investigated. 

Response 4 ( d ) :  

Based on the temperatures discussed in response to Question 4(c), and with 
proper application of the base layer of rigid foam and the intermediate 
layer of flexible foam, thermal degradation of these two foam layers 
should not occur and there should be no adverse impact to the concrete 
silos. 

Discussion 4 ( d ) :  

1.0 Thermal Impact on the Foam 

Large quantities of rigid foam are commonly formed in one continuous 
application without difficulty (i.e., barges) according to the vendor. 
The vendor stated that with proper formulation of the rigid foam, there is 
no danger of any type of thermal degradation. 
ambient temperature of 75OF, the maximum resultant foam temperature 
reported for the rigid foam reaction is 290°F, or a delta temperature of 
215°F. The temperature rise occurs within 10 minutes of application. 
There is no danger of exceeding the rigid foam critical degradation tempe- 
rature of 305OF. 
With an adequate cooldown period between application of the flexible foam, 

He states that from an 

Heat dissipates quickly from the rigid foam surface. 

. 
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the interface between the foam layers should remain intact. The flexible 5976 
foam layer should be applied per the response to Question 4(b). 

The application of the final layer of rigid foam on top of the flexible 
foam layer presents the greatest thermal concern. The interior tempera- 
ture of a large volume of rigid foam may rise as high as 290°F, while the 
flexible foam has a degradation temperature of about 200°F. 
is that in the rapid application of the final layer of rigid foam (during 
the initial 10 minutes of reaction) the high temperature may cause thermal 
degradation of the flexible foam surface at the interface. 
stated that he has no experience with forming rigid foam on top of flexi- 
ble foam and added that one could only speculate what might happen. 
Limited experimental testing may be required. 
vendor was to fill a large cardboard box (e.g., a 4-foot cube) halfway 
with flexible foam and allow it to cool. The remaining space in the box 
then could be filled with rigid foam. After cooling, the box could be cut 
vertically in half to determine the effect of the rigid foam on the flexi- 
ble foam. 

The concern 

The vendor 

One test discussed with the 

A thermocouple to monitor the temperature could be placed in 
the center of the surface of the flexible foam before adding the rigid 
foam. 

2.0 Thermal Impact on the Concrete 

Based on the information from Foam Enterprises discussed in Question 4(c), 
the maximum silo surface temperature expected is 120°F. 
this magnitude is not anticipated to be a problem with the concrete 
silos. 
degree during the summer months. 

A temperature of 

Concrete structures routinely are exposed to temperatures of this 

Question 5:  

Can the flexible foam be eliminated completely? 
with just rigid foam and leave a cavity for the expansion of the rigid 
foam? Will the following design work? (Reference Attachment 1.) 

Can each silo be filled 
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This type of configuration is not recommended because ( 1 )  there is no 
flexible foam to absorb the vertical component of the expansion of the 
rigid foam during cure, and the expansion of rigid foam would probably 
cause failure of the dome; and ( 2 )  this configuration would restrict dome 
thermal movement, possibly to the point of causing failure. 

Recommendations: 

Test data should be obtained on the final foams selected to verify the 
assumptions made concerning physical properties in the calculations. 

Additional investigation of compression set of flexible foam should be 
undertaken by conducting tests or obtaining test data. 

Results of the tests should be studied to determine if any design 
changes are required. 

A conservative application approach, without further experimental study, 
would be to allow adequate cooling of the bottom rigid foam layer of a 
day before application of the flexible foam layer, and to allow adequate 
cooling of an additional 6 days before application of the top rigid 
layer. The upper layer of rigid foam must be applied in quantities 
small enough that the upper flexible layer is not degraded. At the 
present state of the art, this latter quantity needs to be determined by 
actual measurement during a bench-scale test. 

