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Information conveyed by this Report applies only to the specimens actually involved
in these tests. Underwriters Laboratories Inc. (UL) has not established a factory
Follow-Up Service Program to determine the conformance of subsequently produced
material, nor has any provision been made to apply any registered mark of UL to such

material.

The issuance of this Report in no way implies Listing, Classification or Recognition by
UL and does not authorize the use of UL Listing, Classification or Recognition Marks

or other reference to UL on or in connection with the product or system.

UL, its trustees, employees, sponsors, and contractors, make no warranties, express or
implied, nor assume and expressly disclaim any legal liability or resporsibility to any
person for any loss or damage arising out of or in connection with the interpretation,
application, or use of or inability to use, any information, data, apparatus, product, or
process disclosed in this Report. This Report cannot be modified or reproduced, in

part, without the prior written permission of Underwriters Laboratories Inc.
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EXECUTIVE SUMMARY

This report is part of an investigation into the structural stability of engineered wood-
based products. The prevalence of these products in the construction industry is
driven by their high stiffness to weight ratio allowing for the use of lightweight
assemblies and innovative designs. However, field experience suggests that the fire
performance of these engineered wood products is inferior to traditional timber.

One part of this investigation involved the fire testing of several different floor
assemblies. The test data provided a wealth of information on the relative
performance of various materials and designs. In these tests, assemblies were exposed
to fire in a large-scale horizontal furnace following the standard time-temperature
curve of the ASTM E119 test. The assemblies were loaded on the periphery to
represent the more realistic non-uniformity of loading in residences. In addition, two
300 Ibs mannequins representing fully loaded fire fighters were placed on the floors.

The next phase of the project involved the application of computational modeling
tools, such as finite element analysis (FEA), to simulate and predict the fire
performance of these wood-based floor assemblies. This report details the outcome of
modeling two specific unprotected floor assemblies: one construction consisting of
dimensional lumber supports, and the second, a floor assembly with engineered wood
I-joist supports. The unprotected engineered lumber support floor assembly
represents the basement of houses.

Models for each assembly required information on the heat source, mechanical loads,
thermal and mechanical boundary conditions, construction details, and material
properties. In modeling wood-based products in fire, several challenges exist. The
first challenge is that wood burns unlike other common construction materials such
as masonry, concrete and steel. The burning of wood is an exothermic reaction
whose byproducts are char and smoke. Second, in the typical fire environment,
construction elements are exposed to a very wide temperature range. Over this wide
range, wood degrades and decomposes significantly changing material properties such
as thermal conductivity, modulus of elasticity and others. Third, wood is a complex
product whose properties vary with orientation and position. In building a model to
simulate the complex process of a structure in fire, the analyst must develop clear and
transparent assumptions that will lead to a tractable yet consequential model.

For this project, the following assumptions guided the development of the finite
element models:
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Wood properties were isotropic and homogeneous.

The process of moisture evaporation and diffusion within wood was modeled
through effective thermal properties.

The temperature distribution with the floor assembly was independent of the
structural response.

The heat source in the furnace was modeled as a point source with a radiation
view factor of 1.0.

All joining details of floor, sub-floor and supports were assumed to be ideal
leading to perfect heat transfer and perfect mechanical contact.

Thermal results were computed using a transient thermal analysis including radiation,
convection and conduction modes of heat transfer. For the structural results, a
nonlinear, quasi-static analysis was performed at select points in time, transferring the
temperature data into the structural model to calculate material properties. For both
analyses, the commercial general-purpose FEA code ANSYS was employed. The use
of a single multi-physics code lessened the challenges associated with data transfer
from one analysis type to another.

For the thermal model, it was apparent that an accurate measure of the heat input
from the furnace was not available. The data taken from the furnace thermocouples -
which typically follow the standard time-temperature curve — deviated substantially
from the standard time-temperature curve being much lower during the early stages
of the test. This lack of an accurate measure of the heat input naturally affected the
expected results of the model. Furthermore, it was found that it would be necessary
to model the internal heat generation of wood combustion within the model. The
model results for temperature and burning rate also pointed to the need for more
extensive measurements on the properties of charred wood.

