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Abstract  
Together	
  with	
  higher	
  expectations	
   for	
  building	
  performance	
  such	
  as	
  energy	
  efficiency,	
  

combustible	
  materials	
  are	
  increasingly	
  being	
  added	
  to	
  exterior	
  wall	
  assemblies	
  requiring	
  them	
  

to	
   pass	
   the	
   full	
   scale	
   fire	
   test	
   standard	
   NFPA	
   285	
   (Multi-­‐story	
   building	
   test).	
   This	
   testing	
  

procedure	
   is	
   expensive	
   and	
   time	
   consuming	
   to	
   perform.	
   The	
   project	
   aimed	
   to	
   design	
   an	
  

intermediate	
  scale	
  fire	
  testing	
  rig	
  for	
  screening	
  fire	
  (and	
  thermal)	
  behavior	
  of	
  exterior	
  facades.	
  

A	
   light	
  and	
  easy	
   to	
  use	
   intermediate	
  scale	
   rig	
  would	
  benefit	
  many	
  people	
   in	
   the	
  construction	
  

industry.	
  By	
  reducing	
  the	
  size	
  and	
  cost	
  of	
   the	
  assembly	
  specimens	
   in	
  the	
  screening	
  test	
  more	
  

effective	
   and	
   efficient	
   assembly	
   designs	
   can	
   be	
   developed	
   with	
   confidence	
   that	
   these	
  

assemblies	
  will	
  pass	
  the	
  full	
  scale	
  NFPA	
  285	
  test.	
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Introduction  

 In the effort to change the construction industry in developing a higher, more energy-

efficient building envelope, focus has been put on the increase in performance, facility life, and 

occupant health and safety. The International Building Codes (IBC) [1], ASHRAE 90.1 [2] and 

International Energy Efficiency Codes (IECC) [2] define a baseline for what exterior walls 

should be and also set restrictions. The thickness and material of an assembly determine its 

safety. For this project, a full study of the IBC and IECC was done. From the understanding and 

guidance of the IBC, a Materials Catalog (found in appendix F) was created in order to compare 

different properties and U-values of common materials used on exterior wall assemblies. 

  Although combustible materials bring about a danger to exterior assemblies they are 

very attractive as components because they aid energy conservation and reduce construction 

cost. While the market demands for insulations, air gaps, and water barriers, combustible 

materials are at an all-time high. The National Fire Protection Association (NFPA) has created a 

specific test known as NFPA 285 [3], requiring all exterior walls to pass. This test enables 

designers to better understand how fire can spread along the exterior face of a building, as well 

as incorporating combustible materials into exterior wall assemblies.  

NFPA 285 Test: 

 The NFPA 285 test is required by code for commercial buildings Type I, II, III and IV 

construction.  

	
  

Figure	
  1:	
  Combustible	
  and	
  Non-­‐Combustible	
  Materials	
  [4]	
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 The 285 Test is the “standard fire test method for evaluation of fire propagation characteristics 

of exterior non-load-bearing wall assemblies containing combustible components” [5]. This 

means that a test must be run for any multistory building over 40ft that uses combustible 

materials in its wall assemblies. These assemblies include all products from interior finish to 

exterior cladding.  

The current testing rig for 285 is composed of two concrete and masonry rooms stacked 

vertically in order to simulate a two-story building. The test wall is then built onto the concrete 

rooms and attached firmly to accurately simulate a real building.  

	
  

Figure	
  2:	
  Full	
  Scale	
  Rig	
  vs.	
  Intermediate	
  Scale	
  Rig 

The rig has two burners that simulate an interior fire that has broken out of a window. 

Real windows are not placed in the rig as it is assumed these would break after fire exposure. 

During the testing period, the flames on the wall cannot exceed 10 ft. above the window’s top or 

5 ft. laterally from the centerline of the window. The thermocouples present within the wall 

assembly cannot reach a temperature of more than 1000 ºF and there cannot be any fire present 
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within the top room. The assembly is considered a fail if it breaks any of these rules. A more 

detailed list of specifications can be found in the official document at the NFPA [3] website. 

Problems with Current Test 

 The current 285 test has a multitude of issues that make running a single test costly and 

time consuming. For many people, the current testing costs and limitations make it difficult for 

them to justify the investment when in the research stages of designing new building materials. 

The following list states the major problems with the current 285 Testing Rig: 

• Price - current testing is very expensive with the price ranging from $15,000 to 

$50,000 per test and the costs must be paid even if the system fails 

• Size- current test rig is 14’ by 18’. This can be too large for most laboratory 

environments. 

• Portability- current rig utilizes concrete and brick walls, which cannot be moved. 

This means that the rig needs to occupy its own space, which happens to be a 

large area. 

• Walls must be built on site- the exterior walls must be built onto the rig, which 

causes increases in testing time, manpower and costs. 

• Test time- the test has a long turnaround time, which reduces the number of tests 

that can be performed. 

If the problems from the current testing rig can be solved then a much more efficient 

setup can be designed. A more portable, affordable and faster testing rig would benefit many 

people in the industry. Reducing the size and cost of the test will allow researchers to pre-screen 

the performance of their materials before a full-scale test hence avoiding un-necessary money 

and time expenditure.   

Characteristics  of  a  Screening  Test  

The goal of a screening test is to simulate the full scale 285 test with a smaller testing rig. 

NFPA 285 requires a flame length of less than 10 ft. above the window’s top and a flame spread 

of less than 5 ft. laterally from the window’s centerline. In order to accommodate the appropriate 

index an intermediate scale rig will be the basis for the design. The Intermediate scale rig will be 

much smaller than the full-scale test, but will provide a large enough wall section to meet testing 
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requirements. The burners used in the full-scale test must be scaled down in order to provide the 

proper thermal insult to the testing specimen.  

Design of an Intermediate Scale Testing Rig 

In order to create a rig that would meet the needs of the WPI Fire Laboratory and be able 

to be shipped back and forth between WPI and Kreysler & Associates in California, a set of 

design specifications were created. 

Design Specifications 
Table	
  1:	
  Design	
  Specifications	
  

Intermediate Scale Rig Design Considerations           Corresponding Design Specifications 

1.  

NFPA 285 requires a flame length of less 

than 10 ft. above the window’s  

top and a flame spread of less than 5 ft. 

laterally from the window’s centerline, 

hence the intermediate scale must 

accommodate those index  

 

• Specimen wall height should be 10 ft. 

• Specimen wall width should be 4 ft. 

• Wall should be raised off ground to 

allow burner to be placed underneath 

 

2. Intermediate scale rig that can 

appropriately simulate the NFPA 285 

testing  

 

• Rig needs to have side channels to 

help match the vertical flow produced 

by the 285 test’s window opening  

• Burner must appropriately match the 

heat flux distribution of the 285 test 

3. Rig must be adjustable to different wall 

thicknesses between 6”-30” (based 

on max & min materials catalog walls) 

 

 

• Adjustable to walls between 6”-30” 

thickness 

• A frame is necessary to distribute 

loads of 30” wall 

• Allow walls of smaller size to be hung 

from back frame for specimens that 

can’t support their own weight 
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4. Portability: Rig must be easily moved in 

the lab and be collapsible for long 

distance transportation  

 

 

 

 

• Rig should be made of multiple pieces 

for decreasing profile for storage and 

transportation 

• Individual rig pieces should not 

exceed 75lbs 

• Be able to lay flat during  

transportation 

5. Ease of Assembly 

 

• Rig should be able to be assembled 

without tools 

• Should be able to be assembled by 2 

users 

6. Material used to build the rig must have 

suitable mechanical and thermal  

properties i.e. density (light), yield 

strength, tensile strength, fracture  

toughness, and corrosion resistance 

 

• Needs to withstand heating and 

reheating from a burner 

• Needs to be able to support 1000 lb. 

wall sections 

7. Decrease time between tests • Wall specimen should be modular 

allowing for easy wall specimen 

change 

8. Rig should be able to withstand heating 

to high temperatures  

• Rig should be insulated from burner 

• Limit moving parts which can 

malfunction at high temperatures 

9. Durability: Rig must withstand abuse 

from transportation and accidental 

impacts 

• Incorporate appropriate safety factor 

for repeated abuse 

 

Final Rig Design & Functionality  

 The final rig design meets all design specifications. The user will need to provide the 

testers with a 10’ x 4’ wall specimen that does not exceed the 30” maximum thickness or 1000lb 
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maximum weight capacity. A 36” width between the side rails means that up to a 3’ wide burner 

can be placed underneath the specimen. L-Brackets along the bottom frame connect to the 

specimen wall, and act as spacers to ensure that the burner has 12” of space in front of the face of 

the wall to allow for the correct plume and fire exposure. Flashing goes along the edge of the 

walls and insulation is inserted into the gaps between the wall specimen and fire channels. 

	
  

Figure	
  3:	
  Fully	
  Assembled	
  Rig	
  

The final rig consists of four main frames that lock together without the use of any tools, and can 

be disassembled to lay flat against a wall or floor. The rig will be able to be assembled with 2 

individuals within a short 10 minute time period. 
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Figure	
  4:	
  Instructions	
  to	
  Assemble	
  the	
  Rig 

Locking pins are placed into holes on the backing wall to hold the fire channels to the side 

support walls. The wall holder frame can only be used for a specimen wall that can support its 

own weight without tipping over. For these cases, the specimen wall can be hung from the 

backing wall with brackets connected to the horizontal supports. 

Note: Early Design iterations can be found in Appendix F.  

Figure	
  5:	
  Locking	
  Pins 
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Analysis  of  the  rig  

To ensure that the rig can handle the 1000lb wall and take repeated abuse, a stress 

analysis was performed on the wall holder frame and the side rails. In addition Impact and 

buckling analysis was performed on the holder and side rails respectively. This section will 

briefly explain the analysis process and present the final result obtained. The frame will be 

exposed to high temperatures during testing, a thermal analysis was performed to calculate the 

amount of heat that is transferred into structural members. To get accurate estimates of the 

temperatures within the beams, the burner heat release rate was calculated to match the wall heat 

flux distribution of the 285 test.   

Holder Stress Analysis  
The holder was simplified to a beam structure and the distributed wall load was simplified to 

a point load for the analysis as shown in appendix B. Passing the stress analysis with a simplified 

structure means that the holder is over designed but this is necessary due to the fact that the 

holder will be exposed to high temperatures. These temperatures will reduce the materials yield 

and tensile strength. Considering the maximum wall weight of 1000 lb. exerted on the holder, 

three major conditions were integrated to calculate the maximum moment and shear force that 

were used in the sizing of the holder design.  Referring to Figure 6, the conditions were: 

i. Point A and D have zero moments 

ii. Both point A and D have moments 

iii. Only point A has moment 

 

 

The largest moment of 9.12*103 lb.in was calculated from condition i. and a maximum shear 

force of 460.256 lbf from condition iii.  This moment and shear force is used in the sizing of the 

holder. 

Note: For detailed calculation, refer to Appendix C 

Holder Section Sizing 

For sizing, hollow tubing was chosen to reduce weight and increase manufacturability over 

solid sections.  

 

Figure	
  6:	
  FBD	
  for	
  Analysis	
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The properties of the material, A500 Steel, used for the analysis are: 

• Yield strength of 50ksi 

• Tensile strength of 62ksi 

• Melting point of 2750 degrees F 

• Density of 0.284 lb./in3 

	
  

Figure	
  7:	
  Sizing	
  the	
  Cross	
  Section 

Analysis was done on the section cut shown in Figure 7 to calculate shear and bending 

stresses that would be applied on the holder. Basic shear and bending equations were used [6]. 

To optimize the results, eleven different trials were calculated. The difference in the trials was 

either thickness or section area.  Approximate weight of the holder was calculated in every trial. 

Table 2 summarizes results of bending stress, shear stress, and the holder’s weight for the eleven 

different trials. The results are arranged in ascending material thickness. 

Table	
  2:	
  Results	
  of	
  Analysis	
  

in lb/in^2 lb/in^2 lb inches
thickness bending	
  stress shear	
  stress weight	
  of	
  holder Trials size/	
  section
0.0156 41110 5436 22 10 4	
  x	
  3
0.0156 24260 4091 29 9 5	
  x	
  4	
  
0.0625 6022 1033 118 8 5	
  x	
  4	
  
0.0625 4545 839 132 5 5	
  x	
  5
0.085 3388 620 178 4 5	
  x	
  5
0.083 4500 782 160 7 5	
  x	
  4	
  
0.125 3149 525 234 6 5	
  x	
  4	
  
0.125 1888 425 260 3 5	
  x	
  5
0.25 1273 218 507 2 5	
  x	
  5
0.5 741 114 961 1 5	
  x	
  5  

Where:	
  

b1	
  =	
  inside	
  width	
  of	
  the	
  beam	
  	
  

b2	
  =	
  outside	
  width	
  of	
  the	
  beam	
  

h1	
  =	
  inside	
  height	
  of	
  the	
  beam	
  

h2	
  =	
  outside	
  height	
  of	
  the	
  beam	
  

t	
  =	
  material	
  thickness	
  

Y	
  =	
  ½	
  the	
  outside	
  height	
  of	
  the	
  beam	
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Below is a plot showing the effect on shear stress, bending stress, and weight due to change of 

wall section thickness. The plot shows the material’s yield and tensile strength. 

 	
  

Figure	
  8:	
  Shear,	
  Bending	
  Stress,	
  and	
  Weight	
  of	
  Holder	
  vs.	
  Thickness 

 

From the above plot, it is clear that as thickness increases, both the shear and bending 

stress on holder due to the exerted load decreases but the weight increases. The results show that 

the holder will not fail in bending or shear in any of the 11 trials. Material thickness of 0.0625 

inch was chosen since the holder will be reasonably light and this thickness can be manufactured 

with ease. The plot below shows the chosen material thickness of 0.0625 inch. Trials 8 & 5 have 

this thickness but different section dimensions.  
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Figure	
  9:	
  Shear,	
  Bending	
  Stress	
  and	
  Weight	
  of	
  Holder	
  vs.	
  Thickness 

Both of the above sections are ideal for the holder design but since one of main design 

objectives is a light-weight frame, it is better to use the 5 x 4 section as it leads to a lighter total 

holder weight. 

Note: Refer to appendix C for detailed calculation 

 

Impact Analysis 

Impact analysis was performed to ensure that the designed holder will not fail in bending 

or shear in the event of a wall being accidently dropped onto it from 2 feet. From the impact 

analysis, dropping a 1000lbf wall from 2 feet causes a 2005lbf impact force on the holder.  

Taking this impact force and re-calculating the bending and shear stresses for the chosen section 

size showed an increase in shear by a factor of 4 and bending stress by a factor of 2.  

Table 3 shows comparison of shear and bending stress of normal and impacted load. 

 



	
  
	
  

20	
  

Table	
  3:	
  Shear	
  and	
  Bending	
  Stress	
  of	
  Normal	
  and	
  Impact	
  Load	
  

 Force on holder (lbf) Shear Stress (lbf/in2) Bending Stress (lbf/in2) 

Normal Load 1000 1033 6022 

Impact Load 2005 4136 12070 

Increase Factor  2 4 2 

 

The calculated stresses are not close to the material yield or tensile strength, therefore the 

designed holder will not fail if the wall is dropped on it from 2 feet. (It is highly advised not to 

drop the wall at all). 

Note: Refer to appendix C for detailed calculations 

Punching Analysis 

Punching analysis was performed to ensure that when 1000lb is placed on the holder, the 

material thickness of 0.0625 in. will not be punctured by a foreign object. To evaluate this, a 

punching force necessary to punch through the material was calculated. Table 4 shows results 

considering an object with a circular surface of diameters 0.5 in and 0.125 in. 
Table	
  4:	
  Impact	
  Force	
  

Object diameter (inches) Impact Force (lbf) to punch through  

0.5 6087 

0.125 1522 

 

A500 Steel has a tensile strength of 62ksi and the max-applied load is 1000lbf, therefore 

it is safe to conclude that the designed holder is not at risk of getting punctured by a foreign 

object. 

Note: Refer to appendix C detailed calculations  

Side Rail stress Analysis 
Stress analysis was performed on the side rails to determine whether a specimen 

weighing 500lb can be hung on the designed rig. The side rail was simplified to a simple 

cantilever structure for analysis as shown in appendix B. Compressional stress was calculated as 

well since it can be a possible failure factor. Estimated weight of one side rail was also calculated 

during this analysis. 
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t	
  =	
  thickness	
  

  Two different analyses were done, one for a side rail made out of a hollow structure and 

the other made out of a solid structure. Results showed that both cases are ideal for a side rail 

design of 0.0625 material thickness. Below are results for the solid structure case over 4 trials.  

Material used for the side is the same as holder, A500 Steel. Table 5 shows results of weight, 

bending and compressional stresses arranged by increasing thickness of the solid section. 

	
  

Figure	
  10:	
  Solid	
  Cross	
  Section	
  for	
  the	
  Side	
  Rail 

 

 

 

 

 

Plot showing the effect on bending stress, compressional stress and weight due to change of 

thickness. 

Table	
  5:	
  Stresses	
  and	
  Weight	
  of	
  Side	
  Rail	
  for	
  Specific	
  Thickness	
  

 in	
   lb/in^2	
   lb/in^2	
   lb	
  
	
  Thickness	
   Bending	
  stress	
   Compressional	
  stress	
   Weight	
  of	
  Side	
  Rail	
   Trials	
  

0.03125	
   8333	
   1333	
   7	
   3	
  
0.0625	
   4167	
   667	
   13	
   4	
  
0.667	
   390	
   63	
   142	
   2	
  
1	
   260	
   42	
   213	
   1	
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t	
  =	
  thickness	
  

	
  

Figure	
  11:	
  Bending	
  Stress,	
  Compression,	
  and	
  Weight	
  of	
  Side	
  Rail	
  vs.	
  Thickness 

Below are results for the hollow structure case over 5 trials. 