A t  tactmen ts : 

Attachment 1 - Questions To Be- Resolved 
Attachment 2 - Foam Configurations 
Attachment 3 - Calculations 
Attachment 4 - Structural Assessment K-65 Storage Silos Radon Mitigation 

and Dome Reinforcement 

Attachment 5 - Trip/Telephone Report - Heat of Reaction 
Attachment 6 - Physical Properties of Rigid and Flexible Foams 
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(ROO) 328.3342 

CHEMICAL SYSTEIZ UPC 281 

W 

1703 Crasspoint 
Houston. Texns 77054 
(713) 796-9743 

DESCRIPTION: IN'IEGRAL SKIN FLEXIBLE FOAM 
UPC-281 is a M D I  based, two component chemical system..Thi; medium low 
density, open-celled foam has excellent and tough integral skin when cast 
in metal or plastic molds. It exhibits .excellent energy absorption prop- 
erties over a h'ide temperature range from o°F to 150°f. This moderately 
firm foam is used to package very expensive objects, where flexible cush- 
ioning characteristics are needed to dampen shock and resonant freguency 
encountered in.most shipping. I t  is also recomnended for molding arm or 
head rests for use in furniture aircraft o r  automobiles. 

. .  

CHEMICAL PROPERTIES: ( @  77OF 
Viscosity, CPS 

A-Component: 100 

Specific Gravity 

Reactivity Profile 

A-Component: 1.23 

Cream time, sec. 
Rise time, sec. 
Tack free, sec. 

Mixing Ratio (By Weight) A/B 
Processing Temperature, OF 
Mold Temperature, OF 
Demold Time, min. 

B-Component: 500-600 

B-Componect: 1.10 

15-18 
30-35 
35-40 

75-80 
80-90 
10 

25/75 

- 
PHYSICAL PROPERTIES: 
Core Density (Free Rise ) LB/Ft3 4 
Tensile Strength. PSI 15 
Tear Strength. PLI 1 . 2  
Elongation, : 110-120 
Resiliency, 'd ball rebound 60-64 
4 "  ILO, L W 5 0  in2 (based on 4" free rise foam) 

kir Flow 3.2 

25: Deflection 4.5 (core) 
65% Deflection 98 (core) 
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5976 
feet high. The silo domes were originally designed to be 8 inches thick at 
the dome wall tapering to 4 inches thick at the center. . 

The walls were post-tensioned reinforced with 0.162-inch-diameter wire 
stressed to 140,000 pounds per square inch (PSI) (with assumed 30% loss, for a 
design stress of 100,000 PSI). These post-tensioning wires were covered by a 
3/4-inch-thick gunite coating. The minimum 28-day compressive strength used 
was 4,500 PSI for the dome and walls and 3000 PSI for the floor and footing. 
The maximum a1 lowable soil pressure was 4000 pounds per square foot (PSF) . 

The silos were designed to be loaded with the metal oxides in slurry form at a 
maximum rate of 8000 gallons per day. The radioactive residues were allowed 
to settle and the water was decanted, leaving a sludge with a density of 100 
pounds per cubic foot (PCF) and angle of repose of 0 degrees. The maximum 
allowable height o f  solid material was 23 feet and the water was decanted to a 
plant to be reused in the production o f  additional slurry. 

In 1963, the silos were showing signs of exterior surface deterioration. 
Large areas o f  spa1 1 ing occurred in the exterior surface guni te coating, 
particularly on the north silo, leaving post-tensioning wires exposed to 
weather. Subsequently, patches of the wires became severely corroded and 
broken. Various options were investigated as remedial actions for the silos. 
Repairs began in 1964 by first chipping away all loose gunite material and 
then patching the surface with 3/4 inch coat of cement mortar. After the 
gunite was repaired, and a waterproofing sealant was applied to the external 
silo walls, an earth embankment was built to the top of the wall on a one and 
one-half to one (1-1/2:1) slope (horizonta1:vertical). The earthen embankment 
was to provide relief from tensile stress within the walls by counterbalancing 
the load from the internal contents, since the broken wires were not replaced. 
A soil was chosen with roughly the same density (125 PCF) as the contents of 
the silos (100 PCF). Two additional purposes o f  the embankment were to 
provide weather protection and to reduce the radon emission from the silos. 
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In the subsequent years problems w i t h  soil  erosion on the  soi l  embankment were 
frequent. The eroded areas were repaired, b u t  w i t h  hea-vy rains the problem 
reoccurred. In 1983, the embankment was enlarged t o  achieve a 3 : l  slope. No 
fur ther  evidence of large scale erosion has occurred. 

In February 1986 a s t ructural  analysis of the s i l o s  was completed by Camargo 
Associates, LTD. (CAMARGO) (Reference 2) The analysis included a f i e l d  
investigation of the s i l o s  t o  determine the i r  condition which was completed i n  
September 1985. Information gathered from this  investigation was used i n  a 
computer model t o  a s s e s s  t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  s i l o s .  The 
conclusions reached in the CAMARGO report are  as follows: 

1. 