For the structural model, the deflection results did not match well with the test data.
The main challenge for the structural model was capturing the reduction of cross
section as the wood chars. This loss of cross section leads to lower loading bearing
capacity. In this study, very small elastic modulus values were assigned to elements
whose temperatures exceeded 570 °F (300 °C) as a mears of representing this loss of
structural stiffness. During fire exposure, the modulus would reach extremely small
values as wood is converted to char. However, as the elastic modulus was reduced,
convergence of a solution became problematic. As the modulus could not be reduced
to very low values, the results must be interpreted with care. At this point, without
further improvements to the model, the actual deflection numbers could not be
explored with confidence but some qualitative assessments were still worthwhile. In
this case, as the temperatures within the members exceeded the ignition temperature
of wood, the results from the models showed that assembly 2, the unprotected floor
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assembly with engineered lumber I-joists, had a greater increase in the rate of
downward deflection than assembly 1, unprotected floor assembly with standard
timber.

Despite the shortfall of the first order model in predicting the actual deflections of the
wood floor assemblies, the central challenges and the path forward in improving
computational models of burning structures have been identified and reported. With
validated models, sensitivity studies can more easily be carried out to assess the effect
of various types of loads, dimensional and geometric changes.

One important lesson from this modeling project was that with the regular fire
testing, which is carried out in the field of fire safety engineering and certification,
design of the fire test should consider the requirements for model validation. This
will advance the use of modeling tools to help supplement fire testing in developing
new safety guidelines, building codes, and firefighting tactics.

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 7 of 115 Issued: 12/31/2008

TABLE OF CONTENTS

ACKNOWLED GMENTS. ..o i e 3
EXECUTIVE SUMMARY .ot 4
LIST OF FIGURES ...ttt 9
LIST OF TABLES .. ...t e 11
INTRODUCTION . ..ttt e en e 12
SCOPE OF COMPUTATIONAL IMODELING.....cuveuteieieseestesiessesiesseeeessessessessesaessessessessesneas 14
COMPUTATIONAL MODELING DELIVERABLES.......ccttittsteiteeteeseeseeseessessessessessessessessessesses 14
SURVEY OF RESEARCH .. .ottt 15
MATERIAL PROPERTIES. ... it 20
THERMAL MATERIAL PROPERTIES .....oitiitiitisiesieiesie e ste st st s s e saessesaessessessesnessesnes 20
DIBINSITY ..ttt bbb e e nr b b nne s 20
Thermal CONAUCTIVITY ......ooeiiieieceee e 22
SPECITIC HEAL ..ot te e s re e e e 23
Thermal EXPANSION .......coiiieee ettt 24

(O o - 1 T oSSR 25
MECHANICAL MATERIAL PROPERTIES .....uceutiieteiesiestestessessesseeseessessessessessessessessessesseens 27
MOAUIUS OF EISHICITY ..c.uveeviecie ettt st 28
TeNSIle STrENQEN.....oeeeeee e e 29
ComPressive SEFENGEN ......cc.oiie s 29
Test SPecimen Property TESES .....viiiecce et 31
POISSONS RALIO. ... .cvieieeeiesieeie e e et e e e e s e sae e e sse e teeneesreenseeneeeneenseeneennes 32
AUANESIVES ...ttt sttt et b et et r e et e e e be e e e e nnes 32
FINITE ELEMENT ANALYSIS ..o 33
THERMAL FE ANALY SIS ...uiiiiieiieiie sttt sttt seeee e te e s ste st s e aessestessessessessesseeseenes 33
Modeling the Furnace Fire EXPOSUIE.......ccveeerieeiiesierieeeeeteesteeee e sie e esae e enas 33
Thermal Model Details for ASSEMBIY 1 ..o 35
Thermal Results for ASSEMDBIY 1 .....ocvoiiieiice e 37
Thermal Model Details for AsSembly 2 ........ccvv oo 46
Thermal Results for ASSEMBIY 2 ..o 49
STRUCTURAL FE ANALY SIS ..ottt sie sttt sae b s eneenees 55
Structural Model Details for ASSEMDBIY L.......coiiiiiiiiiieee e 57
Structural Model Details for ASSEMDBDIY 2......cc.ooveiieiieeece e 57
Structural Results for Assemblies 1 and 2...........ccocoviriieinicneseeeeee 59