	
  

Figure	
  12:	
  Sizing	
  the	
  Hollow	
  Section	
  for	
  the	
  Side	
  Rail 

Table 6 shows results of weight, bending and compressional stresses arranged by increasing 

thickness. 

Table	
  6:	
  Bending,	
  Compression	
  and	
  Weight	
  for	
  Specific	
  Thickness	
  

in	
   lb/in^2	
   lb/in^2	
   Lb	
  
	
  Thickness	
   Bending	
  stress	
   Compressional	
  stress	
   Weight	
  of	
  Side	
  Rail	
   Trials	
  

0.0156	
   3370	
   893	
   10	
   1	
  
0.0313	
   1696	
   447	
   20	
   2	
  
0.0417	
   1281	
   336	
   26	
   4	
  
0.0625	
   865	
   225	
   39	
   3	
  
0.5	
   141	
   31	
   284	
   0	
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Figure 13 shows the effect on bending stress, compressional stress and weight due to change in 

thickness. 

	
  

Figure	
  13:	
  Bending	
  Stress,	
  Compression,	
  and	
  Weight	
  vs.	
  Thickness	
  

According to the calculation and comparing material yield and tensile strength, a solid 

structure with a thickness of 0.0625”. would support the assumed weight (500 lb.) if hung, but to 

securely hang a large heavy specimen, a larger surface area of more than 0.0625”x 6” is needed. 

This section would be prone to buckling therefore the side rail will be designed as a hollow 

structure, instead of a solid section. 

Note: Refer to appendix D for detailed calculations 

 

Buckling Analysis 

Since the side rails are 10 feet long, buckling analysis was done to ensure that the 

designed side rail will not fail due to buckling. To achieve this, a critical bucking load was 

calculated using Euler’s formula. Results showed that the side rail would only buckle if a 9923lb 

load is hung on the rig. Since the max-hanging wall is limited to 500lb, buckling will not be a 

problem for the designed rig. 

Note: Refer to appendix D for detailed calculations 
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Thermal Analysis  

To ensure that the intermediate scale rig would be able to withstand the heating caused by 

the burner during testing, a series of heat flux and heat transfer calculations were performed to: 

1. Determine a burner heat release rate that simulates wall heat flux distribution of the 285 

test. 

2. Determine incident radiative heat flux on the exposed frame. 

3. Determine surface temperature of frame and time to reach steady state conditions. 

4. Determine heat fluxes due to conduction between burner and frame. 

5. Determine necessary insulation thicknesses for frame. 

Simulating  285  Test  Conditions  

When scaling down the dimensions of the 285 test, the burner size and heat release rate 

must also be scaled down to meet proper testing conditions. The full-scale test uses 2 pipe 

burners with heat release rates of 400 and 900 kW. The burners are calibrated to NFPA standards 

before every test by subjecting a test specimen to gas burners of gas flow rates found in Table 

4.4.13 of NFPA 258 Document [3] or appendix F.	
  

The test calibration wall is made of 5/8” TYPE X gypsum wall boards, conforming to 

ASTM C1396/C1396M [7], applied to both sides of nominal 18-gauge steel studs spaced 24” on 

center. Using a combination of heat flux gauges and Thermocouples, the burners’ temperatures 

and heat fluxes are measured in intervals of 5 minutes for 30 minutes. The measurements gained 

from the test must be within 10% of the values presented in table 7.1.11 NFPA 258 Document 

[3] or appendix F. 

 The intermediate scale burner for the rig will need to match these calibration heat fluxes 

at similar z co-ordinates along the vertical wall face. In order to accurately compare heat flux 

distributions of different scale tests, the heat fluxes were graphed based on a ratio of distance (z) 

over flame height (Lf), used to normalize the height. This ratio !
!!

 is known as a normalized 
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height above the burner. Figure 14 shows the graph of calibration heat fluxes against normalized 

flame height after the test has been running for 30 minutes.  

 	
  

Figure	
  14:	
  285	
  Heat	
  Flux	
  Distribution 

Calculations for the heat flux distributions of the intermediate scale burner were 

performed for various heat release rates. A study by Bryan Y. Lattimer from the SFPE Handbook 

of Fire Protection Engineering provided a model to calculate the heat flux distribution of fires 

adjacent to flat walls [8]. We used this model to calculate the flame heights and heat flux 

distributions for fires ranging from 50-100kW. The model uses the peak heat flux of the fire and 

determines the decrease in heat flux with increase in vertical distance (Z) from the base of the 

fire. The Hydraulic Diameter, DH, was calculated based on the intermediate square burner 

dimensions and used in calculating flame height. 

 

Peak Heat Flux (based on gray-gas radiation theory)           Flame Heights from Heskestad [9]  

        

𝑞"!"#$   = 200[  1 − exp  (−.09  𝑄!\!)                                             𝐿! = 0.23𝑄! ! − 1.02𝐷!      
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The method has 3 equations which model heat fluxes at 3 distinct zones above the fire. 

                                                                 Fire Plume Zone 

                                                                 !
!!
  <   1                             𝑞"!" = 20(𝑍 𝐿!)

!!
! 

                                               𝐿!              Intermittent Flame Zone 

                                                           .4 < 𝑍
𝐿𝑓
  >   1           𝑞"!" = 𝑞"!"#$ −

!
!
(𝑧 𝐿!   − 2 5)(𝑞"!"#$ − 20) 

                                                                 Continuous Flame Zone 

                                                            !
!!
  ≥    .4                                𝑞"!" = 𝑞"!"#$ 

Plotting the results based on normalized flame heights provided flame distributions that could be 

compared to the 285 distribution.  

	
  

Figure	
  16:	
  Heat	
  Flux	
  over	
  Flame	
  Height 

Note: For Full Detailed Calculations Refer to Appendix D. 
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Figure	
  15:	
  Flame	
  Zones	
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The results pictured in Figure 16 have a slightly larger peak heat flux value, but with such 

a low heat release rate turbulent flame dispersion can occur. At Heat releases of 75-100kW the 

flame creates a distinct vertical flame column necessary from vertical wall flame spread testing. 

Note: Refer to appendix D for detailed calculations  

 

Thermal  Insult  Due  to  Radiation  

While the test is running, the fire will radiate heat downwards onto the support frame. 

Based on a 100kW fire, we calculated the incident radiative heat flux on the surface of the steel 

frame members. Using the hydraulic diameter we assumed the flame to be a large pool fire 

radiating to a distance. From Shokri and Beyler’s Pool fire testing model [10] we can take the 

flame to be a point source and calculate the radiative heat flux to the target. Results from this 

analysis returned extremely low and inaccurate heat fluxes. Due to the short distance from the 

burner to the frame, a different approach was taken for close targets using a finite flame method. 

This method models the flame as a plane through the centerline of the burner.  Using the view 

factor and radiative fraction, the amount of radiation absorbed from the fire plane to the surface 

of the frame was determined.  

 

 

                                        

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  17:	
  View	
  Factor	
  from	
  Flame	
  Figure	
  18:	
  Radiation	
  from	
  Flame	
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Radiative	
  Heat	
  Flux	
  Equation	
  

𝑞"! = 2 𝐹!"
!!
!!"

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  𝑓𝑑𝑙 = 𝑉𝑖𝑒𝑤  𝐹𝑎𝑐𝑡𝑜𝑟	
  	
  	
  	
  	
  𝑄𝑟 = 𝐻𝑒𝑎𝑡  𝑅𝑒𝑙𝑒𝑎𝑠𝑒  𝑅𝑎𝑡𝑒×𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  𝐴𝑓𝑙 = 𝐴𝑟𝑒𝑎  𝑜𝑓  𝐹𝑙𝑎𝑚𝑒 = ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐  𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟  ×𝑓𝑙𝑎𝑚𝑒  ℎ𝑒𝑖𝑔ℎ𝑡  (𝐿𝑓)	
  

 The incident radiative heat flux was calculated to be 9 kW/m^2 for a 100 kW burner. This value 

was used to find temperatures at the steel’s surface using a heat transfer equation incorporating 

radiative and convective cooling.  

Heat Transfer Caused by Radiation  

 

Solving this equation for T gives a temperature of 550K (277 deg C) at steady state conditions.  

Solving a linear first order differential equation for the temperature over time and plotting the 

results shows that time to reach steady state conditions is 16 minutes. 

 

Heat Transfer ODE 

  

ODE Solution for 1/6” steel tube 

 

 

 

Note: For Full Detailed Calculations Refer to Appendix D. 

ε qt⋅ hc T Tα−( )⋅ ε σ⋅ T4 Tα
4

−⎛
⎝

⎞
⎠⋅+

ρ c⋅ Δ⋅
dT
dt
⋅ ε qt⋅ ht T Tα−( )−

T t( ) C1e
0.000084962t( )− 514.39+:=

C1 411.5−:=

Figure	
  19:	
  Change	
  in	
  Temperature	
  over	
  Time	
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Conduction  Analysis  and  Addition  of  insulation  

Using a basic heat transfer equation for conduction [11], the net heat fluxes at the surface of the 

frame through the insulation were acquired for 1 and 2 inches of insulation. We assumed that the 

surface of the steel will be ambient (298K) and the fire would be at 1500K.  

 Net Heat Flux at surface of steel   
𝑞!"# = 𝑘× ∆!

∆!
           𝑘 = 𝑡ℎ𝑒𝑟𝑚𝑎𝑙  𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦  𝑜𝑓  𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛                                                                                      

                                Δ𝑇 = 𝐶ℎ𝑎𝑛𝑔𝑒  𝑖𝑛  𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒         Δ𝑋 = 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛  𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

 

 

 

 

 

 

 

 

The above equation was used to calculate net heat fluxes of the radiation and conduction 

through the insulation. These calculated net fluxes were used to find the change in surface 

temperature over time. Lumped analysis was used to achieve results.  

 

Table 7 shows net heat fluxes used to plot the change in temperature over the testing duration of 
30 minutes. 

 

 

 

 

	
   	
  

	
  

ρ c⋅ Δ⋅
dT
dt
⋅ qnet

Figure	
  20:	
  Conduction	
  through	
  Insulation	
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Table	
  7:	
  Heat	
  Transfer	
  through	
  Insulation	
  

	
  

Using 2 inches of insulation will ensure that the yield strength of our material will only 

be reduced by 20% to 40 ksi after 30 minutes. The maximum load causes a bending stress of 6 

ksi, hence our material selection and cross section sizing will provide adequate strength at high 

temperatures.  

Note: Refer to appendix D for detailed calculations  

Thermal  Properties  of  Steel  
The inability to find test data on temperature impacting yield strength of ASTM A500 

steel [12], required the use of data for a steel of similar properties. The steel tested was Structural 

steel S460M. This is equivalent to the ASTM A572 steel [13], which is a high strength low alloy 

steel with a yield strength of 50,000 psi and a tensile strength of 65,000 psi. The maximum 

temperature that the frame will need to withstand is 737 K or 463 degrees Celsius. The following 

graph (Figure 17), taken from Outinen [14], shows the strength loss of the material when 

subjected to increasing temperature. 

 Radiation to Insulation on Top of Frame Conduction Through Insulation at Burner 
Edge 

Insulation 
thickness (in.) 

Net Heat Fluxes 
From Radiation 
Through Insulation 
(kW/m^2) 

Holder frame 
Temperatures after 
30 minutes (K) 
Radiation 

Net Heat Fluxes 
From Conduction 
Through Insulation 
(kW/m^2) 

Holder frame 
Temperatures after 
30 minutes (K) 
Conduction 
 

1 qnet = 0.5 T= 462	
  K qnet = 2.7 T = 1168 K  

2 qnet = 0.2 T=265 K qnet = 1.35 T = 737 K 
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Figure	
  21:	
  Reduction	
  of	
  Yield	
  due	
  to	
  Temperature	
  [14]	
  

At	
   463 degrees Celsius, the yield strength of the material is reduced by 20%, providing a 

sufficient safety factor for the holder.	
  

Conclusions	
  &	
  Recommendations	
  	
  

After	
  a	
  full	
  stress	
  and	
  thermal	
  analysis,	
  the	
  holder	
  and	
  side	
  rails	
  were	
  designed	
  with	
  hollow	
  

rectangular	
  tubing	
  of	
  0.0625”thick	
  A500	
  Steel.	
  With	
  the	
  achieved	
  results	
  and	
  consideration	
  of	
  

the	
  fact	
  that	
  the	
  holder	
  is	
  over	
  designed,	
  the	
  designed	
  Intermediate	
  Scale	
  Fire	
  Test	
  Rig	
  will	
  not	
  

fail	
  in	
  bending,	
  shear,	
  or	
  compressional	
  stresses	
  when	
  loaded	
  with	
  the	
  maximum	
  wall	
  assembly	
  

of	
  1000lb.	
  The	
  performed	
  thermal	
  analysis	
  confirmed	
  that	
  radiation	
  and	
  conduction	
  from	
  the	
  

burner	
   will	
   not	
   cause	
   failure	
   of	
   the	
   holder	
   with	
   2”	
   of	
   fiber	
   wool	
   insulation.	
   The	
   designed	
  

intermediate	
  scale	
  rig	
  weighs	
  approximately	
  300	
  lb.,	
  meeting	
  weight	
  requirements	
  by	
  the	
  WPI	
  

Fire	
   Laboratory.	
   The	
   team	
  strongly	
  believes	
   the	
   rig	
  accommodates	
  all	
   the	
   requirements	
   for	
  a	
  

successful	
  NFPA	
  285	
  Screening	
  Test.	
  	
  

	
   The	
  team	
  recommends	
  that	
  additional	
  thermal	
  analysis	
  should	
  be	
  performed	
  since	
  the	
  

rig	
  will	
  be	
  subjected	
  to	
  multiple	
  heating	
  and	
  cooling	
  reactions.	
  It	
  is	
  necessary	
  to	
  know	
  the	
  effect	
  



	
  
	
  

32	
  

of	
   these	
   reactions	
   to	
   the	
   A500	
   Steel	
   structure	
   as	
   this	
   will	
   provide	
   an	
   estimation	
   on	
   the	
   life	
  

duration	
   of	
   the	
   holder.	
   Being	
   able	
   to	
   predict	
   warping	
   behavior	
   will	
   allow	
   for	
   prevention	
   of	
  

sudden	
  failure	
  after	
  running	
  several	
  NFPA	
  285	
  tests	
  on	
  the	
  rig.	
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APPENDIX B 

Assumptions	
  to	
  Simplify	
  Stress	
  Analysis	
  on	
  Frame	
  	
  

The Wall Floor holder will be used to support the full weight of a wall with the backing 

wall acting as a guide. The floor holder is required when a wall exceeds the maximum weight 

capacity for hanging off the backing wall. The holder will be required to hold a wall of 1000lbs 

ranging from a 3” min to 30” maximum width. We assume the wall can support its own weight 

and that the bottom of the wall will have negligible bending between each side of the holder. 

Under these assumptions we can take the wall to be an equally distributed load into both legs of 

the holder.  

	
  

Area	
  of	
  Wall	
  on	
  Holder	
  Assembly	
  

	
  

We take the holder and split it into two, we split the 1000 lbs as well. We make the assumption 

that each side of the holder will support 500 lbs. The force is taken as a point load of 500 lbs. at 

the center of the distributed load. This is the worst-case scenario for failure. This will a good 

overestimate of the forces that would be applied since the load falls on a portion of the top beam 

that is not directly supported by the cross members.  
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Single	
  Holder	
  Leg	
  with	
  Load	
  of	
  Wall	
  

We get rid of the diagonal structure, staying with a box frame making the assumption that 

diagonal beams make our structure better in terms of strength and rigidness. If the analysis of the 

box frame can handle the 500 lb. load, then the original structure can withstand the 500 lb. 

without failure. Next we get rid of the bottom beam, making the assumption that the ground will 

act as this bottom beam. Finally we assume that there are pins at the bottom of each leg and 

consider the legs to be ridged bodies.  

 

	
  

Simplified	
  Leg	
  Assumptions	
  

 

	
  

A simple static analysis showed that we could get rid of the legs and calculate the forces as if it 

were a single beam with a pin on both sides. Since the joints of the rig are rigid yet still flexible, 

500	
  lbs	
  Load	
  of	
  wall,	
  P	
  

Ax	
  

Ay	
   By	
  

Bx	
  

Load	
  of	
  wall,	
  P	
   500	
  lbs	
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we looked at three different joint scenarios to find the maximum shear and bending stresses that 

were most dangerous. 

	
  

	
  

	
  

	
  

	
  

	
  

	
  

 

 

 

	
  

	
  

Beam	
  Scenario	
  2:	
  Two	
  Fixed	
  Joints	
  

 

	
  

500	
  lbs	
  Load	
  of	
  wall,	
  P	
  

Bx	
  Ax	
  

Ay	
  
By	
  

Load	
  of	
  wall,	
  P	
  

500	
  lbs	
  

By	
  Ay	
  

Beam	
  Scenario	
  1:	
  Two	
  Pin	
  Joints	
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Beam	
  Scenario	
  3:	
  One	
  Fixed	
  Joint,	
  One	
  Pin	
  Joint	
  

	
  

These three different analyses will allow us to size our beam cross section for the worst possible 

scenarios over all joint cases. The Beams will be taken as hollow square tubing sections to 

reduce weight 

Assumptions	
  to	
  Simplify	
  Stress	
  Analysis	
  on	
  Side	
  Rails	
  and	
  Backing	
  Wall	
  	
  

Our rig is comprised of two side rail pieces and a backing wall. If a user wants to hang a 

specimen on the backing wall for a smaller wall, the sidewalls will need to resist rotation from 

the uneven loading caused by the walls thickness. 