2 .  

3 .  

4 .  

5 .  

The base s l a b  and walls a t  this time are s t ruc tura l ly  s tab le  
under the exis t ing s t a t i c  loads being applied t o  them and 
should continue t o  be so for  approximately 5 t o  10 years. 

If  e i t he r  the contents of the s i l o s  or the s i l o  embankment 
are  removed, they must be removed simultaneously or f a i lu re  
of  the walls or  base s lab could result. 

T h e  c e n t e r  20 f o o t  diameter  por t ion  of t he  dome t o p  i s  
s t ruc tura l ly  unsound fo r  a load greater  than the exis t ing 
s t a t i c  dead load and no l i f e  expectancy can be assigned t o  
i t .  

The application of a three foot thick ear th  f i l l  load on the 
dome or the application of tornado suction or pressure loads, 
would cause a s t ructural  f a i lu re  of the dome. 

The application of the "defined" synthetic earthquake would 
induce some additional cracking i n  the  base s lab  and a t  the 
base o f  t h e  s i l o  wa l l ,  b u t  the  s i l o  would s t i l l  be i n  a 
serviceable condition. The dome would be unaffected, and 
should  simply move w i t h  the  ground motions. 
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6 .  If  a cover i s  chosen t o  cover the center portion of each s i l o  
dome, the weight should be as l ight  a s  possible and i n  no 
case should i t  be greater than t h a t  allowed by the buckling 
capacity of the dome (approximately 11,000 pounds) .  

Based upon the recommendations made by CAMARGO, a temporary cap consisting of 
s teel  members and plywood sheathing was placed on the center 30-foot-diameter 
po r t ion  of each K-65 S i l o .  The de ta i l s  of  the caps are depicted i n  Reference 
3 .  The information i n  this section represents the current s ta tus  of the 
domes. 

Due t o  the time constraints on th i s  project, an additional in-depth structural  
analysis was n o t  performed on the s i los .  The CAMARGO report (Reference 2 )  was 
used a s  a bas i s  f o r  t he  s t r u c t u r a l  assessment of t h e  proposed dome 
reinforcement . 

1 . 2  STATEMENT OF PROBLEM 

Due t o  environmental elements, the K-65 Silo domes have deteriorated and are 
considered the weakest structural  component of the s i l o  system. The placement 
of the dome covers over the s t ructural ly  defective center 20 foot portion o f  
the domes was considered only as a short-term remedial s o l u t i o n  (1-2 years).  
Since final remediation plans for  the K-65 Silos will take a t  l ea s t  three 
years t o  develop and implement, i t  i s  necessary t o  take a d d i t i o n a l  remedial 
action t o  provide fo r  continued safe-containment of the K-65 residues. 

1.3 SOLUTION 

A proposal was made as outlined in Reference 5 t o  f i l l  void space in each dome 
with closed cel l  r i g i d  polyurethane foam. This s o l u t i o n  was chosen because 
(1) radon g a s  i s  a t t enua ted  by t h e  foam and ( 2 )  t h e  r i g i d  foam a c t s  as 
structural  support fo r  the dome. 
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The major drawback of using rigid foam exclusively is that it tends to expand 
in volume after application. The uncertainty in the amount of expansion leads 
to the possibility that the rigid foam could expand to the point of applying 
an excessive upward load possible causing structural failure to the dome. 

Therefore, it is desirable to use rigid foam in conjunction with an open 
celled, flexible foam. The impact of rigid foam expansion on the structure is 
lessened due to the low compression modulus of the flexible foam (See figure 1 
for the cross-sectional arrangement of the foam fill). The foam arrangement 
consists of the following: a sealing membrane over the K-65  residue, a two- 
foot layer of rigid foam on top o f  the membrane, flexible foam filling the 
silo except for center &foot diameter portion, rigid foam in the uppermost 
center portion, and 2 inches of rigid foam covering the outer portion of the 
dome for insulation purposes. The temporary cap would be left in place and 
covered with rigid foam. A weatherproofing membrane would be placed on the 
exterior 1 ayer of foam. 
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2.0 STRUCTURAL ASSESSMENT 