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 8 of 115 Issued: 12/31/2008

SUMMARY OF FINDINGS AND RECOMMENDATIONS........cooiiiiiiiiieeen, 68
Thermal MOUEIING .....ooveeie et enre s 68
SErUCTUTal MOGEIING ... 71
FIOOKr ASSEMDIY L VS, 2 ..ttt st e s ae e nnee s 72

REFERENCES ... ..ottt e eanes 74

AP PEN D X A o 78

DETAILS OF FLOOR ASSEMBLIES....c.cetettsteriesestesiesessesseseesessessesessessessesessesssnsesessessesessenes 78
APP EN DD X B 95
TEST WOOD SAMPLE DETAILS.....uiiiiieieiisieisiesteseeeste s se et esseste e e ssessenessesens 95
AP PEND DX G 96
SUMMARY OF STRENGTH TESTING ON WOOD SPECIMEN .......covveieieiesiesiesiesnessesseseenens 96
APPEND X D oo 97
MATERIAL PROPERTY TESTSON WOOD SPECIMENS.......cceiueeeeeeeeeeeseessessessessesseeseesens 97

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 9 of 115 Issued: 12/31/2008

LIST OF FIGURES

Figure 1 - Picture of standard dimensional lumber (1) and Engineered I-Joist (r)............ 12
Figure 2 - Kinetics model of WOOd PYTOlYSIS.......ccoveiieiieieeie e 15
Figure 3 — Schematic of pyrolysiswithin awood sab [6] .......ccccceeveveieeieccececcece 16
Figure 4 - Schematic for thermal and structural modeling of structuresin fire [19] ........ 17
Figure 5 - Heat flux in wood from fire Source [16] ........covevererierieereenienese s 18
Figure 6 — Variation of density ratio with temperature for wood ............ccccoeeeeeieinenenne. 21
Figure 7 — Variation of thermal conductivity with temperature for wood.............ccc........ 23
Figure 8 — Variation of specific heat with temperature for wood...........c.coeverererernnne. 24
Figure 9 — Variation of MOE with temperature for wood ............cccccvveeveeieeceeseese e 28
Figure 10 — Variation of tensile strength ratio with temperature for wood ...................... 30
Figure 11 — Variation of compressive strength ratio with temperature for wood............. 30
Figure 12 - Standard time-temperature curve from ASTM E119 for the first 20 minutes34
Figure 13 - FE model of ASSEMDIY L.....ccooiiiiieieece e 35
Figure 14 - Close up Of FE MESN ..ot 36
Figure 15 - Thermal results for model with standard time-temperature inpuit.................. 38
Figure 16 - Heat generation profile for wood components............cccoveveveereeciececsieceene 39
Figure 17 - Thermal results for model with heat generation and standard time-temperature
TIIPUL ettt b et e bRt b R R e e e bR e b bRt e s 40
Figure 18 — Comparison of thermocouple measurements taken in the interstitial spaces of
the floor @SSEMBIIES........coiie e 41
Figure 19 - Thermal results with heat input calculated based on temperatures of the
interstitial therMOCOUPIES.........oceeiieieceese ettt ne e 42
Figure 20 - Effect of doubling convection heat transfer coefficient...........ccccevvevinenennne. 42
Figure 21 - Sensitivity to effective emiSSIVILY ... 43
Figure 22 — Therma model results for prescribed temperature for underside of floor
2SS < 101 0L 44
Figure 23 — Portions of assembly 1 underside not exposed directly to furnace............... 44
Figure 24 — Exploded view of thermal model displaying temperature contours at 5
L0 TE T =SSP 45
Figure 25 - FE model for assembly 2........c.coiiv i 46
Figure 26 - Cross SECtiON OF 1-J0ISE ......vevueriererieieie e 47
Figure 27 - Close up of FE mesh on the underside of floor assembly 2...........cccceeneeee. 47
Figure 28 - Comparison of furnace thermocouple and standard time-temperature curve 50
Figure 29 - Thermal results for model with standard time-temperature input.................. 51
Figure 30 - Thermal results for model with heat generation and standard time-temperature
] o1 | SRS 51
Figure 31 - Thermal results with heat input calculated based on temperatures of the
interstitial therMOCOUPIES........cuiiiii s 53
Figure 32 — Thermal results for model with prescribed underside floor assembly
10 00100 U= P RPRR R 54
Figure 33 - Close up of temperature contours of I-joist for assembly 2 at 3 minutes...... 54
Figure 34 - Loading of structural model of assemblies1 and 2...........cccoceevvecececincnenee. 55
Figure 35 - Picture from test showing floor [0ads ...........cccceeeveiicce e 56