	
  

Side	
  Legs	
  and	
  Backing	
  Wall	
  

500	
  lbs	
  

Load	
  of	
  wall,	
  P	
  

By	
  

Ay	
  

Ax	
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We will assume a max wall size of 500lbs between 30” and 3” in length. This will be held by 8 

brackets connected to the backing wall of the rig. 

	
  

Rig	
  with	
  3"	
  Specimen	
  

We will examine the loading in just a single sidewall piece, so the force will be split into 250lbs 

for each side. The force will be taken as a single point load offset from the top of the vertical 

beam by 6.25 inches from center; this distance is for a 3’ wall section. An analysis will also be 

taken of the loading of a 30” wall section to provide a large moment over estimate. 

	
  

Rig	
  with	
  Wall	
  Loading	
  

250	
  lbs	
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We will neglect the bottom support frame and take it as if it were the ground. The upright beam 

will be taken to have a hollow square tube cross-section for first estimation purposes. A static 

analysis will provide a bending moment at the critical point in the beam near the base. 

	
  

Simplified	
  Analysis	
  

 

An analysis for the compression forces on the beam will also be conducted to ensure that the 

axial load will not be a limiting factor. 

	
  

	
  

	
  

	
  

	
  

	
  

	
  

250	
  lbs	
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APPENDIX C 

The	
  following	
  equations	
  used	
  were	
  taken	
  from	
  APPENDIX	
  References	
  [1]-­‐[3].	
  

	
  

	
  

	
  

	
  

	
  
	
  	
   	
  

Note:	
  See	
  appendix	
  A	
  for	
  
detailed	
  drawing	
  and	
  solidworks	
  
picture	
  of	
  holder	
  and	
  appendix	
  
B	
  for	
  structure	
  break	
  down	
  to	
  
beam	
  

Holder	
  Stress	
  Analysis	
  

Considering	
  Maximum	
  Wall	
  Assembly	
  (30"X5"X120")	
  500lbs	
  	
  

1.	
  Assuming	
  point	
  A	
  and	
  D	
  have	
  zero	
  moment	
  
	
  

	
   	
   	
   	
   	
  

Using	
  moment	
  and	
  reaction	
  equations,	
  calculating	
  the	
  reaction	
  forces	
  at	
  A	
  and	
  D	
  

Since	
  moment	
  at	
  A	
  and	
  D	
  is	
  known	
  to	
  be	
  zero.	
  
	
  

	
  

	
  

	
  

Therefore	
  

	
  

	
  

	
  

a 38in:= b 50in:= c 12in:= d 3in:= P 500lb:=

MA P a⋅ R1 b⋅− 0

MD P− c⋅ R1 a⋅− 0

R1 R2+ P

R2 P R1+

38L⋅ 50P− 50R1⋅+ 0

R1
c
b
P⋅ 120 lb⋅=:=

R2 P R1− 380 lb⋅=:=
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Cutting	
  the	
  beam	
  in	
  half	
  at	
  point	
  E,	
  we	
  can	
  calculate	
  the	
  moment	
  and	
  shear	
  force	
  at	
  that	
  point	
  	
  
	
  

	
   	
  

Calculating	
  moment	
  at	
  point	
  E	
  

	
  

	
   Known:	
  summation	
  of	
  forces	
  in	
  the	
  y-­‐axis	
  equals	
  zero	
  

We	
  can	
  then	
  calculate	
  the	
  shear	
  force	
  at	
  point	
  E	
  

	
  

Calculating	
  shear	
  and	
  moment	
  at	
  load	
  point.	
  In	
  theory,	
  this	
  moment	
  should	
  be	
  greater	
  than	
  the	
  
moment	
  at	
  point	
  E	
  and	
  the	
  shear	
  force	
  should	
  be	
  equal	
  to	
  the	
  force	
  applied	
  by	
  the	
  load	
  	
  	
  

	
   Largest	
  moment,	
  used	
  for	
  sizing	
  

	
  

2.	
  Assuming	
  the	
  frame	
  as	
  a	
  beam	
  fixed	
  at	
  both	
  ends	
  
	
  

Shear	
  (V1	
  and	
  V2)	
  at	
  reaction	
  points	
  is	
  equivalent	
  to	
  the	
  reaction	
  at	
  that	
  point	
  respectively	
  

(R1	
  and	
  R2)	
  

e 13in:= l 25in:=

ME P e⋅ R2 l⋅− 3− 103× lb in⋅⋅=:=

Fy∑ R2 P− VE+ 0

VE R2− P+ 120 lb⋅=:=

MP R1 a⋅ R2 c⋅+ 9.12 103× lb in⋅⋅=:=

VP 500lb:=
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Finding	
  and	
  comparing	
  moments	
  at	
  point	
  A,	
  D,	
  and	
  at	
  the	
  load,	
  P	
  

	
  

	
  

	
  

Moment	
  at	
  point	
  A	
  is	
  great	
  than	
  that	
  at	
  D	
  and	
  P.	
  This	
  is	
  correct	
  since	
  the	
  beam	
  is	
  fixed	
  at	
  

both	
  end	
  and	
  the	
  distance	
  between	
  the	
  load	
  and	
  point	
  A	
  is	
  greater.	
  	
  

Cutting	
  the	
  beam	
  in	
  half	
  at	
  point	
  E,	
  we	
  can	
  calculate	
  the	
  moment	
  and	
  shear	
  force	
  at	
  that	
  point	
  	
  
	
  

	
   	
  

	
  

	
  

	
  

R1 V1
P c2⋅

b3
3a c+( )⋅ V1

P c2⋅

b3
3a c+( )⋅ 72.576 lb⋅=:=

R2 V2
P a2⋅

b3
a 3 b⋅+( )⋅ V2

P a2⋅

b3
a 3c+( )⋅ 427.424lb⋅=:=

MA
P a2c⋅

b2
3.466 103× lb in⋅⋅=:=

MD
P a⋅ c2⋅

b2
1.094 103× lb in⋅⋅=:=

MP
2P a2⋅ c2⋅

b3
1.663 103× lb in⋅⋅=:=

e 13in:= l 25in:=

ME P e⋅ V2 l⋅− 4.186− 103× lb in⋅⋅=:=

Fy∑ V2 P− VE+ 0

VE V2− P+ 72.576lb⋅=:=
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3.	
  Considering	
  frame	
  as	
  beam	
  fixed	
  at	
  one	
  end	
  
	
  

Shear	
  (V1	
  and	
  V2)	
  at	
  reaction	
  points	
  is	
  equivalent	
  to	
  the	
  reaction	
  at	
  that	
  point	
  respectively	
  

(R1	
  and	
  R2)	
  

	
  	
  

	
   	
   Largest	
  shear	
  

Finding	
  moments	
  at	
  point	
  A,	
  D	
  and	
  at	
  the	
  load	
  

	
  

	
  

	
  

Cutting	
  the	
  beam	
  in	
  half	
  at	
  point	
  E,	
  we	
  can	
  calculate	
  the	
  moment	
  and	
  shear	
  force	
  at	
  that	
  point	
  	
  
	
  

	
   	
  

	
  

V1
P c2⋅

2b3
a 2 b⋅+( )⋅ 39.744lb⋅=:=R1 V1

P c2⋅

b3
a 3 b⋅+( )⋅

R2 V2
P a2⋅

2 b3⋅
a2 2 b⋅+( )⋅ V2

P a⋅

2 b3⋅
3b2 a2−( )⋅ 460.256lb⋅=:=

MA V1 a⋅ 1.51 103× lb in⋅⋅=:=

MD 0lb in⋅:=

MP V2 c⋅ 5.523 103× lb in⋅⋅=:=

e 13in:= l 25in:=

ME P e⋅ V2 l⋅− 5.006− 103× lb in⋅⋅=:=
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Material	
  Sizing	
  	
  	
  

For	
  the	
  sizing	
  calculation	
  (only	
  considering	
  moments	
  at	
  the	
  point	
  load),	
  we	
  will	
  use	
  the	
  largest	
  
moment	
  at	
  of	
  the	
  three	
  moments	
  calculated	
  in	
  the	
  above	
  three	
  conditions.	
  The	
  situation	
  where	
  
we	
  considered	
  the	
  frame	
  as	
  a	
  beam	
  with	
  two	
  pins	
  has	
  the	
  largest	
  moment.	
  Also	
  the	
  largest	
  
shear	
  force	
  at	
  of	
  three	
  conditions	
  will	
  be	
  used.	
  Using	
  a	
  moment	
  and	
  shear	
  from	
  different	
  allows	
  
us	
  to	
  kind	
  of	
  integrate	
  the	
  three	
  conditions	
  in	
  one.	
  It	
  also	
  compensate	
  a	
  little	
  for	
  the	
  over	
  
design.	
  
Chosen	
  moment,	
  M	
  and	
  shear,	
  V	
  

	
   	
   	
  

Chosen	
  Material:	
  Material	
  A500	
  Steel	
  

Properties	
  of	
  Material	
  A500	
  Steel:	
   Yield	
  strength	
  of	
  50ksi	
  

	
   	
   	
   	
   	
   Tensile	
  strength	
  of	
  62ksi	
  

	
   	
   	
   	
   	
   Modulus,	
  E	
  of	
  2900ksi	
  

	
   	
   	
   	
   	
   Melting	
  point	
  of	
  2750	
  deg.	
  F	
  

	
   	
   	
   	
   	
   Density,	
  D	
  of	
  0.284	
  lb.	
  /in^3	
  
Assume	
  hollow	
  tubing	
  

	
  

	
  

Fy∑ V2 L− VE+ 0

VE V2− P+ 39.744lb⋅=:=

M 9.12 103× lb in⋅:= V 460.256lb:= D .284
lb

in3
:=

x axis−
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Where	
  t	
  is	
  wall	
  thickness	
  

	
  

	
   	
   	
   	
   	
   	
  

	
   	
  

	
  

	
  

Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  of	
  area	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

	
  

Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

T1

h1 4in:= h2 5in:= b1 4in:= b2 5in:= Y 2.5in:= t 0.5in:=

y1
h1
4

1 in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 8 in2⋅=:= A2

h2
2
b2⋅ 12.5 in2⋅=:=

I Ix1 Ix2−

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 30.75 in4⋅=:=

τ
VQ
I2t
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Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

	
  

Bending	
  stress	
  

	
  

	
  

It’s	
  clear	
  that	
  having	
  a	
  1in	
  thick	
  wall	
  makes	
  the	
  structure	
  way	
  over	
  designed	
  as	
  the	
  calculated	
  

bending	
  stress	
  is	
  no	
  way	
  close	
  the	
  chosen	
  material	
  yield	
  or	
  tensile	
  strength.	
  So	
  several	
  trials	
  	
  

will	
  be	
  done	
  to	
  find	
  a	
  better	
  thickness	
  for	
  the	
  material.	
  We	
  need	
  the	
  material	
  to	
  be	
  as	
  thin	
  as	
  	
  

possible	
  in	
  order	
  to	
  accomplish	
  the	
  light	
  weight	
  goal.	
  

	
  
	
   	
   	
   	
   	
   	
  

	
   	
  

Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

Q y2 A2( )⋅ y1 A1( )⋅− 7.625 in3⋅=:=

τ
VQ⋅
I 2⋅ t

114.129
lb

in2
⋅=:=

σbending
M Y⋅
I

741.463
lb

in2
⋅=:=

weight 436kg 961.215lb⋅=:=

T2
h1 4.5in:= h2 5in:= b1 4.5in:= b2 5in:= Y 2.5in:= t 0.25in:=

y1
h1
4

1.125in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 10.125in2⋅=:= A2

h2
2
b2⋅ 12.5 in2⋅=:=

I Ix1 Ix2−
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Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

	
  

Bending	
  stress	
  

	
  

Estimated	
  Weight	
  	
  

	
  
Long	
  beam	
  of	
  holder	
  

	
  

	
   Side	
  beam	
  of	
  holder	
  

	
  

	
  

	
   Approx.	
  total	
  weight	
  of	
  holder	
  

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 17.911in4⋅=:=

τ
VQ
I2t

Q y2 A2( )⋅ y1 A1( )⋅− 4.234 in3⋅=:=

τ
VQ⋅
I 2⋅ t

217.614
lb

in2
⋅=:=

σbending
M Y⋅
I

1.273 103×
lb

in2
⋅=:=

m1 4 h2 b2⋅ h1 b1⋅−( ) b⋅ D⋅ 269.8lb⋅=:=

H 21in:=

m2 4 h2 b2⋅ h1 b1⋅−( ) D⋅ H⋅ 113.316lb⋅=:=

s 23in:=

m3 4 h2 b2⋅ h1 b1⋅−( ) D⋅ s⋅ 124.108lb⋅=:=

weight m1 m2+ m3+ 507.224lb⋅=:=
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Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area,	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

	
  

Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

	
  

T3

h1 4.75in:= h2 5in:= b1 4.75in:= b2 5in:= Y 2in:= t .125in:=

y1
h1
4

1.188in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 11.281in2⋅=:= A2

h2
2
b2⋅ 12.5 in2⋅=:=

I Ix1 Ix2−

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 9.661 in4⋅=:=

τ
VQ
I2t

Q y2 A2( )⋅ y1 A1( )⋅− 2.229 in3⋅=:=

τ
VQ⋅
I 2⋅ t

424.666
lb

in2
⋅=:=
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Bending	
  stress	
  

	
  

Estimated	
  Weight	
  	
  

	
   Long	
  beam	
  

	
  

	
   Side	
  beam	
  

	
  

	
  

	
   Approx.	
  total	
  weight	
  of	
  holder	
  

	
  

	
   	
   	
   	
   	
   	
  

	
   	
  

Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area,	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

	
  

σbending
M Y⋅
I

1.888 103×
lb

in2
⋅=:=

m1 4 h2 b2⋅ h1 b1⋅−( ) b⋅ D⋅ 138.45lb⋅=:=

H 21in:=

m2 4 h2 b2⋅ h1 b1⋅−( ) D⋅ H⋅ 58.149lb⋅=:=

s 23in:=

m3 4 h2 b2⋅ h1 b1⋅−( ) D⋅ s⋅ 63.687lb⋅=:=

weight m1 m2+ m3+ 260.286lb⋅=:=

T4

h1 4.83in:= h2 5in:= b1 4.83in:= b2 5in:= Y 2.5in:= t 0.085in:=

y1
h1
4

1.208in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 11.664in2⋅=:= A2

h2
2
b2⋅ 12.5 in2⋅=:=

I Ix1 Ix2−

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 6.73 in4⋅=:=
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Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

	
  

Bending	
  stress	
  

	
  

Estimated	
  Weight	
  	
  

	
   Long	
  beam	
  

	
  

	
   Side	
  beam	
  

	
  

	
  

	
   Approx.	
  total	
  weight	
  of	
  holder	
  

	
  

	
   	
   	
   	
   	
   	
  

	
   	
  

τ
VQ
I2t

Q y2 A2( )⋅ y1 A1( )⋅− 1.54 in3⋅=:=

τ
VQ⋅
I 2⋅ t

619.574
lb

in2
⋅=:=

σbending
M Y⋅
I

3.388 103×
lb

in2
⋅=:=

m1 4 h2 b2⋅ h1 b1⋅−( ) b⋅ D⋅ 94.918lb⋅=:=

H 21in:=

m2 4 h2 b2⋅ h1 b1⋅−( ) D⋅ H⋅ 39.866lb⋅=:=

s 23in:=

m3 4 h2 b2⋅ h1 b1⋅−( ) D⋅ s⋅ 43.663lb⋅=:=

weight m1 m2+ m3+ 178.447lb⋅=:=

T5

h1 4.875in:= h2 5in:= b1 4.875in:= b2 5in:= Y 2.5in:= t 0.0625in:=

y1
h1
4

1.219in⋅=:= y2
h2
4

:=



	
  
	
  

61	
  

	
   	
  

Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area,	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

	
  

Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

	
  

Bending	
  stress	
  

	
  

Estimated	
  Weight	
  	
  

	
   Long	
  beam	
  

	
  

	
   Side	
  beam	
  

A1
h1
2
b1⋅ 11.883in2⋅=:= A2

h2
2
b2⋅ 12.5 in2⋅=:=

I Ix1 Ix2−

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 5.016 in4⋅=:=

τ
VQ
I2t

Q y2 A2( )⋅ y1 A1( )⋅− 1.143 in3⋅=:=

τ
VQ⋅
I 2⋅ t

838.858
lb

in2
⋅=:=

σbending
M Y⋅
I

4.545 103×
lb

in2
⋅=:=

m1 4 h2 b2⋅ h1 b1⋅−( ) b⋅ D⋅ 70.113lb⋅=:=

H 21in:=

m2 4 h2 b2⋅ h1 b1⋅−( ) D⋅ H⋅ 29.447lb⋅=:=
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   Approx.	
  total	
  weight	
  of	
  holder	
  

	
  

	
   	
   	
   	
   	
   	
  

	
   	
  

Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area,	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

	
  

Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

s 23in:=

m3 4 h2 b2⋅ h1 b1⋅−( ) D⋅ s⋅ 32.252lb⋅=:=

weight m1 m2+ m3+ 131.812lb⋅=:=

T6

h1 3.75in:= h2 4in:= b1 4.75in:= b2 5in:= Y 2in:= t .125in:=

y1
h1
4

0.938in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 8.906in2⋅=:= A2

h2
2
b2⋅ 10 in2⋅=:=

I Ix1 Ix2−

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 5.793 in4⋅=:=

τ
VQ
I2t

Q y2 A2( )⋅ y1 A1( )⋅− 1.65 in3⋅=:=
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Bending	
  stress	
  

	
  

Estimated	
  Weight	
  	
  

	
   Long	
  beam	
  

	
  

	
   Side	
  beam	
  

	
  

	
  

	
   Approx.	
  total	
  weight	
  of	
  holder	
  

	
  

	
   	
   	
   	
   	
   	
  

	
   	
  

Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area,	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