5916  

2 .1  ASSESSMENT OF THE WEIGHT OF THE PROPOSED FOAM MATERIAL AND ITS LOADING 
EFFECT ON THE FOLLOWING: SIDE WALLS, EARTH BERMS, FOUNDATION ( F L O O R ) ,  
AND K-65 MATERIAL 

The additional weight produced by the instal la t ion of the foam material i s  
estimated t o  be less  t h a n  3% of the weight of the K-65 residue inside the 
s i l o s .  This i s  based on information provided by the foam vendor (Reference 
4 ) .  The CAMARGO Report (Reference 2 )  s ta tes  that  the walls are i n  compression 
i n  t he i r  present s t a t i c  s t a t e .  This increase i n  weight due t o  foam addition 
should n o t  a l t e r  the present s t a t e  o f  the walls, due t o  the small percentage 
change in weight. The same i s  t rue for  the foundation and earth berm. Under 
dynamic forces induced by an earthquake, load redistribution would occur due 
t o  cracks developing i n  the concrete walls and floor.  Again, due t o  the small 
percentage change in weight from the foam addition, the conclusions reached i n  
the CAMARGO Report should n o t  change. The foam should have no adverse effect  
on the K-65 material provided the foam i s  uniformly applied. 

2 . 2  EXPECTED THERMAL EXPANSION AND CONTRACTION CHARACTERISTICS OF THE FOAM 
MATERIAL, AND THE RESULTING STRUCTURAL EFFECTS ON THE SILO STRUCTURE DUE 
TO FOAM EXPANSION AND CONTRACTION 

2 . 2 . 1  General Characterist ics Of Rigid Foam As Applicable To This Project 

Rigid foams exhibit  a variety of character is t ics  depending upon density, 
temperature ,  blowing agents ,  foaming system and r e l a t i v e  h u m i d i t y .  
Dimensional stabi 1 i ty  ( i  .e.  percent vol  ume change) varies depending on these 
parameters.  The foam se l ec t ed  f o r  t h i s  app l i ca t ion  i s  M G 2 - B  of Foam 
En te rp r i se s .  Se l ec t ion  was based on s t r e n g t h ,  radon a t t e n u a t i o n ,  and 
a v a i l a b i l i t y .  The foam i s  formed by a n  exothermic r eac t ion  of l i q u i d  
chemicals with i n i t i a l  s e t  occurr ing a few minutes a f t e r  m i x i n g .  Af te r  
i n i t i a l  s e t ,  the foam exhibits a continued r i s e  i n  temperature, result ing i n  
an inc rease  i n  volume. As the  foam coo l s ,  shr inkage begins t o  occur.  

7 

00008t; 



Eventually the foam volume will return to its original volume or shrink an 
additional 1 to 2 percent. The foam may also expand/contract due to ambient 
temperature changes after curing. Rigid foam exhibits excellent insulation 
characteristics and a compressive strength of approximately 24 PSI at 10 
percent deflection. 

2.2.2 General Characteristics Of Open-Celled, Flexible Foam As Applicable To 
This Project 

Since the flexible foam is an open-celled foam, the heat generated during 
curing is quickly dissipated. No significant volume change occurs during 
curing and thermal expansion/contraction can be neglected. The foam selected 
is UPC 281 of Foam Enterprises with a modulus of 0.9 P S I  at 25 percent 
def 1 ect i on. 

2.2.3 Structural Effects Of The Foam On The Silo Structure 

The rigid foam expansion during curing presents a problem as previously 
mentioned. However, when applied in conjunction with an open-celled flexible 
foam, the initial expansion/contraction of the rigid foam should be absorbed 
by the flexible foam with no adverse effects expected on the walls, 
foundation, or other parts of the structure excluding the dome which is 
discussed bel ow. 

A maximum expansion of 6 percent is expected for the rigid foam, which 
produces an average 6 percent deflection in the flexible foam, resulting in a 
pressure of approximately 30 PSF on the dome. Expansion of the foam during 
curing is uncontrolled and not easily predicted. Should additional expansion 
occur dome cracking and uplift may result. 