τ
VQ⋅
I 2⋅ t

524.529
lb

in2
⋅=:=

σbending
M Y⋅
I

3.149 103×
lb

in2
⋅=:=

m1 4 h2 b2⋅ h1 b1⋅−( ) b⋅ D⋅ 124.25lb⋅=:=

H 21in:=

m2 4 h2 b2⋅ h1 b1⋅−( ) D⋅ H⋅ 52.185lb⋅=:=

s 23in:=

m3 4 h2 b2⋅ h1 b1⋅−( ) D⋅ s⋅ 57.155lb⋅=:=

weight m1 m2+ m3+ 233.59lb⋅=:=

T7

h1 3.83in:= h2 4in:= b1 4.83in:= b2 5in:= Y 2in:= t 0.083in:=

y1
h1
4

0.957in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 9.249in2⋅=:= A2

h2
2
b2⋅ 10 in2⋅=:=

I Ix1 Ix2−
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Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

	
  

Bending	
  stress	
  

	
  

Estimated	
  Weight	
  	
  

	
   Long	
  beam	
  

	
  

	
   Side	
  beam	
  

	
  

	
  

	
   Approx.	
  total	
  weight	
  of	
  holder	
  

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 4.053 in4⋅=:=

τ
VQ
I2t

Q y2 A2( )⋅ y1 A1( )⋅− 1.144 in3⋅=:=

τ
VQ⋅
I 2⋅ t

782.275
lb

in2
⋅=:=

σbending
M Y⋅
I

4.5 103×
lb

in2
⋅=:=

m1 4 h2 b2⋅ h1 b1⋅−( ) b⋅ D⋅ 85.262lb⋅=:=

H 21in:=

m2 4 h2 b2⋅ h1 b1⋅−( ) D⋅ H⋅ 35.81lb⋅=:=

s 23in:=

m3 4 h2 b2⋅ h1 b1⋅−( ) D⋅ s⋅ 39.221lb⋅=:=

weight m1 m2+ m3+ 160.293lb⋅=:=
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Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area,	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

	
  

Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

	
  

Bending	
  stress	
  

	
  

T8

h1 3.875in:= h2 4in:= b1 4.875in:= b2 5in:= Y 2in:= t 0.0625in:=

y1
h1
4

0.969in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 9.445in2⋅=:= A2

h2
2
b2⋅ 10 in2⋅=:=

I Ix1 Ix2−

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 3.029 in4⋅=:=

τ
VQ
I2t

Q y2 A2( )⋅ y1 A1( )⋅− 0.85 in3⋅=:=

τ
VQ⋅
I 2⋅ t

1.033 103×
lb

in2
⋅=:=

σbending
M Y⋅
I

6.022 103×
lb

in2
⋅=:=



	
  
	
  

66	
  

	
   	
  

Estimated	
  Weight	
  	
  

	
   Long	
  beam	
  

	
  

	
   Side	
  beam	
  

	
  

	
  

	
   Approx.	
  total	
  weight	
  of	
  holder	
  

	
  

	
   	
   	
   	
   	
   	
  

	
   	
  

Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area,	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

	
  

Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

m1 4 h2 b2⋅ h1 b1⋅−( ) b⋅ D⋅ 63.013lb⋅=:=

H 21in:=

m2 4 h2 b2⋅ h1 b1⋅−( ) D⋅ H⋅ 26.465lb⋅=:=

s 23in:=

m3 4 h2 b2⋅ h1 b1⋅−( ) D⋅ s⋅ 28.986lb⋅=:=

weight m1 m2+ m3+ 118.464lb⋅=:=

T9

h1 3.97in:= h2 4in:= b1 4.97in:= b2 5in:= Y 2in:= t 0.0156in:=

y1
h1
4

0.993in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 9.865in2⋅=:= A2

h2
2
b2⋅ 10 in2⋅=:=

I Ix1 Ix2−

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 0.752 in4⋅=:=

τ
VQ
I2t
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Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

	
  

Bending	
  stress	
  

	
  

Estimated	
  Weight	
  	
  

	
  
Long	
  beam	
  

	
  

	
   Side	
  beam	
  

	
  

	
  

	
   Approx.	
  total	
  weight	
  of	
  holder	
  

	
  

	
   	
   	
   	
   	
   	
  

	
   	
  

Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area,	
  Q	
  	
  

	
   	
  

Q y2 A2( )⋅ y1 A1( )⋅− 0.209 in3⋅=:=

τ
VQ⋅
I 2⋅ t

4.091 103×
lb

in2
⋅=:=

σbending
M Y⋅
I

2.426 104×
lb

in2
⋅=:=

m1 4 h2 b2⋅ h1 b1⋅−( ) b⋅ D⋅ 15.285lb⋅=:=

H 21in:=

m2 4 h2 b2⋅ h1 b1⋅−( ) D⋅ H⋅ 6.42 lb⋅=:=

s 23in:=

m3 4 h2 b2⋅ h1 b1⋅−( ) D⋅ s⋅ 7.031lb⋅=:=

weight m1 m2+ m3+ 28.736lb⋅=:=

T10

h1 2.97in:= h2 3in:= b1 3.97in:= b2 4in:= Y 1.5in:= t 0.0156in:=

y1
h1
4

0.743in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 5.895in2⋅=:= A2

h2
2
b2⋅ 6 in2⋅=:=
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Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

	
  

Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

	
  

Bending	
  stress	
  

	
  

Estimated	
  Weight	
  	
  

	
  
Long	
  beam	
  

	
  

	
   Side	
  beam	
  

	
  

	
  

	
   Approx.	
  total	
  weight	
  of	
  holder	
  

I Ix1 Ix2−

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 0.333 in4⋅=:=

τ
VQ
I2t

Q y2 A2( )⋅ y1 A1( )⋅− 0.123 in3⋅=:=

τ
VQ⋅
I 2⋅ t

5.436 103×
lb

in2
⋅=:=

σbending
M Y⋅
I

4.111 104×
lb

in2
⋅=:=

m1 4 h2 b2⋅ h1 b1⋅−( ) b⋅ D⋅ 11.877lb⋅=:=

H 21in:=

m2 4 h2 b2⋅ h1 b1⋅−( ) D⋅ H⋅ 4.988lb⋅=:=

s 23in:=

m3 4 h2 b2⋅ h1 b1⋅−( ) D⋅ s⋅ 5.463lb⋅=:=

weight m1 m2+ m3+ 22.329lb⋅=:=
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  T11	
  	
  

	
   	
   	
   	
   	
   	
  

	
   	
  

Calculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area,	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  rectangular	
  tubing	
  

	
  

	
  

Beam	
  shear/	
  shear	
  stress	
   V	
  =	
  total	
  shear	
  force;	
  

Q	
  =	
  statically/	
  first	
  moment	
  of	
  area;	
  

t	
  =	
  thickness	
  in	
  the	
  material	
  perpendicular	
  to	
  the	
  shear;	
  

I	
  =	
  Moment	
  of	
  Inertia	
  of	
  the	
  entire	
  cross	
  sectional	
  area.	
  

	
  

Calculating	
  Q	
  for	
  a	
  hollow	
  tubing	
  

Fact:	
  Q	
  is	
  maximum	
  at	
  Y	
  

	
  

	
  

Bending	
  stress	
  

	
  

h1 3.94in:= h2 4in:= b1 4.94in:= b2 5in:= Y 2in:= t 0.0313in:=

y1
h1
4

0.985in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 9.732in2⋅=:= A2

h2
2
b2⋅ 10 in2⋅=:=

I Ix1 Ix2−

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 1.488 in4⋅=:=

τ
VQ
I2t

Q y2 A2( )⋅ y1 A1( )⋅− 0.414 in3⋅=:=

τ
VQ⋅
I 2⋅ t

2.047 103×
lb

in2
⋅=:=

σbending
M Y⋅
I

1.226 104×
lb

in2
⋅=:=
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Estimated	
  Weight	
  	
  

	
   Long	
  beam	
  

	
  

	
   Side	
  beam	
  

	
  

	
  

	
   Approx.	
  total	
  weight	
  of	
  holder	
  

Table	
  summarizing	
  results	
  of	
  bending	
  stress,	
  shear	
  stress,	
  and	
  weight	
  calculated	
  by	
  changing	
  

Thickness/	
  sizing	
  the	
  analyzed	
  structure.	
  Data	
  is	
  collect	
  in	
  11	
  different	
  trials	
  	
  
	
  

m1 4 h2 b2⋅ h1 b1⋅−( ) b⋅ D⋅ 30.468lb⋅=:=

H 21in:=

m2 4 h2 b2⋅ h1 b1⋅−( ) D⋅ H⋅ 12.796lb⋅=:=

s 23in:=

m3 4 h2 b2⋅ h1 b1⋅−( ) D⋅ s⋅ 14.015lb⋅=:=

weight m1 m2+ m3+ 57.279lb⋅=:=

in lb/in^2 lb/in^2 lb
T thickness bending	
  stressshear	
  stressweight

1 0.5 741 114 961
2 0.25 1273 218 507
3 0.125 1888 425 260
4 0.085 3388 620 178
5 0.0625 4545 839 132
6 0.125 3149 525 234
7 0.083 4500 782 160
8 0.0625 6022 1033 118
9 0.0156 24260 4091 29
10 0.0156 41110 5436 22
11 0.0313 12260 2047 57
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Table	
  showing	
  results	
  rearranged	
  by	
  increasing	
  thickness	
  
	
  

Graph	
  showing	
  the	
  effect	
  on	
  shear	
  stress,	
  bending	
  stress,	
  and	
  weight	
  due	
  to	
  changing	
  
thickness.	
  

	
  

in lb/in^2 lb/in^2 lb
thickness bending	
  stressshear	
  stressweight T size/	
  section

0.0156 41110 5436 22 10 4	
  x	
  3
0.0156 24260 4091 29 9 5	
  x	
  4	
  
0.0625 6022 1033 118 8 5	
  x	
  4	
  
0.0625 4545 839 132 5 5	
  x	
  5
0.085 3388 620 178 4 5	
  x	
  5
0.083 4500 782 160 7 5	
  x	
  4	
  
0.125 3149 525 234 6 5	
  x	
  4	
  
0.125 1888 425 260 3 5	
  x	
  5
0.25 1273 218 507 2 5	
  x	
  5
0.5 741 114 961 1 5	
  x	
  5
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Graph	
  showing	
  the	
  effect	
  on	
  shear	
  stress,	
  bending	
  stress,	
  and	
  weight	
  due	
  to	
  changing	
  
thickness.	
  Material's	
  yield	
  and	
  tensile	
  strength	
  are	
  included	
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The	
  chosen	
  material	
  thickness	
  is	
  0.0625	
  inches.	
  Trials	
  T8	
  and	
  T5	
  have	
  the	
  same	
  thickness	
  BUT	
  
different	
  section	
  dimensions.	
  

	
  

Both	
  of	
  the	
  above	
  sections	
  are	
  ideal	
  for	
  the	
  holder	
  design	
  but	
  since	
  one	
  of	
  our	
  main	
  objectives	
  

is	
  a	
  light	
  weight	
  rig,	
  it	
  is	
  better	
  to	
  use	
  the	
  5*4	
  section	
  as	
  it	
  leads	
  to	
  a	
  lighter	
  total	
  holder	
  weight	
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Impact	
  Force	
  on	
  holder	
  part	
  if	
  assembly	
  is	
  drop	
  from	
  2	
  feet.	
  
Now	
  will	
  do	
  some	
  impact	
  analysis	
  to	
  make	
  sure	
  that	
  the	
  holder	
  will	
  not	
  fail/	
  be	
  damaged	
  in	
  case	
  a	
  wall	
  
is	
  accidently	
  dropped	
  on	
  it,	
  say	
  from	
  2	
  feet.	
  

	
   	
   	
   Distance	
  dropped	
  

	
   Acceleration	
  due	
  to	
  gravity	
  

	
   	
  

Calculating	
  impact	
  velocity	
  	
  

	
   	
  

Calculating	
  time	
  take	
  for	
  that	
  assemble	
  to	
  drop	
  from	
  2ft	
  

	
   	
   	
  

Acceleration	
  	
  

	
   	
  

Calculating	
  impact	
  force	
  

	
   	
   	
   	
  

To	
  check	
  the	
  impact	
  of	
  this	
  force	
  to	
  the	
  holder.	
  We	
  will	
  divide	
  the	
  force	
  by	
  2	
  like	
  how	
  we	
  divided	
  the	
  
1000lb	
  to	
  become	
  500lb	
  during	
  the	
  stress	
  analysis.	
  Then	
  use	
  T8	
  and	
  observe	
  the	
  change	
  that	
  happens	
  
to	
  the	
  shear	
  and	
  bending	
  stress.	
  

New	
  impact	
  force	
  of:	
  	
  	
   	
   Dropping	
  the	
  wall	
  from	
  2	
  feet	
  cause	
  the	
  force	
  to	
  double,	
  
from	
  500lbf	
  to	
  approx.	
  1000lbf	
  

m 1000lb 453.592kg=:= Load H 2ft 0.61m=:=

g 9.81
m

s2
:=

F ma F m
dV
dt
⋅

VP 2gH VP 3.46
m
s

:=

Time
Distance
Velocity

T
H
VP

T 0.176s:=

a
VP
T

a 20
m

s2
:=

Fp m a⋅ FP 8917N:= or FP 2005lbf:=

P 1002.5lbf:=
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Dimension	
  for	
  the	
  holder	
  

	
   	
   	
   	
   	
  

	
   	
   	
   	
  

	
   	
  

Caculating	
  Area	
  used	
  when	
  calculating	
  the	
  first	
  moment	
  if	
  area,	
  Q	
  	
  

	
   	
  

Calculate	
  the	
  area	
  moment	
  of	
  inertia	
  of	
  a	
  hollow	
  recutanglar	
  tubing	
  

	
  

	
  

Beam	
  shear/	
  shear	
  stress	
  

	
  

	
  

Calculating	
  shear	
  force,	
  V	
  

	
  

	
   Shear	
  stress	
  increased	
  by	
  a	
  factor	
  of	
  approximately	
  4	
  

a 38in:= b 50in:= c 12in:= d 3in:= P 1002.5lb:=

h1 3.875in:= h2 4in:= b1 4.875in:= b2 5in:=

y1
h1
4

0.969in⋅=:= y2
h2
4

:=

A1
h1
2
b1⋅ 9.445in2⋅=:= A2

h2
2
b2⋅ 10 in2⋅=:=

I Ix1 Ix2−

I
b2 h2

3
⋅

12

b1 h1
3

⋅

12
− 3.029 in4⋅=:=

τ
VQ
I2t

Q y2 A2( )⋅ y1 A1( )⋅− 0.85 in3⋅=:=

V
P a⋅

2 b3⋅
3b2 a2−( )⋅ 922.813lb⋅=:=

τ
VQ⋅
I 2⋅ t

4.136 103×
lb

in2
⋅=:=
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Bending	
  stress	
  

Since	
  the	
  load	
  force	
  change	
  the	
  moment	
  will	
  change	
  as	
  well.	
  So	
  we	
  will	
  calculate	
  the	
  new	
  
moment	
  and	
  use	
  it	
  to	
  find	
  the	
  bending	
  stress	
  due	
  to	
  the	
  impact	
  force.	
  

Using	
  the	
  assumption	
  of	
  zero	
  moment	
  at	
  point	
  A	
  and	
  D	
  to	
  find	
  the	
  moment	
  at	
  point	
  Load.	
  	
  

	
   	
   	
   	
   	
  

	
  

	
  

	
  

	
   The	
  bending	
  stress	
  increased	
  by	
  a	
  factor	
  of	
  	
  

Approximately	
  2	
  

The	
  holder	
  structure	
  won’t	
  fail	
  if	
  the	
  wall	
  assembly	
  is	
  accidentally	
  dropped	
  on	
  it	
  from	
  2	
  ft.	
  

Since	
  the	
  chosen	
  material	
  had	
  a	
  yield	
  strength	
  50ksi	
  of	
  and	
  tensile	
  strength	
  of	
  62ksi	
  

a 38in:= b 50in:= c 12in:= d 3in:= P 1002.5lb:=

R1
c
b
P⋅ 240.6lb⋅=:=

R2 P R1− 761.9lb⋅=:=

MP R1 a⋅ R2 c⋅+ 1.829 104× lb in⋅⋅=:=

σbending
MP Y⋅

I
1.207 104×

lb

in2
⋅=:=
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Punching	
  force	
  

Considering	
  an	
  object	
  with	
  a	
  circular	
  surface	
  

Diameter	
  	
   	
   Tensile	
  strength	
  

	
   	
   	
  

	
   Impact	
  force	
  

Considering	
  an	
  object	
  with	
  smaller	
  diameter	
  

Diameter	
  	
   	
   Tensile	
  strength	
  

	
   	
   	
  

	
  

To	
  punch	
  a	
  hole	
  through	
  the	
  material	
  with	
  an	
  object	
  that	
  has	
  a	
  diameter	
  of	
  0.125in,	
  a	
  force	
  of	
  at	
  
least	
  1522lbf	
  has	
  to	
  be	
  generate.	
  It	
  is	
  safe	
  to	
  conclude	
  that	
  the	
  designed	
  structure	
  (holder)	
  is	
  not	
  
at	
  risk	
  of	
  getting	
  punched	
  through.	
  	
  

thickness

D .5in:= t 0.0625in:=
σ 62000

lb

in2
:=

FP t π D⋅ σ⋅ 6.087 103× lb⋅=:=

thickness

D
1
8
in:= t 0.0625in:=

σ 62000
lb

in2
:=

FP t π D⋅ σ⋅ 1.522 103× lb⋅=:=
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APPENDIX D 

The	
  following	
  equations	
  used	
  were	
  taken	
  from	
  APPENDIX	
  
References	
  [4]-­‐[5].	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

  

Note: See appendix A for detailed drawing and 
solidworks picture of analyzed structure and 
appendix B for structural break down. 

HANGING WALL  

For this section of stress analysis, we will be analyzing side supporting structure  to 
determine how much weight that can be hang on the rig.  
We will consider hanging a 500 pounds 3 inches thick wall. 
Force is hanging 6.25 inches since the structure length of 3.25 inches is considered 
as well. 
Considering two hanging points, the weight will be split into two for the analysis. 

 

  Total height  Young’s modulus  
 

   

Chosen Material: Material A500 Steel 

Properties of Material A500 Steel: Yield strength of 50ksi 
     Tensile strength of 62ksi 
     Modulus, E of 2900ksi 
     Melting point of 2750 deg. F 
     Density, D of 0.284 lb. /in^3 

Calculating the moment caused by the force of the hanging wall at bottom of the rail  

 

 

Load density

D 0.284
lb

in3
:=P 250lb:= H 125in:= E 2.9 106⋅

lb

in2
:=

MA 0 M 250 6.25( )+

M 1562.5lb in⋅:=
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L is the length of the side rail. L is also constant. w remains constant as well 

  

 

The critical section ct at the base, the critical point is the point where failure/ bending 
is most likely to happen. We assume that failure won't happen at the connection joint, 
y=0 in since the joint is engineered not to fail. So the critical is assumed to be at half 
the length of the rail. 

Moment of inertia 

 

 

Material thickness of   

Calculating the area moment of inertia, which will be used to calculated the bending stress. The 
bending stress will be used to that whether the thickness of the material used can support a hanging 
weight of 500lb   

 

Bending Stress 

 

 

Cross section area  

 

L 6in:= w 3in:=

ct 0.5L 3 in⋅=:=

T0

t 0.5in:=

I
w L3⋅
12

w 2t−( ) L 2t−( )3⋅

12
− 33.167in4⋅=:=

σbend M
ct
I

⋅:=

σbend 141.332
lb

in2
⋅=

A Lw⋅ L 2t−( ) w 2t−( )⋅− 8 in2⋅=:=
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Compressional Stress 

 

Calculating estimated weight of one side  

 

Considering different thickness of the material, to check how small thickness should be before the 
material fails. The thinner the better as this makes the design lighter. Below are different trials with 
different thinnest   

Trial 1 
 

 

Bending Stress 

 

 

Cross section area  

 

Compressional Stress 

 

Calculating estimated weight of one side  

 

σcomp
P
A

31.25
lb

in2
⋅=:=

Weight A H⋅ D⋅ 284 lb⋅=:=

t 0.0156in:=

I
w L3⋅
12

w 2t−( ) L 2t−( )3⋅

12
− 1.391in4⋅=:=

σbend M
ct
I

⋅:=

σbend 3.37 103×
lb

in2
⋅=

A L w⋅ L 2t−( ) w 2t−( )⋅− 0.28 in2⋅=:=

σcomp
P
A

893.411
lb

in2
⋅=:=

Weight A H⋅ D⋅ 9.934lb⋅=:=
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Trial 2 

  

 

Bending Stress 

 

 

Cross section area  

 

Compressional Stress 

 

Calculating estimated weight of one side  

 

Trial 3 

 

 

possiblet 0.0313in:=

I
w L3⋅
12

w 2t−( ) L 2t−( )3⋅

12
− 2.765in4⋅=:=

σbend M
ct
I

⋅:=

σbend 1.696 103×
lb

in2
⋅=

A Lw⋅ L 2t−( ) w 2t−( )⋅− 0.559in2⋅=:=

σcomp
P
A

446.843
lb

in2
⋅=:=

Weight A H⋅ D⋅ 19.862lb⋅=:=

t 0.0625in:=

I
w L3⋅
12

w 2t−( ) L 2t−( )3⋅

12
− 5.417in4⋅=:=
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Bending Stress 

 

 

Cross section area  

 

Compressional Stress 

 

Calculating estimated weight of one side  

 

Trial 4 

 

 

Bending Stress 

 

 

Cross section area  

 

σbend M
ct
I

⋅:=

σbend 865.258
lb

in2
⋅=

A Lw⋅ L 2t−( ) w 2t−( )⋅− 1.109in2⋅=:=

σcomp
P
A

225.352
lb

in2
⋅=:=

Weight A H⋅ D⋅ 39.383lb⋅=:=

t 0.0417in:=

I
w L3⋅
12

w 2t−( ) L 2t−( )3⋅

12
− 3.66 in4⋅=:=

σbend M
ct
I

⋅:=

σbend 1.281 103×
lb

in2
⋅=

A Lw⋅ L 2t−( ) w 2t−( )⋅− 0.744in2⋅=:=
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Compressional Stress 

 

Calculating estimated weight of one side  

 

We chose to use a wall thickness of 1/16 in as bending caused by the on this thickness won’t cause 
failure to structure as the material picked has a much higher yield strength and bending stress. And 
also have a this thickness makes the structure lighter 

Table summarizing results of bending stress, compressional stress, and weight calculated by changing 
thickness/ sizing the analyzed structure. Data is collect in 5 different trials  

 

Table showing results rearranged by increasing thickness 

 

σcomp
P
A

336.182
lb

in2
⋅=:=

Weight A H⋅ D⋅ 26.399lb⋅=:=

in lb/in^2 lb/in^2 lb
T Thickness Bending	
  stressCompressional	
  stressWeight

0 0.5 141 31 284
1 0.0156 3370 893 10
2 0.0313 1696 447 20
3 0.0625 865 225 39
4 0.0417 1281 336 26

in lb/in^2 lb/in^2 lb
Thickness Bending	
  stressCompressional	
  stressWeight T

0.0156 3370 893 10 1
0.0313 1696 447 20 2
0.0417 1281 336 26 4
0.0625 865 225 39 3

0.5 141 31 284 0
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Graph showing the effect on bending stress, compressional stress and weight due to changing 
thickness. 

 

Calculating the Critical Buckling Load, using Euler's Formula 
 

 

 

 

The critical buckling load is 9923 lb., we will only be hanging 500 lb. on the  
Rig. Therefore buckling will not be a problem for the designed rig.  

L 125in:=

I 5.417in4:=

F
E I⋅ π

2
⋅

L2
9.923 103× lb⋅=:=
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Hanging a 30in wall. Hanging a thicker wall will cause large moment at the bottom of the rail. 
(Adding 3.35 inches of structure length 

 

 

 

 

 

Bending Stress 

 

 

MA 0 M 250 33.25( )+

M 8312.5lb in⋅:=

t
1
16
in:=

I
w L3⋅
12

w 2t−( ) L 2t−( )3⋅

12
− 2.175 104× in4⋅=:=

σbend M
ct
I

⋅:=

σbend 1.147
lb

in2
⋅=
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Cross section area  

 

Compressional Stress 

 

Calculating estimated weight of one side  

 

Considering a different structure for the stress analysis. Solid rectangular structure. In this 
section we will repeat the above stress calculation  

Considering a 3 in wall 

Total of 500 pounds to hang 

Total height  Young’s modulus  

   

Moment caused by the force of the hanging wall 

 

 

L is the length of the side rail. L is also constant 

 
 

 

A Lw⋅ L 2t−( ) w 2t−( )⋅− 15.984in2⋅=:=

σcomp
P
A

15.64
lb

in2
⋅=:=

Weight A H⋅ D⋅ 567.445lb⋅=:=

P 250lb:= H 125in:= E 2.9 106⋅
lb

in2
:=

MA 0 M 250 6.25( )+

M 1562.5lb in⋅:=

L 6in:=

w t



	
  
	
  

87	
  

  

The critical section at the base, the critical point is the point where failure/ bending is 
most likely to happen. We assume that failure won’t happen at the connection joint, 
y=0 in since the joint is engineered not to fail. So the critical is assumed to be at half 
the length of the rail. 

 

Wall thickness of   

Moment of inertia  

Bending Stress 

 

 

Cross section area  

 

Compressional Stress 

 

Calculating estimated weight of one side  

 

Trial 2 

Wall thickness of   

 

ct 0.5L 3 in⋅=:=

t 1in:=

I
t L3⋅
12

18 in4⋅=:=

σbend M
ct
I

⋅:=

σbend 260.417
lb

in2
⋅=

A L t⋅ 6 in2⋅=:=

σcomp
P
A

41.667
lb

in2
⋅=:=

Weight A H⋅ D⋅ 213 lb⋅=:=

t
2
3
in:=

I
t L3⋅
12

12 in4⋅=:=
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Bending Stress 

 

 

Cross section area  

 

Compressional Stress 

 

Calculating estimated weight of one side  

 

Trail 3 

 

 

Bending Stress 

 

 

Cross section area  

 

σbend M
ct
I

⋅:=

σbend 390.625
lb

in2
⋅=

A L t⋅ 4 in2⋅=:=

σcomp
P
A

62.5
lb

in2
⋅=:=

Weight A H⋅ D⋅ 142 lb⋅=:=

t
1
32
in:=

I
t L3⋅
12

0.562in4⋅=:=

σbend M
ct
I

⋅:=

σbend 8.333 103×
lb

in2
⋅=

A L t⋅ 0.187in2⋅=:=
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Compressional Stress 

 

Calculating estimated weight of one side  

 

Trial 4 

 

 

Bending Stress 

 

 

Cross section area  

 

Compressional Stress 

 

Calculating estimated weight of one side  

 

σcomp
P
A

1.333 103×
lb

in2
⋅=:=

Weight A H⋅ D⋅ 6.656lb⋅=:=

t
1
16
in:=

I
t L3⋅
12

1.125in4⋅=:=

σbend M
ct
I

⋅:=

σbend 4.167 103×
lb

in2
⋅=

A L t⋅ 0.375in2⋅=:=

σcomp
P
A

666.667
lb

in2
⋅=:=

Weight A H⋅ D⋅ 13.312lb⋅=:=
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Table summarizing results of bending stress, compressional stress, and weight calculated by changing 
thickness/ sizing the analyzed structure. Data is collect in 4 different trials  

 

Table showing results rearranged by increasing thickness 

 

Graph showing the effect on bending stress, compressional stress and weight due to changing 
thickness. 

 

in lb/in^2 lb/in^2 lb
T Thickness Bending	
  stressCompressional	
  stressWeight

1 1 260 42 213
2 0.667 390 63 142
3 0.03125 8333 1333 7
4 0.0625 4167 667 13

in lb/in^2 lb/in^2 lb
Thickness Bending	
  stressCompressional	
  stressWeight T
0.03125 8333 1333 7 3
0.0625 4167 667 13 4
0.667 390 63 142 2

1 260 42 213 1
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According to the calculation, a solid structure with a thickness of 0.0625 in would support  
The assumed weight (500 lb.) if hanged, but to securely hang a large heavy specimen, a larger 
surface area of more than 0.0625 in * 6 inches is needed. Therefore we will use the hollow 
structure, instead of the solid one. 
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APPENDIX E 

The	
  following	
  equations	
  used	
  were	
  taken	
  from	
  APPENDIX	
  References	
  [6]-­‐[8].	
  

	
  

	
  

	
  

  

Thermal Analysis on Holder 

  Heat Release Rate 

  Area of Burner 

  Perimeter of Burner 

  Hydraulic Diameter 

   

  Peak Heat Flux 

  Flame Length 

Calculation for Heat Fluxes in Continuous Flame zone 

 

 

 

 

Q 150:= kW

A 0.86360.4572⋅ 0.395=:= m2

P 2.6416:= m

mDh 4
A
P

0.598=:=

f0
z
Lf

f1
z
Lf

f2
z
Lf

qpeak 200 1 e .09− Q( )

1
3

⋅
−

⎡
⎢
⎣

⎤
⎥
⎦ 76.02=:=

kW

m2

Lf 0.23 Q

2

5
⋅ 1.02 Dh⋅− 1.097=:= m

f0 0 .1, .4..:=

q0 f( ) qpeak:=

q0 f0( )
76.02
76.02

76.02

76.02

76.02

=

kW

m2
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Calculation for Heat Fluxes in Intermittent Flame zone 

 

 

 

 

Calculation for Heat Fluxes in Plume zone 

 

  

 

 

f1 .4 .5, 1..:=

q1 f( ) qpeak
5
3
f

2
5

−⎛⎜
⎝

⎞⎟
⎠
qpeak 20−( )−:=

q1 f1( )
76.02

66.683

57.347

48.01

38.673

29.337

20

=

kW

m2

f2 1 1.1, 2..:=

q2 f( ) 20 f( )

5−

3
⎛
⎜
⎝

⎞
⎟
⎠:=

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
6.3

13.67

21.04

28.41

35.78

43.15

50.52

57.89

65.26

72.63

80
Heat Fluxes over Flame Height

z/Lf

H
ea

t f
lu

x 
(k

W
/m

^2
)

q0 f0( )
q1 f1( )
q2 f2( )

f0 f1, f2, 

q2 f2( )
20

17.062

14.759

12.916

11.415

10.175

9.138

8.259

7.509

6.862

6.3

=

kW

m2
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  Heat Release Rate 

  Area of Burner 

  Perimeter of Burner 

  Hydraulic Diameter 

   

  Peak Heat Flux 

  Flame Length 

Calculation for Heat Fluxes in Continuous Flame zone 

 

 

 

 

Q 100:= kW

A 0.86360.4572⋅ 0.395=:= m2

P 2.6416:= m

mDh 4
A
P

0.598=:=

f0
z
Lf

f1
z
Lf

f2
z
Lf

qpeak 200 1 e .09− Q( )

1
3

⋅
−

⎡
⎢
⎣

⎤
⎥
⎦ 68.294=:=

kW

m2

Lf 0.23 Q

2

5
⋅ 1.02 Dh⋅− 0.841=:= m

f0 0 .1, .4..:=

q0 f( ) qpeak:=

q0 f0( )
68.294
68.294

68.294

68.294

68.294

=

kW

m2
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Calculation for Heat Fluxes in Intermittent Flame zone 

 

 

 

 

Calculation for Heat Fluxes in Plume zone 

 

 
 

 

 

f1 .4 .5, 1..:=

q1 f( ) qpeak
5
3
f

2
5

−⎛⎜
⎝

⎞⎟
⎠
qpeak 20−( )−:=

q1 f1( )
68.294
60.245

52.196

44.147

36.098

28.049

20

=

kW

m2

f2 1 1.1, 2..:=

q2 f( ) 20 f( )

5−

3
⎛
⎜
⎝

⎞
⎟
⎠:=

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
6.3

13.67
21.04
28.41
35.78
43.15

50.52
57.89
65.26
72.63

80
Heat Fluxes over Flame Height

z/Lf

H
ea

t f
lu

x 
(k

W
/m

^2
)

q0 f0( )
q1 f1( )
q2 f2( )

f0 f1, f2, 

q2 f2( )
20

17.062

14.759

12.916

11.415

10.175

9.138

8.259

7.509

6.862

6.3

=

kW

m2
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Incident Radiative Heat Flux for 100 kW Fire 

  Radiative Fraction 

Total radiative energy output of fire   

 

  

  

 
  

 

 

  

  

  Incident Radiative Heat flux 

Calculating surface temperature of holder due to radiation 

  

  

Xr .3:= m

Qr Xr Q⋅ 30=:=
kW
m

mc
Dh
2

0.299=:=

ma
Lf
2

0.421=:=

m
b

Dh
2

0.299=:= m

X
a
b

1.407=:=

Y
c
b

1=:=

Af1 Dh Lf⋅ 0.503=:= m2

Fd1_2
1
2π

atan
1
Y
⎛⎜
⎝
⎞⎟
⎠

Y

X2 Y2+

atan
1

X2 Y2+

⎛
⎜
⎝

⎞
⎟
⎠

⋅−⎛
⎜
⎝

⎞
⎟
⎠

0.077=:= Radians

qt 2 Fd1_2( )
Qr
Af1
⋅ 9.136=:=

kW

m2

kW

m2 K⋅
hc 0.015:=

Tα 298:= K
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  277 deg. C 

At 277 deg C our steel will have its yield strength reduced by 10%. This shows that Radiation is not 
the primary concern and an analysis of conduction needs to be completed. Radiation is still a safety 
hazard and should be covered with insulation. 

Time to reach steady state for radiation of 9 kW/m^2 for 5 inch section 

 

 

  Total Heat Transfer Coefficient 

Density of A500 Steel 
  

Specific Heat Capacity of A500 Steel 

  

Thickness of beam 
  

 

 

  

 

 

ε qt⋅ hc T Tα−( )⋅ ε σ⋅ T4 Tα
4

−⎛
⎝

⎞
⎠⋅+

ε qt⋅ hc Tα⋅+ ε σ⋅ Tα
4

⋅+ hc T⋅ ε σ⋅ T4⋅+ T hc ε σ⋅ T3⋅+⎛
⎝

⎞
⎠

ε 0.9:= kW

m2 K4⋅σ 5.67 10 11−
⋅:=

ε qt⋅ hc Tα⋅+ ε σ⋅ Tα
4

⋅+ 13.095=

T 551:= K

ε qt⋅ ht T Tα−( )⋅

0.9( ) 9( )⋅ ht 551 298−( )⋅

ht 0.038:=
kW

m2 K⋅
kg

m3
ρ 7861:=

c .448:=
kJ
kg C⋅

Δ 0.127:= m

ρ c⋅ Δ⋅
dT
dt
⋅ ε qt⋅ ht T Tα−( )−

ρ c⋅ Δ⋅ 447.259=

ε qt⋅ 8.223= C1 411.5−:=

T 298:=

T t( ) C1e
0.000084962t( )− 514.39+:=
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Time step of 1 second 
 

 

 Change in Temperature over time 
 

 

It takes 13 hours to reach steady state for 5 inches of steel 

This is not exactly our scenario so we chose a 1/16 inch steel below 

Time to reach steady state for radiation of 9 kW/m^2 for 1/16 inch section 

 

 

  

 Total Heat Transfer Coefficient 
 

Density of A500 Steel 

  
Specific Heat Capacity of A500 Steel 

  Thickness of beam 

t 0 1, 100000..:=

T t( ) 216− e 0.0000447168t( )− 514.39+:=

T t( )

298.39
298.4

298.409

298.419

298.429

298.438

298.448

298.458

298.467

298.477

298.487

298.496

298.506

298.516

298.525

...