The insulating layer of rigid foam that is applied to the dome exterior will 
dampen the dome thermal movement by reducing temperature fluctuations 
resulting in an extended dome life. The insulation also reduces temperature 
change of air in the open-celled foam and the associated forces caused by 
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increased air pressure. 

is d 

2.3 

Vertical thermal movement of the dome is estimated to be 1 inch. A 2-foot 
layer of flexible foam depressed one inch will induce a load of 22 PSF. The 
weight of the dome in the center portion is approximately 25 PSF. Therefore 
the forces exerted on the dome due to temperature contraction of the dome will 
approximately balance the dome weight. However because the dome movement i s  

resisted by the foam additional tensile stresses will be induced in the dome 
which will increase cracking. This cracking will result in decreased life; 
however, the consequences of failure are lessened by the foam installation as 

scussed below. 

ANALYSIS OF THE ABILITY OF THE FOAM MATERIAL TO FUNCTON AS STRUCTURAL 
SUPPORT FOR THE DOME 

The flexible foam itself provides little or no structural support. The 
flexible foam will be applied under the dome except for an approximate 25- 
foot-diameter area under the weak center portion. The outer area of the dome 
is considered to be more structurally stable than the critical 20-foot- 
diameter center portion and no additional structural support is required. 

A core.of rigid foam, in combination with at least 2 feet of flexible foam as 
shown in Figure 1, will be placed under the center 20-foot-diameter portion of 
the dome. This combination is capable of sustaining the dead weight of the 
20-foot-diameter portion o f  the dome plus a snow load of 20 PSF with a 
deflection of 1 to 2 inches at center should collapse of the 20-foot-diameter 
portion occur. Structural support of the center 20-foot-diameter dome portion 
prior to collapse is difficult to predict without an extensive investigation. 
Estimating support is complicated by the shrinkage characteristics of the 
foam. If the foam shrinks beyond its initial set volume, contact with the 
dome will be lost and no support will be provided prior to collapse. 

However, foam placed inside the dome in conjunction with a combination of a 
rigid foam insulating layer plus a weather-proofing membrane applied to the 
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4 .  The combination of rigid/flexible foam allows for thermal movement 
of the dome. Thermal expansion/contraction -of the flexible foam 
is projected as minimal, and the flexible foam can absorb 
expansion/contraction of the rigid foam with minimal impact to the 
silo. 

2.5.2 Drawbacks 

1. Implementation of the foam system does not preclude advanced 
cracking o f  the dome, or even dome failure. It is recommended 
that additional weight be kept off the center portion of the dome 
during the foaming operation. 

2. Thermal expansion of the foam during curing will produce an upward 
load on the dome. The load is projected to be within acceptable 
limits, however unpredicted additional expansion may result in 
dome cracking . 

2.6 GENERAL COMMENTS 

If the center portion o f  the dome collapses, the structural integrity of the 
remaining portion of the dome is questionable. The proposed foam installation 
does not provide support for the outer portion o f  the dome. 

It is recommended that the temporary cover (cap) remain in place. Rigid foam 
insulation should be applied to both the exterior portion of the 30-foot- 
diameter center portion o f  the dome (inside the cover) and to the cover 
itself. The weatherproofing. membrane should be applied to all exterior dome 
and cap surfaces. 

It is also recommended that the 11,000 l b  load limit specified in the CAMARGO 
report not be exceeded since insulation added to the dome plus the temporary 
cover (cap) nearly equals this limit. 

11 
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13630 \vaIertowcr Circle 
hfinnrapolis. ha' 55441 
(G12) 559.3266 
(POO)  328.3342 

CHEMICAL SYSTEf4 UPC 281 

1703 Crosspohl 
Houston. Tcxss 77054 
(713) 796-9743 

OESCRIPTION: INlEGRAL SKIN FLEXIBLE FOAM 

UPC-281 is a MDI based, two component chemical system..Thi; medium low 
density, open-celled foam has excellent and tough integral skin when cast 
in metal or plastic molds. It exhibits excellent energy absorption prop- 
erties over 2 Gide temperature ranoe from O°F to 1jO"f. This moderately 
firm foam is used to package very expensive objects, where flexible cush- 
ioning characteristics are needed to dampen shock and resonant freguency 
encountered in most shipping. It is also recomnended for molding arm or 
head rests for use in furniture, aircraft or automobiles. 

CHEMICAL PROPERTIES: ( @  77OF) 

Viscosity, CPS 
A-Component: 100 

Specific Gravi ty 
A-Component: 1.23 

Reactivity Profile 
Cream time, set. 
Rise time, sec. 
Tzck free. sec. 