=

0 4 104
× 8 104

×

200

300

400

500

600
Temperature Vs. Time

Time (s)

Te
m

pe
ra

tu
re

 (k
)

T t( )

t

K

ε qt⋅ ht T Tα−( )⋅

0.9( ) 9( )⋅ ht 551 298−( )⋅

ht 0.038:=
kW

m2 K⋅
kg

m3
ρ 7861:=

c .448:=
kJ
kg C⋅

Δ 0.00158:= m



	
  
	
  

99	
  

  

 

 

  

 

 

Time step of 1 second 
 

 

 

 Change in Temperature over time 

 

  Time to steady state is 16 minutes for a 1/16 inch piece of steel 

ρ c⋅ Δ⋅
dT
dt
⋅ ε qt⋅ ht T Tα−( )−

ρ c⋅ Δ⋅ 5.564=

ε qt⋅ 8.223= C1 216−:=

T 298:=

T t( ) C1e
0.00682962t( )− 514.395+:=

t 0 1, 1800..:=

T t( ) 216− e 0.00682962t( )− 514.395+:=

T t( )

298.395
299.865

301.325

302.776

304.216

305.646

307.067

308.478

309.88

311.272

312.655

314.028

315.391

316.746

318.091

...

=

0 500 1 103
× 1.5 103

× 2 103
×

200

300

400

500

600

time (s)

Te
m

pe
ra

tu
re

 (K
)

T t( )

t

K
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Conduction from radiation on top beam through 1 inch insulation 

Assume  

 Rock wool insulation   At burner edge 

     Surface of steel 

  

  

  

Conduction from radiation on top beam through 2 inch insulation 

Assume  

 Rock wool insulation   At burner edge 

     Surface of steel 

  

  

  

Conduction from flame attached to burner edge 1 inch of insulation 

Assume  

 Rock wool insulation   At burner edge 

     Surface of steel 

  

  

  

k 0.045:= T1 551:= K

ΔT 251:= K T2 300:= K

ΔX 0.02:= m

q k
ΔT
ΔX
⋅ 564.75=:=

W

m2

qnet 0.5:=
kW

m2

k 0.045:= T1 551:= K

ΔT 251:= K T2 300:= K

ΔX 0.04:= m

q k
ΔT
ΔX
⋅ 282.375=:=

W

m2

qnet 0.2:=
kW

m2

k 0.045:= T1 1500:= K

ΔT 1200:= K T2 300:= K

ΔX 0.02:= m

q k
ΔT
ΔX
⋅ 2.7 103×=:=

W

m2

qnet 2.7:=
kW

m2
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Time to reach steady state for of 2.7 kW/m^2 for 1/16 

 

 

  

 Total Heat Transfer Coefficient 
 

Density of A500 Steel 

  
Specific Heat Capacity of A500 Steel 

  Thickness of beam 

 

 

  

 

 

Time step of 1 second 
 

 

ε qnet⋅ ht T Tα−( )⋅

0.9( ) 2.7( )⋅ ht 1500 300−( )⋅

kW

m2 K⋅
ht 2.025 10 3−

×:=

kg

m3
ρ 7861:=

c .448:=
kJ
kg C⋅

Δ 0.00158:= m

ρ c⋅ Δ⋅
dT
dt
⋅ ε qnet⋅ ht T Tα−( )−

ρ c⋅ Δ⋅ 5.564=

ε qnet⋅ 2.43= C1 1200−:=

T 298:=

T t( ) C1e
0.000363947t( )− 1500+:=

t 0 1, 18000..:=

T t( ) 1200− e 0.000363947t( )− 1500+:=
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With 1" of insulation, the metal underneath will be subject to a 
2.7kW/m^2 heat flux and will reach steady state conditions after 4 hours  

After 30 minutes, the surface of the frame will be heated 876 K 

Conduction from flame attached to burner edge 2 inch of insulation 

Assume  

 Rock wool insulation   At burner edge 

    At surface of steel 

  

  

  

T t( )

300
300.437

300.873

301.309

301.746

302.182

302.618

303.053

303.489

303.924

304.359

304.794

305.229

305.664

306.099

...

=

0 5 103
× 1 104

× 1.5 104
×

500

1 103
×

1.5 103
×

2 103
×

Tempearature Vs. Time

Time (s)

Te
m

pe
ra

tu
re

 (T
)

T t( )

t

K

k 0.045:= T1 1500:= K

ΔT 1200:= K T2 300:= K

ΔX 0.04:= m

q k
ΔT
ΔX
⋅ 1.35 103×=:=

W

m2

qnet 1.35:=
kW

m2
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Time to reach steady state for of 1.35 kW/m^2 for 1/16 

 

 

  

 Total Heat Transfer Coefficient 
 

Density of A500 Steel 

  
Specific Heat Capacity of A500 Steel 

  Thickness of beam 

 

 

  

 

 

Time step of 1 second 
 

 

ε qnet⋅ ht T Tα−( )⋅

0.9( ) 1.35( )⋅ ht 1500 300−( )⋅

kW

m2 K⋅
ht 1.013 10 3−

×:=

kg

m3
ρ 7861:=

c .448:=
kJ
kg C⋅

Δ 0.00158:= m

ρ c⋅ Δ⋅
dT
dt
⋅ ε qnet⋅ ht T Tα−( )−

ρ c⋅ Δ⋅ 5.564=

ε qnet⋅ 1.215= C1 1199−:=

T 300:=

T t( ) C1e
0.000182063t( )− 1499.41+:=

t 0 1, 36000..:=

T t( ) 1199− e 0.000182063t( )− 1499.41+:=
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With 2" of insulation, the metal underneath will be subject to a 
1.35kW/m^2 heat flux and will reach steady state conditions after 7 hours  

After 30 minutes, the surface of the frame will be heated 635 K or 362 C, 
The yield strength is reduced by 13% considering 1500 K fire at surface of 
insulation 

Net heat flux through isolation 

  Lumped analysis 

Radiation to insulation on top of frame 

 Net flux of:   1in insulation 

   

 

0 1 104
× 2 104

× 3 104
×

500

1 103
×

1.5 103
×

2 103
×

Temperature Vs. Time

Time (s)

Te
m

pe
ra

tu
re

 (T
)

T t( )

t

T t( )

300.41
300.628

300.847

301.065

301.283

301.501

301.719

301.937

302.155

302.373

302.591

302.809

303.027

303.244

303.462

...

=

K

ρ c⋅ Δ⋅
dT
dt
⋅ qnet ρ c⋅ Δ⋅ 5.564=

T0 300Kq1in 0.5:=
kW

m2

t 0 1, 1800..:= C1 300:= K

T t( ) C1 0.0898634t+:=
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After 30 minutes the temperature at surface is 462 K or 189 deg C 

 Net flux of:   2in insulation 

   

 
 

 

 

After 30 minutes the temperature at surface is 365 K or 92 deg C  

0 1 103
× 2 103

×

300

350

400

450

500
Temperature Vs. Time

time (s)
te

m
pe

ra
tu

re
 (K

)

T t( )

t

T t( )

460.406
460.496

460.586

460.676

460.766

...

=

K

T0 300Kq1in 0.2:=
kW

m2

t 0 1, 1800..:= C1 300:= K

T t( ) C1 0.0359454t+:=

0 1 103
× 2 103

×

300

320

340

360

380
Temperature Vs. Time

time (s)

te
m

pe
ra

tu
re

 (K
)

T t( )

t

T t( )

364.522
364.558

364.594

364.63

364.666

...

=

K
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Flame attached to burner 

 Net flux of:   1in insulation 

    

 

 

 

After 30 minutes the temperature at surface is 1168 K or 895 deg C 

 Net flux of:   2in insulation 

   
 

 

 

 

After 30 minutes the temperature at surface is 737 K or 464 deg C  

T0 300Kq1in 2.7:=
kW

m2

t 0 1, 1800..:= C1 300:=

0 1 103
× 2 103

×

300

320

340

360

380
Temperature Vs. Time

time (s)

te
m

pe
ra

tu
re

 (K
) 364.702

300

T t( )

1.8 103
×0 t

K

T t( ) C1 0.485262t+:=

T t( )
31.164·∙10
31.164·∙10
31.165·∙10
31.165·∙10
31.166·∙10
31.166·∙10
31.167·∙10
31.167·∙10

...

=

K

T0 300Kq1in 1.35:=
kW

m2

t 0 1, 1800..:= C1 300:= K

0 1 103
× 2 103

×

200

400

600

800

1 103
×

1.2 103
×

Temperature Vs. Time

Time (s)

Te
m

pe
ra

tu
re

 (K
)

T t( )

t

T t( ) C1 0.242631t+:=

T t( )

735.28
735.523

735.765

736.008

736.251

736.493

...

=

K
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Considering 75kW 

  Heat Release Rate 

  Area of Burner 

  Perimeter of Burner 

  Hydraulic Diameter 

   

  Peak Heat Flux 

  Flame Length 

Calculation for Heat Fluxes in Continuous Flame zone 

 

 

 

 

Q 75:= kW

A 0.86360.4572⋅ 0.395=:= m2

P 2.6416:= m

mDh 4
A
P

0.598=:=

f0
z
Lf

f1
z
Lf

f2
z
Lf

qpeak 200 1 e .09− Q( )

1
3

⋅
−

⎡
⎢
⎣

⎤
⎥
⎦ 63.165=:=

kW

m2

Lf 0.23 Q

2

5
⋅ 1.02 Dh⋅− 0.684=:= m

f0 0 .1, .4..:=

q0 f( ) qpeak:=

q0 f0( )
63.165
63.165

63.165

63.165

63.165

=

kW

m2
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Calculation for Heat Fluxes in Intermittent Flame zone 

 

 

 

 

Calculation for Heat Fluxes in Plume zone 

 

 

 

 

 

f1 .4 .5, 1..:=

q1 f( ) qpeak
5
3
f

2
5

−⎛⎜
⎝

⎞⎟
⎠
qpeak 20−( )−:=

q1 f1( )
63.165
55.971

48.777

41.583

34.388

27.194

20

=

kW

m2

f2 1 1.1, 2..:=

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
6.3

12.67
19.04
25.41
31.78
38.15
44.52
50.89
57.26
63.63

70
Heat Fluxes over Flame Height

z/Lf

H
ea

t f
lu

x 
(k

W
/m

^2
)

q0 f0( )
q1 f1( )
q2 f2( )

f0 f1, f2, 

q2 f( ) 20 f( )

5−

3
⎛
⎜
⎝

⎞
⎟
⎠:=

q2 f2( )
20

17.062

14.759

12.916

11.415

10.175

9.138

8.259

...

=

kW

m2
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Incident Radiative Heat Flux for 75 kW Fire 

  Radiative Fraction 

Total radiative energy output of fire    

 

  

 
  

 

 

  

  

  Incident Radiative Heat flux 

Xr 0.3= m

Qr Xr Q⋅ 22.5=:=
kW
m

c
Dh
2

0.299=:=

ma
Lf
2

0.342=:=

m
b

Dh
2

0.299=:= m

X
a
b

1.143=:=

Y
c
b

1=:=

Af1 Dh Lf⋅ 0.409=:= m2

Fd1_2
1
2π

atan
1
Y
⎛⎜
⎝
⎞⎟
⎠

Y

X2 Y2+

atan
1

X2 Y2+

⎛
⎜
⎝

⎞
⎟
⎠

⋅−⎛
⎜
⎝

⎞
⎟
⎠

0.064=:= Radians

qt 2 Fd1_2( )
Qr
Af1
⋅ 7.046=:=

kW

m2



	
  
	
  

110	
  

  

Considering 50kW 

  Heat Release Rate 

  Area of Burner 

  Perimeter of Burner 

  Hydraulic Diameter 

   

  Peak Heat Flux 

  Flame Length 

Calculation for Heat Fluxes in Continuous Flame zone 

 

 

 

 

Q 50:= kW

A 0.86360.4572⋅ 0.395=:= m2

P 2.6416:= m

mDh 4
A
P

0.598=:=

f0
z
Lf

f1
z
Lf

f2
z
Lf

qpeak 200 1 e .09− Q( )

1
3

⋅
−

⎡
⎢
⎣

⎤
⎥
⎦ 56.44=:=

kW

m2

Lf 0.23 Q

2

5
⋅ 1.02 Dh⋅− 0.49=:= m

f0 0 .1, .4..:=

q0 f( ) qpeak:=

q0 f0( )
56.44
56.44

56.44

56.44

56.44

=

kW

m2
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Calculation for Heat Fluxes in Intermittent Flame zone 

 

 

 

 

Calculation for Heat Fluxes in Plume zone 

 

 
 

 

 

f1 .4 .5, 1..:=

q1 f( ) qpeak
5
3
f

2
5

−⎛⎜
⎝

⎞⎟
⎠
qpeak 20−( )−:=

q1 f1( )
56.44

50.366

44.293

38.22

32.147

26.073

20

=

kW

m2

f2 1 1.1, 2..:=

q2 f( ) 20 f( )

5−

3
⎛
⎜
⎝

⎞
⎟
⎠:=

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
6.3

11.67
17.04
22.41
27.78
33.15
38.52
43.89
49.26
54.63

60
Heat Fluxes over Flame Height

z/Lf

H
ea

t f
lu

x 
(k

W
/m

^2
)

q0 f0( )
q1 f1( )
q2 f2( )

f0 f1, f2, 

q2 f2( )
20

17.062

14.759

12.916

11.415

10.175

9.138

...

=

kW

m2
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Incident Radiative Heat Flux for 50 kW Fire 

  Radiative Fraction 

Total radiative energy output of fire   

 

 

  

 
  

 

 

  

  

  Incident Radiative Heat flux 

Xr .3:= m

Qr Xr Q⋅ 15=:=
kW
m

c
Dh
2

0.299=:=

ma
Lf
2

0.245=:=

m
b

Dh
2

0.299=:= m

X
a
b

0.82=:=

Y
c
b

1=:=

Af1 Dh Lf⋅ 0.293=:= m2

Fd1_2
1
2π

atan
1
Y
⎛⎜
⎝
⎞⎟
⎠

Y

X2 Y2+

atan
1

X2 Y2+

⎛
⎜
⎝

⎞
⎟
⎠

⋅−⎛
⎜
⎝

⎞
⎟
⎠

0.044=:= Radians

qt 2 Fd1_2( )
Qr
Af1
⋅ 4.502=:=

kW

m2
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APPENDIX F 

Early	
  Design	
  Iterations	
  

Based on our design specifications, each team member created preliminary designs of 

how we thought the rig should be constructed. After comparing designs and discussing them 

with Professor Dembsey and Professor Umberto our group decided that our original designs 

were too complicated in the adjustment mechanism. Using various components of the three 

designs, a new design was created. 

 

 

 

  

 

 

 

 

This first Design iteration would become the fundamental design of which all other designs 

would be formulated. Design one was simple, but lacked a way to support the full weight and 

width of a 30 inch specimen wall. The addition of a longer fire channel, as well as a support 

base, would lead to a more stable and efficient rig. Design 2 was more refined and gave the 

burner a way to appropriately attack the base of the assembly as if it were the top of the window 

frame in the full scale rig. The bottom plate which is able to slide along the side rails to 

accommodate different wall thickness, supports the entire weight of the wall. Our team felt that 

support legs needed to be added to the bottom support plate to safely handle the stress of a 

maximum thickness wall. 

Design	
  #1 
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Design	
  #2 

The picture frame style mechanism used to attach the backing wall also had a limited 

range of adjustability for walls larger than 1’ thickness. The L shaped protrusion on the floor 

holder and corresponding slot in the fire channel needed to be removed to allow the wall holder 

to be easily slid under the backing wall and to prevent fire leakage. Design changes to fix these 

problems would lead to the final rig design iteration.  
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Exterior	
  Wall	
  Materials	
  Catalog	
  
APPENDIX	
  References	
  [9]-­‐[21]	
  were	
  used	
  to	
  create	
  the	
  following	
  Catalog	
  of	
  Materials.	
  
	
   In	
  order	
  to	
  better	
  understand	
  the	
  exterior	
  wall	
  assemblies,	
  which	
  the	
  intermediate	
  scale	
  
NFPA-­‐285	
  test	
  rig	
  will	
  need	
  to	
  accommodate,	
  it	
  is	
  important	
  to	
  first	
  understand	
  the	
  types	
  of	
  
wall	
  assemblies	
  possible.	
  The	
  information	
  Outlined	
  in	
  the	
  Materials	
  catalog	
  will	
  provide	
  
approximate	
  thickness	
  values	
  for	
  many	
  different	
  exterior	
  wall	
  materials.	
  By	
  examining	
  the	
  
corresponding	
  International	
  Building	
  Codes	
  (IBC)	
  and	
  ASHRAE	
  International	
  Energy	
  Efficiency	
  
Codes	
  (IECC),	
  a	
  baseline	
  for	
  exterior	
  wall	
  thickness	
  can	
  be	
  determined.	
  The	
  exterior	
  wall	
  
thickness	
  is	
  dependent	
  on	
  achieving	
  a	
  passing	
  u-­‐value	
  as	
  well	
  as	
  complying	
  with	
  the	
  IBC. Many	
  
energy	
  modeling	
  programs	
  and	
  code	
  calculations	
  require	
  U-­‐values	
  of	
  assemblies.	
  	
  The	
  U-­‐value	
  is	
  simply	
  
the	
  reciprocal	
  of	
  the	
  total	
  R-­‐value	
  of	
  the	
  assembly.	
  