Mixing Ratio (By Weight) AIB 
Processing Temperature. O i  
Mold Temperature. OF 
Demold Time, min. 

. .  

PHYSICAL PROPERTIES: 
Core Density (Free Rise ) LB/Ft 
Tensile Strength, PSI 
Tear Strength, PLI 
Elongation, Z 
Resiliency, Z ball rebound 
4 "  ILD, LBS/SO in2 (based on 4 "  free rise foam 

3 

25% Deflection 
65: Deflection 

Air Flow 

B-Component: 500-600 

B-Component: 1.10 

15-18 
30-35 
35-:0 

75-80 
80- 90 
10 

25/?5 

4 
1s 
1.2 
110-120 
6G-64 

4.5 (core! 
OS (core) 
3.2 

000139 



APPENDIX B. 

000140 



c 

I ES, mce 
13630 Watertower Circle 
Minneapolis. MN 5544 1 
(612) 559-3266 
(800) 328-3342 

MG2-B 

RIGID URETHANE BARGE FOAM 

INDUSTRIAL FLOTATION 1 

DESCRIPTION :. 

MG-2.0-B is formulated for use in industrial (barge) flotation 
application6 with large 'froth/pour" equipment. 

The foam exhibits below.norma1 exothermic heat generation during 
the 'froth/pour" (using R-12) operation and has 
characteristics. 

PROCESSING CHEMICAL PROPERTIESz 
Test ASTM Test 
Temp.*. Meth. Unit - 

Viscosity 77OF. 
Specific Gravity 77OF. 
Ratio (Parts by Weight) 
Cream T h e  (no'R-12) 77OF. 
Rise Time 
Tack Free Time 
Density (no R-12) 77% . 
FOAM PHYSICAL PROPERTIES :. 

Nominal Density 77%. 

k-Fac tor (BTU/f t -hr-%/inch) 

Closed cell percent 

Dimensional Stability 

Compressive strength 77OF . 
Water Absorption 740F. 

4 Weeks 158OF. 
3 Weeks 15E°F. 
2 Weeks 158OF. 
1 Week 158OF. 
4 weeks -309. 

24 hours 30%'. 

D-1638 CD8 

excellent flowing 

'A" "B" 
Component Component 

250-350 900-1000 
0-1638 grjcc 1.24 1.21 

50 50 
25-30 seconds 

2 minutes, 50 second 
3 minutes, 15 second 

l b s / f  t2 2 .0  f 0.1 

D-1622 lbs/ft3 1 . 8  f 0.1 
(with R-12) 

D-177 0.15 aged 
D-1621 psi(lO% deflection) 24.0 
D-1940 o/o 92 

D-2126 ( %  volume change) 
D-2127 lbe/ft2 0.1 

at 100% RH + 16 
at 100% RH + 16 
at 100% RH + 14 
at 100% RH + 12 

-1.5 
Dry cold no change 

Shelf-life 6 months from manufacturing date 

- 

000141 (See reverse side) 
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13630 Watertower Circle 
Minneapolis, Mh' 5544 1 
(612) 559-3266 
(800) 328-3342 

CHEMICAL SYSTEM UPC 281 

1703 Crosspoint 
Houston. Texas 77054 
(713) 796-9743 

DESCRIPTION: INlEGRAL SKIN FLEXIBLE FOAM 
UPC-281 is a MDI based, two component chemical system. This medium low 
density, open-celled foam has excellent and tough integral skin when cast 
i n  metal or plastic molds. It exhibits excellent energy absorption prop- 
erties over a wide temperature range from OOF to 15OoF. This moderately 
firm foam is used to package very expensive objects, where flexible cush- 
ioning characteristics are needed to dampen shock and resonant freguency 
encountered in most shipping. It is also recommended for molding arm or 
head rests for use in furniture, aircraft or automobiles. 

CHEMICAL PROPERTIES: ( @  77OF) 
Viscosity, CPS 

A-Component: 100 

Specific Gravity 
A-Component: 1.23 

Reacti vi ty Profi 1 e 
Cream time, sec. 
Rise time, sec. 
Tack free, sec. 

Mixing Ratio (By Weight) A/B 
Processing Temperature, OF 
Mold Temperature, OF 
Demold Time, min. 

B-Component: 500-600 

B-Component: 1.10 

15-18 
30-35 
35-40 

75-80 
80-90 
10 

25/75 

PHYSICAL PROPERTIES: 
Core Density (Free Rise ) LB/Ft 
Tensile Strength, PSI 15 

4 3 

Tear Strength-, PLI 1.2 
Elongation, % 110- 120 
Resiliency, % ball rebound 60-64 
4" ILD, LBS/SO in2 (based on 4" free rise foam) 

Ai r F1 ow 3.2 

25% Deflection 45 (core) 
65% Deflection 98 (core) 

000142 
8-2 





m Attachment 5 

. TRIP/TELEPHONE REPORT .. 

.TELEPHONE DATE: April 22, 1988 

VISIT L7 LOCATION: Knoxville, Tennessee 

FROM: David Porter PROJ, NO, 303317 

NAMEmTLE: Keith Plowman- Research Leader TEE, NO. 409./238-7722 

HAEOE/TmE: DEPT: R&D 

O R ~ I ~ T I O N :  Dow Urethanes R&D 

ADDRESS: Freeport, Texas 

SUBJECT: Heat of Reaction of Urethanes 

COMMEHTS: 

Reaction of isocyanates with polyols to produce polyurethane is 
24Kcal/mole and does not vary much with type. 

Blowing agent will affect overall heat build-up due to vaporization. 

ACTION: - 
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Attachment 6 

Kw(-O!lNER ENCYCLOPEDIA OF CHEMICAL 
TECH., 3rd. Edition, Volume XI-, pp. 98-99- 

-5916 

Table 2. Physical Properties of Commercial Rigid Foamed Plastics 

ASTM Cellulose Extruded 
Property test acetate Epoxy Phenolic plank 

density. kg/m30 
mechanical properties 

kPab at  10% 
compressive strength, 

toncile strength, kPab 

flexural strength. kPab 

shear strength, kPab 
compression modulus, 

flexural modulus. hlPaC 
shear modulus, hlPac 

thermal conductivity. 

cwfficient of linear 

hlPac 

thermal properties 

\ V / ( r n , I i ) C  

expansion, 
10-V°C 

O C  

max service temperature. 

specific heat. kJ/(kgK)d 
electrical properties 

dielectric constant 
dissipation factor 

moisture resistance 
water absorption. vol G 
moisture vapor 

transmission. 
g/t m-sGPa) 

references 

D 1621 

D 1623 

D 790 

C 273 
D 1621 

C 790 
C 273 

C 177 

D 696 

C 351 

D 1673 

C 272 
c 355 

k 1 2 8  

E452 

u 7 2  

1p14 

965 . 
36-90 ' 

3s 

0.0454.046 

1 T j  

1.E 
m 
4.5 

21 

3 2 4 8  

138-172 

3.9 

0.0 16-0.022 

1.5 

205-260 

58 

129 

80- 126 

414-620 

345- 1.240 

1.380-5.516 

14 .S4 .8  

17.2-41.4 

0.035-0.040 

4.1 

205-260 

129 

3 2 4 4  

136620 

136379 

172448 

103-207 

2.64.8 

0.029-0.032 

0.9 

132 

1.19-1.20 
0.028-0.031 

13-51 

130-131 

112-160 35 

310 

517 

1.138 

24 1 
10.3 

41 
10.3 

0.0354.040 0.030 

4.5 6.3 

205 74 

1.1 

53 

662 

6.3 

1.19-1.20 <1.05 <1.05 
0.0260.031 <O.O001 <0.0004 

10-15 0.02 0.05 
35 

130-131 21,133 21 

a To convert kg/mJ to Ib/ft3, multiply byoA)624. * To conven kPa to psi. divide by 6.895. 
To convert MPa to psi. multiply by 145. 
To convert k.1lfkg.K) to Btu/(lb."F). divide by 4.184. 
To convert GPa to psi. multiply by 14j.ooO. 

Table 3. Physical Properties of commercial Flexible Foamed Plastics 

Expanded 
acrylonitrile- . . Expanded €1. 