	
  

The	
  following	
  table	
  provided	
  by	
  the	
  IECC	
  provides	
  information	
  on	
  the	
  r	
  and	
  u	
  value	
  
requirements	
  for	
  each	
  climate	
  zone:	
  	
  

	
  

For	
  the	
  state	
  of	
  Massachusetts,	
  most	
  buildings	
  need	
  a	
  total	
  wall	
  R	
  value	
  of	
  R-­‐13+	
  regardless	
  of	
  metal	
  or	
  
wooden	
  framing.	
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Cladding	
  Materials	
  

Types	
  of	
  
cladding	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Vinyl	
  Siding	
  

	
  
	
  

-­‐Vinyl	
  siding	
  is	
  the	
  most	
  common	
  exterior	
  
finish	
  used	
  on	
  buildings	
  in	
  North	
  
America.	
  	
  
	
  
-­‐Made	
  from	
  rows	
  of	
  polyvinyl	
  chloride	
  
(PVC)	
  resin	
  panels.	
  	
  
	
  
-­‐Waterproof	
  	
  

-­‐	
  391	
  deg.	
  C	
  ignition	
  temperature	
  with	
  
flame	
  AND	
  454	
  deg.	
  C	
  ignition	
  
temperature	
  without	
  flame	
  

	
  

	
  

Vinyl	
  R-­‐value	
  is	
  
1.8	
  (0.5”	
  
insulated)	
  &	
  
0.61	
  (not	
  
insulated)	
  

	
  

	
  

-­‐Thickness	
  
0.035”	
  to	
  
0.052”	
  

-­‐Section	
  26.05	
  
	
  
-­‐Fire	
  
Endurance	
  
Rate-­‐	
  vinyl	
  
siding	
  does	
  
not	
  reduce	
  the	
  
rating	
  of	
  
combustible	
  
wall	
  structures	
  
(ASTM	
  E119	
  
test)	
  
	
  
	
  
	
  

As	
  green	
  building	
  
interests	
  increase,	
  
much	
  attention	
  is	
  
focused	
  on	
  the	
  off-­‐
gassing	
  effects	
  of	
  
PVC	
  siding.	
  It	
  
releases	
  toxic	
  fumes	
  
as	
  it	
  interacts	
  with	
  
the	
  air.	
  These	
  are	
  
potentially	
  harmful	
  
to	
  humans,	
  and	
  may	
  
irritate	
  respiratory	
  
illnesses	
  like	
  asthma	
  

Types	
  of	
  
cladding	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

masonry	
  
veneers	
  

-­‐	
  Masonry	
  veneer	
  may	
  consist	
  of	
  various	
  
types	
  of	
  brick,	
  stone,	
  or	
  clay.	
  	
  
-­‐	
  It	
  is	
  installed	
  with	
  an	
  empty	
  air	
  space	
  
between	
  the	
  building	
  and	
  the	
  back	
  of	
  the	
  
stone.	
  Weep	
  holes	
  placed	
  at	
  the	
  bottom	
  
of	
  this	
  opening	
  allow	
  for	
  excellent	
  
drainage	
  
-­‐	
  The	
  cavity	
  provides	
  plenty	
  of	
  space	
  to	
  
install	
  building	
  insulation,	
  particularly	
  
rigid	
  foam	
  boards	
  
-­‐	
  Non	
  combustible	
  

	
  

	
  

	
  

Common	
  brick	
  
have	
  a	
  R-­‐value	
  
of	
  0.8	
  

	
  

Typically	
  
1”	
  thick	
  
for	
  stone	
  
veneer	
  

	
  

-­‐Brick/	
  
clay	
  
veneer	
  
has	
  a	
  
maximum	
  
thickness	
  
of	
  1-­‐3/4”	
  

-­‐Chapter	
  21	
  

	
  
-­‐	
  Glass	
  unit	
  
masonry-­‐	
  must	
  
have	
  a	
  
minimum	
  avg.	
  
glass	
  face	
  
thickness	
  of	
  
4.8mm	
  
	
  

-­‐Environmentally	
  
friendly	
  	
  

-­‐Better	
  thermal	
  
mass	
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Types	
  of	
  
cladding	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Metal	
  Siding	
   -­‐Metal	
  siding	
  comes	
  in	
  Corrugated	
  steel	
  
(storage	
  building)	
  that	
  is	
  extremely	
  
strong	
  and	
  durable.	
  
-­‐Aluminum	
  siding	
  is	
  a	
  popular	
  cladding	
  
for	
  homes	
  in	
  coastal	
  areas.	
  	
  
The	
  aluminum	
  will	
  not	
  rust	
  or	
  corrode	
  
when	
  exposed	
  to	
  moisture	
  or	
  saltwater,	
  
and	
  can	
  withstand	
  storms	
  and	
  harsh	
  
conditions	
  better	
  than	
  many	
  other	
  
cladding	
  products	
  	
  
-­‐Non	
  combustible	
  

	
  

	
  Al	
  R-­‐value	
  is	
  
1.8	
  (0.5”	
  
insulated)	
  &	
  
0.61	
  (not	
  
insulated)	
  

	
  

	
  

thickness	
  
range:	
  
0.0172”	
  to	
  
0.0187”	
  

	
  

-­‐Chapter	
  22	
  
for	
  steel	
  

-­‐Chapter	
  20	
  
for	
  Al	
  

	
  

-­‐Environmentally	
  
friendly	
  

Types	
  of	
  
cladding	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Wood	
  siding	
  	
  
	
  
	
  

-­‐Wood	
  siding	
  is	
  a	
  common	
  type	
  of	
  
cladding	
  used	
  mainly	
  in	
  North	
  America.	
  	
  
Combustible	
  	
  

-­‐Weather	
  resistant	
  

	
  

	
  

-­‐Thermally	
  
insulating	
  

R-­‐value	
  of	
  .34	
  

	
  

	
  .5	
  “	
  

	
  

-­‐Chapter	
  23	
  

	
  

-­‐Environmentally	
  
friendly	
  

Types	
  of	
  
cladding	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Fiber	
  
Reinforced	
  
Polymers	
  

FRP	
  composites	
  are	
  manufactured	
  using	
  
processes	
  such	
  as	
  pultrusion,	
  resin	
  
transfer	
  molding,	
  and	
  filament	
  winding.	
  
Because	
  of	
  their	
  strength,	
  FRP	
  
composites	
  used	
  in	
  the	
  construction	
  and	
  
maintenance	
  of	
  bridges.	
  
	
  
FRP	
  composites	
  consist	
  of	
  fiber	
  
reinforcements,	
  resin,	
  fillers,	
  and	
  
additives.	
  	
  Therefore	
  FRP	
  mechanical	
  
properties	
  will	
  depend	
  on	
  fiber	
  types,	
  
orientation	
  or	
  structure.	
  	
  
	
  
Fibers	
  include:	
  glass,	
  aramid	
  and	
  carbon.	
  
Resin	
  systems	
  include:	
  unsaturated	
  
polyesters,	
  epoxies,	
  vinyl	
  esters,	
  
polyurethanes,	
  phenolics.	
  
	
  

	
  

	
  

	
  

-­‐CFRP	
  
have	
  
thickness	
  
up	
  to	
  
1.5mm	
  

	
  

-­‐Section	
  14.04	
  

-­‐Section	
  26.12	
  

	
  

-­‐Environmentally	
  
friendly	
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Weather	
  Resistive	
  Barriers	
  
Types	
  of	
  
WRB’s	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Weather	
  
Resistive	
  
Barriers	
  

WRB’S	
  provide	
  an	
  added	
  layer	
  of	
  
protection	
  against	
  air	
  and	
  moisture.	
  They	
  
come	
  in	
  many	
  forms	
  of	
  thin	
  plastic	
  
sheeting	
  and	
  spray	
  on	
  applications.	
  

	
  

negligible	
  

	
  

negligible	
  

	
  

-­‐section	
  14.4	
  

	
  

	
  

Air	
  Gaps/	
  Vapor	
  Gaps	
  

Type	
   General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

	
  

Wall	
  Air	
  Gap	
  

Air	
  gaps	
  exist	
  in	
  many	
  building	
  elements	
  
from	
  the	
  way	
  we	
  build	
  and	
  may	
  provide	
  a	
  
small	
  improvement	
  in	
  a	
  building’s	
  
thermal	
  performance.	
  Air	
  gaps	
  have	
  a	
  
thermal	
  resistance	
  to	
  heat	
  flow	
  that	
  is	
  
represented	
  by	
  an	
  R-­‐Value	
  with	
  the	
  
optimum	
  or	
  best	
  R-­‐Value	
  achieved	
  for	
  a	
  
gap	
  of	
  30mm	
  (about	
  1.1	
  inches).	
  Wider	
  
air	
  gaps	
  do	
  not	
  achieve	
  higher	
  R-­‐Values.	
  
To	
  achieve	
  higher	
  Total	
  R-­‐Values,	
  
multiple	
  air	
  gaps	
  must	
  be	
  incorporated	
  
into	
  the	
  building.	
  For	
  an	
  air	
  gap	
  to	
  
improve	
  the	
  thermal	
  performance	
  of	
  a	
  
building	
  element,	
  it	
  requires	
  the	
  addition	
  
of	
  a	
  low	
  emittance	
  surface	
  (shiny	
  
aluminium	
  foil)	
  to	
  one	
  or	
  both	
  sides	
  of	
  
the	
  air	
  gap.	
  Without	
  the	
  addition	
  of	
  the	
  
foil	
  surfaces,	
  the	
  R-­‐Value	
  of	
  the	
  non-­‐
reflective	
  air	
  gap	
  is	
  small	
  (R0.16).	
  	
  

The	
  R-­‐Value	
  
achieved	
  by	
  an	
  
air	
  gap	
  is	
  
dependent	
  on	
  
the	
  emittance	
  
of	
  the	
  surfaces	
  
on	
  either	
  side	
  
of	
  the	
  gap.	
  

A	
  sample	
  value	
  
of	
  an	
  air	
  gap	
  
with	
  a	
  low	
  
emmitance	
  
surface	
  on	
  both	
  
sides	
  is	
  about	
  
R-­‐.5	
  to.7	
  

	
  

.5	
  inches	
  
to	
  1.1	
  
inches	
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Sheathing	
  Materials	
  
Material	
   General	
  Information	
  

Sheathing	
  
Materials	
  	
  

Exterior	
  wall	
  sheathings	
  serve	
  to	
  enclose	
  wood	
  or	
  metal-­‐framed	
  buildings	
  and	
  provide	
  a	
  surface	
  for	
  application	
  of	
  
exterior	
  claddings	
  and	
  finish	
  materials.	
  Gypsum-­‐based	
  sheathings	
  are	
  widely	
  used	
  in	
  non-­‐combustible	
  
construction.	
  	
  Excellent	
  fire	
  resistance	
  and	
  other	
  performance	
  attributes.	
  Surface-­‐reinforced	
  with	
  paper	
  or	
  a	
  glass-­‐
fiber.	
  	
  

Types	
  of	
  
Gypsum-­‐
Based	
  
Sheathing	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Paper-­‐faced	
   -­‐Fire	
  resistant	
  

-­‐Weather	
  resistant	
  

-­‐Adds	
  to	
  structural	
  strength	
  

-­‐When	
  exposed	
  to	
  moisture	
  for	
  
prolonged	
  periods	
  of	
  time,	
  the	
  paper	
  
surface	
  plies	
  can	
  separate	
  or	
  the	
  paper	
  
can	
  delaminate	
  from	
  the	
  gypsum	
  core.	
  

-­‐If	
  water	
  is	
  trapped	
  in	
  the	
  core,	
  it	
  can	
  
soften	
  or	
  dissolve	
  it.	
  

	
  	
  

R-­‐value	
  of	
  
0.043	
  

	
  

½”	
  to	
  5/8”	
  
thick	
  

	
  

Chapter	
  14.04	
  

	
  

Types	
  of	
  
Gypsum-­‐
Based	
  
Sheathing	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Glass-­‐mat-­‐
faced	
  
gypsum	
  
sheathings	
  

	
  

-­‐Popular	
  choice	
  for	
  non-­‐combustible	
  
construction	
  

-­‐Light	
  weight	
  

-­‐Provides	
  increased	
  mold	
  resistance	
  

-­‐Will	
  with	
  stand	
  up	
  to	
  12	
  months	
  of	
  
exposure	
  to	
  typical	
  weather	
  conditions	
  

-­‐Rely	
  on	
  the	
  face	
  layer	
  for	
  water	
  
resistance	
  and	
  strength.	
  

-­‐Under	
  prolonged	
  exposure	
  to	
  moisture,	
  
the	
  core	
  can	
  soften	
  and	
  degrade	
  

Susceptible	
  to	
  pull-­‐off	
  by	
  lateral	
  wind	
  
loads	
  

	
  

	
  R-­‐value	
  of	
  0.45	
  

	
  

	
  

½”	
  to	
  5/8”	
  
thick	
  

	
  

Chapter	
  25.06	
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Types	
  of	
  
Gypsum-­‐
Based	
  
Sheathing	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Gypsum/cel
lulose	
  core-­‐
reinforced	
  
sheathing	
  

-­‐Does	
  not	
  rely	
  on	
  a	
  surface	
  layer	
  for	
  
strength,	
  fastener	
  holding	
  power	
  or	
  
moisture	
  resistance.	
  	
  

-­‐Stiffer	
  than	
  other	
  gypsum-­‐based	
  
sheathings,	
  providing	
  a	
  flatter,	
  smoother	
  
surface,	
  even	
  under	
  high	
  wind	
  load	
  
conditions.	
  

-­‐Can	
  offer	
  significant	
  installed	
  cost	
  
savings	
  

	
  

R-­‐value	
  of	
  0.45	
  

	
  

½”	
  to	
  5/8”	
  
thick	
  

	
  

Chapter	
  25.06	
  

	
  

Types	
  of	
  
cement-­‐
Based	
  
Sheathing	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

	
  

Cement	
  
board	
  
panels	
  	
  

-­‐Top	
  choice	
  moisture	
  resistance	
  	
  

-­‐They	
  will	
  not	
  rot	
  or	
  delaminate,	
  bend	
  or	
  
warp.	
  

-­‐Panels	
  are	
  water-­‐durable	
  

-­‐Offer	
  excellent	
  racking	
  and	
  shear	
  
strength	
  

-­‐Inelastic,	
  making	
  it	
  sensitive	
  to	
  building	
  
movement	
  from	
  seismic	
  and	
  other	
  
sources.	
  

	
  

	
  

R-­‐Value	
  of	
  

0.043	
  

	
  

½”	
  to	
  5/8”	
  
thick	
  

	
  

Chapter	
  19.11	
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Types	
  of	
  
cement-­‐
Based	
  
Sheathing	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Fiber	
  cement	
   -­‐Excellent	
  water	
  durability	
  

-­‐Typically	
  more	
  dense	
  than	
  cement	
  board	
  
panels	
  	
  

-­‐Their	
  greater	
  mass	
  makes	
  them	
  inelastic	
  
and	
  brittle,	
  and	
  therefore	
  more	
  
installation	
  sensitive	
  

-­‐Do	
  not	
  provide	
  the	
  level	
  of	
  fire	
  
resistance	
  that	
  cement	
  panels	
  offer.	
  

	
  

R-­‐value	
  of	
  1.32	
  

	
  

½”	
  to	
  5/8”	
  
thick	
  

	
  

Chapter	
  14.04	
  

-­‐Environmentally	
  
friendly	
  

Types	
  of	
  
wood-­‐Based	
  
Sheathing	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  
properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Wood	
  
sheathing	
  

-Plywood	
  or	
  OSB	
  (oriented	
  strand	
  board)	
  

-­‐Offer	
  excellent	
  racking	
  and	
  shear	
  
strength	
  

-­‐Wood-­‐based	
  sheathings	
  work	
  with	
  the	
  
framing	
  to	
  resist	
  wind	
  

-­‐May	
  swell,	
  warp	
  or	
  rot	
  when	
  exposed	
  to	
  
damp	
  environments.	
  

-­‐Provide	
  little	
  or	
  no	
  fire	
  resistance	
  

	
  

R-­‐value	
  of	
  1.25	
  

	
  

½”	
  to	
  5/8”	
  
thick	
  

	
  

Section	
  14.04	
  

-­‐Environmentally	
  
friendly	
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Insulation	
  Materials	
  
Material	
   General	
  Information	
  

Loose-­‐Fill	
  
Insulation	
  

Loose-­‐fill	
  insulation	
  includes	
  loose	
  fibers	
  or	
  fiber	
  pellets	
  that	
  are	
  blown	
  into	
  building	
  cavities	
  or	
  attics	
  using	
  special	
  
equipment.	
  It	
  generally	
  costs	
  more	
  than	
  batt	
  insulation.	
  However,	
  it	
  usually	
  fills	
  nooks	
  and	
  crannies	
  easier,	
  reduces	
  air	
  
leakage	
  better,	
  and	
  provides	
  better	
  sound	
  insulation	
  than	
  batt-­‐type	
  insulation.	
  

Types	
  of	
  
Loose	
  Fill	
  
insulation	
  

General	
  Information	
  and	
  Fire	
  
Properties	
  

Insulation	
  properties	
   Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Cellulose	
  
fiber	
  

Made	
  from	
  recycled	
  newspapers,	
  is	
  
chemically	
  treated	
  for	
  fire	
  and	
  
moisture	
  resistance.	
  It	
  can	
  be	
  installed	
  
in	
  walls,	
  floors	
  or	
  attics	
  using	
  a	
  dry-­‐
pack	
  process	
  or	
  a	
  moist-­‐spray	
  
technique.	
  

Cellulose	
  fiber	
  has	
  
approximately	
  30%	
  more	
  
insulating	
  value	
  than	
  
loose-­‐fill	
  rock	
  wool	
  for	
  the	
  
same	
  number	
  of	
  inches	
  
installed.	
  

Not	
  
applicable	
  

	
   	
  

Fiberglass	
  
and	
  rock	
  
wool	
  

Provides	
  full	
  coverage	
  with	
  a	
  "Blow-­‐in	
  
Blanket"	
  System	
  (BIBS)	
  that	
  involves	
  
blowing	
  insulation	
  into	
  open	
  stud	
  
cavities	
  behind	
  a	
  net.	
  

Insulation	
  value	
  of	
  R-­‐3	
  to	
  
R-­‐4	
  per	
  inch	
  

Not	
  
applicable	
  

	
   	
  

Material	
   General	
  Information	
  and	
  Fire	
  
Properties	
  

Insulation	
  Properties	
   Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Spray	
  Foam	
   Spray	
  foam	
  insulation	
  is	
  a	
  two-­‐part	
  
liquid	
  containing	
  a	
  polymer	
  (such	
  as	
  
polyurethane	
  or	
  modified	
  urethane)	
  
and	
  a	
  foaming	
  agent.	
  The	
  liquid	
  is	
  
sprayed	
  through	
  a	
  nozzle	
  into	
  wall,	
  
ceiling,	
  and	
  floor	
  cavities.	
  As	
  it	
  is	
  
applied	
  it	
  expands	
  into	
  a	
  solid	
  cellular	
  
plastic	
  with	
  millions	
  of	
  tiny	
  air-­‐filled	
  
cells	
  that	
  fill	
  every	
  nook	
  and	
  cranny.	
  It	
  
is	
  good	
  for	
  irregularly	
  shaped	
  areas	
  
and	
  around	
  obstructions.	
  

Open-­‐cell	
  SPF	
  has	
  an	
  R-­‐
value	
  around	
  3.5	
  per	
  inch	
  
and	
  typically	
  uses	
  water	
  as	
  
the	
  blowing	
  agent.	
  	
  Closed-­‐
cell	
  SPF	
  has	
  an	
  R-­‐value	
  of	
  
around	
  6.0	
  per	
  inch	
  (aged	
  
R-­‐value)	
  and	
  uses	
  high	
  R-­‐
value	
  blowing	
  agents.	
  

	
  

Not	
  
applicable	
  

	
  

Chapter	
  26	
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Material	
   General	
  Properties	
  

Batt	
  and	
  
Blanket	
  
insulation	
  

Batt	
  and	
  blanket	
  insulation	
  is	
  made	
  of	
  mineral	
  fiber	
  either	
  processed	
  fiberglass	
  or	
  rock	
  wool	
  and	
  is	
  used	
  to	
  insulate	
  
below	
  floors,	
  above	
  ceilings,	
  and	
  within	
  walls.	
  Generally,	
  batt	
  insulation	
  is	
  the	
  least	
  expensive	
  wall	
  insulation	
  material	
  
but	
  requires	
  careful	
  installation	
  for	
  effective	
  performance.	
  This	
  type	
  of	
  insulation	
  is	
  best	
  suited	
  to	
  a	
  standard	
  joist,	
  rafter,	
  
or	
  stud	
  spacing	
  of	
  16	
  or	
  24	
  inches.	
  Batts	
  and	
  blankets	
  come	
  in	
  widths	
  to	
  fit	
  securely	
  between	
  the	
  wood-­‐framing	
  
members.	
  Some	
  come	
  with	
  a	
  radiant	
  barrier	
  backing.	
  Batts	
  generally	
  come	
  in	
  lengths	
  of	
  4	
  or	
  8	
  feet.	
  Blankets	
  come	
  in	
  
long	
  rolls	
  that	
  are	
  cut	
  to	
  the	
  desired	
  length	
  for	
  installation.	
  Both	
  batts	
  and	
  blankets	
  

Types	
  of	
  Batt	
  
and	
  Blanket	
  
insulation	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  Properties	
   Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

	
  
	
  
Fiberglass	
  

	
  
Fiberglass	
  is	
  the	
  most	
  widely	
  used	
  batt	
  
insulation	
  material.	
  Made	
  from	
  molten	
  
glass,	
  usually	
  with	
  20%	
  to	
  30%	
  recycled	
  
industrial	
  waste	
  and	
  post-­‐consumer	
  
content.	
  Nonflammable,	
  except	
  for	
  the	
  
facing	
  (if	
  present).	
  Sometimes,	
  the	
  
manufacturer	
  modifies	
  the	
  facing	
  so	
  that	
  it	
  
is	
  fire-­‐resistant.	
  Some	
  fiberglass	
  is	
  unfaced,	
  
some	
  is	
  paper-­‐faced	
  with	
  a	
  thin	
  layer	
  of	
  
asphalt,	
  and	
  some	
  is	
  foil-­‐faced.	
  

R	
  
Value	
  

Costs	
  
(cents/sq.	
  
ft)	
  

Thickness	
  
(in)	
  

	
  
-­‐Section	
  14.04	
  
	
  
	
  
-­‐Section	
  26.12	
  

	
  
-­‐Environmentally	
  
friendly	
  

11	
   12-­‐16	
   3	
  1/2	
  

13	
   15-­‐20	
   3	
  5/8	
  

15	
   34-­‐40	
  
3	
  1/2	
  (high	
  
density)	
  

19	
   27-­‐34	
   6	
  to	
  6	
  1/4	
  

21	
   33-­‐39	
  
5	
  1/4	
  (high	
  
density)	
  

25	
   37-­‐45	
   8	
  to	
  8	
  1/2	
  

30	
  +	
   45-­‐60	
   8+	
  

Rock	
  wool	
   Usually	
  made	
  from	
  rock	
  (basalt,	
  diabase)	
  or	
  
iron	
  ore	
  blast	
  furnace	
  slag.	
  Some	
  rock	
  wool	
  
contains	
  recycled	
  glass.	
  Nonflammable.	
  

	
  3.125	
   1	
  

	
   	
  

11	
   3.5	
  

19	
   6	
  

34	
   11	
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Material	
   General	
  Information	
  

Rigid	
  Board	
  
Insulation	
  

Rigid	
  board	
  insulation	
  is	
  commonly	
  made	
  from	
  fiberglass,	
  polystyrene,	
  or	
  polyurethane	
  and	
  comes	
  in	
  a	
  variety	
  of	
  
thicknesses	
  with	
  a	
  high	
  insulating	
  value	
  (approximately	
  R-­‐4	
  to	
  R-­‐8	
  per	
  inch).	
  This	
  type	
  of	
  insulation	
  is	
  used	
  for	
  
reproofing	
  work	
  on	
  flat	
  roofs,	
  on	
  basement	
  walls	
  and	
  as	
  perimeter	
  insulation	
  at	
  concrete	
  slab	
  edges,	
  and	
  in	
  cathedral	
  
ceilings.	
  

Types	
  of	
  Rigid	
  
Board	
  
Insulation	
  

General	
  Information	
  and	
  Fire	
  Properties	
   Insulation	
  

Properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  Building	
  
Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

	
  

Fiberglass	
  

Boards	
  

	
  These	
  are	
  mainly	
  used	
  for	
  acoustic	
  
applications,	
  but	
  can	
  be	
  found	
  in	
  certain	
  
forms	
  that	
  apply	
  well	
  to	
  building	
  applications.	
  

R	
  values	
   Thickness(
in.)	
  

Section	
  26.03	
  

	
  

All	
  Rigid	
  board	
  
insulation	
  must	
  follow	
  
specific	
  building	
  
codes.	
  For	
  interior	
  
applications	
  it	
  must	
  
be	
  covered	
  with	
  1/2-­‐
inch	
  gypsum	
  board	
  or	
  
other	
  building-­‐code	
  
approved	
  material	
  for	
  
fire	
  safety.	
  For	
  
exterior	
  applications	
  it	
  
must	
  be	
  covered	
  with	
  
weather-­‐proof	
  facing	
  

-­‐	
  

Environmentally	
  
friendly	
  

4	
   1	
  

11	
   3	
  

19	
   4	
  

34	
   8.5	
  

	
  

Polystyrene	
  
boards	
  

	
  

These	
  boards	
  can	
  vary	
  greatly	
  in	
  their	
  
makeup,	
  but	
  all	
  have	
  fairly	
  high	
  insulative	
  
properties.	
  This	
  includes	
  EPS,	
  MEPS,	
  XPS,	
  
bead	
  board,	
  blue	
  board,	
  and	
  Styrofoam.	
  

3.6	
   1	
  

11	
   3	
  

19	
   5.5	
  

34	
   9.5	
  

Polyurethane	
  

Boards	
  

Produced	
  through	
  mixing	
  of	
  isocyanate	
  and	
  
polyether	
  in	
  presence	
  of	
  catalyst	
  and	
  blowing	
  
agent.	
  Contains	
  many	
  tiny,	
  closed	
  cells.	
  
Relatively	
  waterproof,	
  and	
  low	
  water	
  
absorption,	
  but	
  must	
  protect	
  from	
  prolonged	
  
exposure	
  to	
  water.	
  Can	
  use	
  underground	
  if	
  
conditions	
  are	
  relatively	
  dry.	
  

6	
   1	
  

11	
   2	
  

19	
   3.1	
  

34	
   5.6	
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Polyisocyanate	
  

Boards	
  
(polyiso)	
  

More	
  stable	
  at	
  high	
  temperatures	
  and	
  less	
  
flammable	
  than	
  polyurethane.	
  Higher	
  R-­‐value	
  
vs.	
  polystyrene	
  and	
  polyurethane	
  due	
  to	
  its	
  
gas-­‐filled	
  closed-­‐cell	
  foam	
  structure.	
  Denser	
  
and	
  more	
  rigid	
  than	
  polystyrene	
  panels,	
  but	
  
more	
  expensive.	
  Must	
  protect	
  from	
  
prolonged	
  exposure	
  to	
  water.	
  It	
  usually	
  
contains	
  some	
  recycled	
  plastic,	
  such	
  as	
  from	
  
PET	
  beverage	
  containers.	
  

7	
   1	
   	
   	
  

11	
   1.5	
  

19	
   3	
  

34	
   5	
  

	
  

Material	
   General	
  Information	
  and	
  Fire	
  
Properties	
  

Insulation	
  
Properties	
  

Average	
  
Thickness	
  

Corresponding	
  
International	
  
Building	
  Codes	
  

Corresponding	
  
Green	
  Building	
  
Codes	
  

Insulated	
  
concrete	
  
Forms	
  

(ICF)	
  

Insulating	
  concrete	
  forms	
  (ICFs)	
  are	
  
forms	
  for	
  poured	
  concrete	
  walls,	
  
which	
  remain	
  as	
  part	
  of	
  the	
  wall	
  
assembly.	
  This	
  system	
  creates	
  walls	
  
with	
  a	
  high	
  thermal	
  resistance.	
  Even	
  
though	
  ICF	
  homes	
  are	
  constructed	
  
using	
  concrete,	
  they	
  look	
  like	
  
traditional	
  stick-­‐built	
  homes.	
  ICF	
  
systems	
  consist	
  of	
  interconnected	
  
foam	
  boards	
  or	
  interlocking,	
  hollow-­‐
core	
  foam	
  insulation	
  blocks.	
  Foam	
  
boards	
  are	
  fastened	
  together	
  using	
  
plastic	
  ties.	
  Along	
  with	
  the	
  foam	
  
boards,	
  steel	
  rods	
  (rebar)	
  can	
  be	
  
added	
  for	
  reinforcement	
  before	
  the	
  
concrete	
  is	
  poured.	
  

Depending	
  on	
  
variations	
  in	
  
manufacturing	
  and	
  
brand	
  ICF’s	
  have	
  a	
  
range	
  of	
  r	
  values.	
  
The	
  average	
  value	
  is	
  
typically	
  about	
  R-­‐20.	
  

Most	
  ICF’s	
  
incorporate	
  2”	
  of	
  
foam	
  insulation	
  
on	
  both	
  sides	
  of	
  
the	
  concrete	
  wall.	
  
Average	
  wall	
  
thicknesses	
  range	
  
from	
  as	
  small	
  as	
  
8”	
  to	
  as	
  big	
  as	
  	
  
20”	
  

	
  

	
  

-­‐Section	
  
26.03.5	
  

Environmentally	
  
friendly	
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In	
  order	
  to	
  gauge	
  the	
  range	
  of	
  wall	
  thicknesses	
  that	
  will	
  need	
  to	
  be	
  accommodated	
  in	
  the	
  285	
  test	
  rig,	
  
we	
  complied	
  a	
  few	
  wall	
  assemblies	
  and	
  estimated	
  their	
  total	
  thickness.	
  

	
  

Assembly	
  Using	
  Thickest	
  materials	
  from	
  Catalog:	
  

*Assembly	
  does	
  not	
  include	
  non-­‐combustible	
  frame	
  components	
  

	
  
	
  

	
  

	
   	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Assembly	
  Component	
   Material	
   R-­‐
Value	
  

Thickness	
  

Cladding	
   Brick	
  Masony	
  
Veneer	
  	
  

0.8	
   1.75”	
  

Weather	
  Resistive	
  Barriers	
   Thickest	
  WRB	
   	
   0.433”	
  
Air	
  Gaps	
   Low	
  Emittance	
  Foil	
   0.6	
   1.1”	
  
Sheathing	
   Fiber	
  Cement	
   1.32	
   .5”	
  
Insulation	
   Polystyrene	
  Foam	
  

Board	
  
18	
   5”	
  

	
   Total	
   20.72	
   8.783”	
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Calibration	
  Gas	
  Flow	
  Rate	
  [3]	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Average	
  Values	
  for	
  Time	
  Periods	
  of	
  285	
  Test	
  [3]	
  
	
  
	
  
	
  



	
  
	
  

128	
  

APPENDIX REFERENCES 

APPENDIX  C  

1. Hibbeler, R. C. Statics and Mechanics of Materials. Upper Saddle River, NJ: 

Pearson/Prentice Hall, 2004. Print. 

2. United States. American Wood Council. Beam Formulas with Shear and Moment Diagrams. 

American Forest and Paper Association, Inc., 2007. Web. Feb. 2014. 

<http://www.awc.org/pdf/DA6-BeamFormulas.pdf>.  

3. "Punching Force Calculation." Punching Force Calculation. DSM Manufacturing Co., 

n.d. Web. Jan.-Feb. 2014. <http://www.precisionsheetmetal.com/home/forces.htm>. 

APPENDIX D 

4. Hibbeler, R. C. Statics and Mechanics of Materials. Upper Saddle River, NJ: 

Pearson/Prentice Hall, 2004. Print. 

5. "Critical Load." Critical Load. N.p., n.d. Web. 30 Apr. 2014. 

<https://www.efunda.com/formulae/solid_mechanics/columns/columns.cfm>. 

APPENDIX  E 

6. Lattimer, Brian Y. "Heat Fluxes from Fires to Surfaces." SFPE Handbook of Fire Protection 

Engineering. 4th ed. Quincy: National Fire Protection Association, 2008. 2-306--307. Print. 

7. Shokri, M and Byler, C.L. “Radiation from Large Pool Fires,” SFPE Journal of Fire Protection 

Engineering, 4, 1, pp. 141-150 (1989) 

8. Bergman, T. L., and Frank P. Incropera. Fundamentals of Heat and Mass Transfer. Hoboken, NJ: 

Wiley, 2011. Print. 

APPENDIX  F 

9. "Carlisle Coatings & Waterproofing." Carlisle Coatings & Waterproofing. N.p., n.d. Web. 20 

Oct. 2013. 

<http://www.carlisleccw.com/?page=view&mode=post&contentID=47&frompage=search&from

category=-1>> 

10. "Energy.gov." Energy.gov. N.p., n.d. Web. 17 Sept. 2013. 

<http://energy.gov/energysaver/articles/insulation-materials>  

11. "Energy.gov." Energy.gov. N.p., n.d. Web. 17 Sept. 2013. 

<http://energy.gov/energysaver/articles/types-insulation>  



	
  
	
  

129	
  

12. "Fiber Reinforced Polymer (FRP)." Knez Building Materials. N.p., n.d. Web. 20 Oct. 2013. 

<http://www.knezinc.com/building-materials/frp-panels> 

13. "Facades... a Burning Issue." / News / Fire Middle East Magazine. N.p., n.d. Web. 20 Oct. 2013. 

<http://www.firemiddleeastmagazine.com/news/article/788> 

14. Summers, Joshua and Farahmandpour, Kami. “Exterior Façade Evaluation Buildings B and C.” 

Building Technology Consultants, PC << 

http://www.dist113.org/communityaction/PRAthletics/Exterior/Façade/Evaluation.pdf> 

15. "Thermal Performance Estimation for Ventilated PV Facades." Thermal Performance Estimation 

for Ventilated PV Facades. N.p., n.d. Web. 20 Oct. 2013. 

<http://www.sciencedirect.com/science/article/pii/S0038092X030028833> 

16. R-Value Table. N.p., n.d. Web. 17 Sept. 2013.  

17. <http://www.allwallsystem.com/design/RValueTable.html>.  

18. "R-values of Insulation and Other Building Materials." The Architect's Technical Resource. N.p., 

n.d. Web. 20 Sept. 2013. <http://archtoolbox.com/materials-systems/thermal-moisture-

protection/24-rvalues.html>.  

19. Plunkett, Michael  SmartRate, - Demystifying Air Gaps. N.p., n.d. Web. 9 Oct. 2013. 

<http://www.smartrate.com.au/media/articles/demystifying-air-gaps>. 

20. 2012 International Energy Conservation Code ; And, ANSI/ASHRAE/IES Standard 90.1-2010, 

Energy Standard for Buildings except Low-rise Residential Buildings. Washington, D.C.: 

Internationall Code Council, 2011. Print. 

21. (COR), International Code Council. International Building Code, 2012. Country Club Hills, IL: 
International Code Council, 2011. Print. 

 

	
  

	
  