ASTM butadiene Lpanded  butyl natural Expanded panded Rub- 
Property test ruhoer rubber rubber neoorene SBR Latex Foam ber 

density. Lg:n3 160430 15-144 221304 56 320 112 192 72 80 130 160 

cell structure closed c l o d  closed closed closed closed closed closed open open open 
compressive strength 

105 deflection, kPab D 1621 
255 defiection, kPa* D 1621 11-:3.s 25-3s 52 

tensile strengh. kPab D 1564 275 206 XS 551 103 

ensile elongation, 5 D 1564 500 310 

rebound resilience. % D 1054 39-56 30-16 73 

tear strengh. IN/m)C D 624 

mar sewice tem- 100 . i o  70 105 70 70 

thermai conductivity. C 177 0.03&4.043 0.026 0.043 0.040 0.065 0.030 0.050 

elrctric3i p:operties 3 3  

x lo* 

perature. 'C 

\v;lrl.x; 

reis. 

rei. 

refs. 

To ccnvcn  kj./mJ to Ib/ftJ. multiply by0.0624. 
Tu convpr: kPa LO psi. divide by 6.595. 
' Tocomrr: S,'m to  Ibfiin.. divide by 1.75. 

cushior.in5 pruperties 

12.3 128 12.5 12s rnecnu.ir~i properties 1 2s 128 12s 12s 

Table 2 (confinued) 

Polyurethane 
Polyst.wene lsocvsnurate Urea 

Poly(viny1 Lami- formal- 
Extruded sheet chloride) Polvether Bun nate dehyde Expanded plank 

80 16 32 

90-124 207-276 586-896 

145-193 310-379 1.020- 

193-241 379417 
1,186 

24 1 
3.4-14 

9.0-26 
7.611.0 

0.037 0.035 0.035 

5.4-7.2 5.4-7.2 5.4-7.2 

74-80 74-80 74-80 

1.02 1.02 1.02 
0.0007 0.0007 0.0007 

1-4 1-4 1-4 
<120 35-120 23-35 

96 

290 

2.070- 
3,450 

0.035 

77-80 

1.27 
0.00011 

86 

160 c 

469 

4,137- 
6.900 

0.035 

80 

1.28 
0.00014 

58 

32 64 3 2 4 8  4 - 1 2 8  144-192 304400 32 32 13-19 

345 1,035 1W344 482-1.896 2.KXL 8.270- 117-20697-282 36 

3.800 13.800 
551 1.207 138-482 620-2.000 1.585- 4,800-8.960 246290 

. 3.100 ..._. 
4,825- 

2,400 13.800 
52.400 117 

586 1,620 413-689 1.380- 

241 793 138-207 413-896 
13.1 35 204.1 102'31 

10.3 36 5.5-6.2 5.5-10.3 
6.2 21 1.2-1.4 3.4-10.3 1.7 

0.023 0.016- 0.022- 0.027- 0.049-0.060 0.019 0.020 0.026 
0.030 0.025 0.030 0.036 

5.4-7.2 7.2 7.2 7.2 - 

93-121 121-149 121-149 121-149 149 149 

caO.9 caO.9 ca 0.9 ea 0.9 

1.05 1.1 1.2 1.4 
13 18 32 

35-230 50-120 12 230 1.610- 15 
2.000 

137 137 138 136 136 131-132 134 135 135 136 , 136 

Table 3 (continued) 

Polyurethane Polyethylene Polypropylene 
sheet Lin- PA". . ".J 

Polyethylene Extru- Cross- modi- llodi- Super- ether Poly(viny1 Silicone 
ded linked fied fied Sheet soft slab chloride) extruded plank 

35 6.4 96 144 43 26-38 64-96 6i-96 10 24 18 29 38 56 112 96 272 160 400-  

closed closed closed closed closed closed closed dosed open open open open closed closed open open open c l a d  544 

46 75 124 360 550 106 4.8 
22 1.9 5.0 7 10.3 24 3.4 36at 138 241 413 690 41 830 344 

60 60 60 60 276 276- 1100 1 W  1 3 6  E2 62 140 115 220 227 20% 310 5% 

27 5 700 480 
190 220 258 163 
31 49 55 

50 25 75 

6 3  10.5 17.5 26 51 26 

125 350 260 232 82 S2 82 82 82 79-93 135 135 121 

0.078 0.0% 

I44  131 131 

0.040 0.035 0.040 0.053 0.058 0.058 0.059 0.040- 0.036- 0.039 0.039 0.039 

140 140 140 140 21.140 
0.049 0.040 

131 141 43 43. 43 143 143 

140 142 
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