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 10 of 115 Issued: 12/31/2008

Figure 36 — Boundary conditions for structural model of floor assembly (x and y in the

plane of the floor and z perpendicular to the plane of the floor) ........c.ccccevcvvenennee. 57
Figure 37 — Deflection test datafor assembly 1 ... 59
Figure 38 — Close up of deflection test datafor assembly 1........cccccovveevievecceciccecee, 60
Figure 39 — Picture of one instance where flaming through the floor is visible............... 60
Figure 40 - Deflection test datafor assembly 2 ... 61
Figure 41 - Close-up of deflection test datafor assembly 2 ........ccccocvveevievecceciecece 61
Figure 42- Structural model resultsfor assembly 1.......ccoooeveeiiiciicii e, 63
Figure 43 - Comparison of test and model deflections for transducer 3 for assembly 1.. 64
Figure 44 — Structural model results for assembly 2 .......cccoecveeveececce e 65
Figure 45 - Comparison of test and model deflections for transducer 2 for assembly 2 .. 66
Figure 46 - Comparison of the model results for both assemblies at transducer 3........... 66
Figure 47 - Deflection contours of assembly 1 model at 20 MinUEES ..........cccccverereenenne. 67
Figure 48- Deflection contours of assembly 2 model at 3 MinUtES .........ccccceeceeeeecieenenee. 67
Figure 49 - Furnace thermocouple measurements from a floor assembly with gypsum

Q10 = ot o] o F TSP USROS 69

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 11 of 115 Issued: 12/31/2008

LIST OF TABLES

Table 1 - Summary of assembliesbuilt and tested ..........ccoovveieriiiei e 13
Table 2 — Specific heat of wood at Various temMpeEraturesS...........ceoeevverereneseneseseeeenens 24
Table 3— Thermal Elongation of wood at various temperatures............cecceveereecveseenens 25
Table 4 — Charring rate for different species of Wood ..........cccccevevevieicieccie e 27
Table 5 — Compressive and tensile strength parallel to grain for test specimens at room

10510107 = (0 USRS P PSPPI 31
Table 6 - Thermal property inputs for Assembly L........ccoovviiiiiiiiiiececce e 36
Table 7 - Density and density ratio for components of assembly 1.........ccccocvviieiierinenens 37
Table 8 — Thermal property inputs for thermal model of assembly 2 .........cccovecveeneen. 48
Table 9 - Density and density ratio for components of assembly 2...........ccccceevveieieenen. 49
Table 10 - Mechanical properties for componentsin assembly 1 ........cccoocvviieniineennens 58
Table 11 - Mechanical properties for componentsin assembly 2 .........cccocvvvivenieniennens 58
Table 12 - Observations from test for assembly 2.........cccovvveieeieccicecee e 62
Table 13 - Initial deflection due to static loads before start of test.........cocceveiierieneennns 62
Table 14 — Strength properties 0f WOOd..........cccoveiiriiirereeee e 96

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 12 of 115 Issued: 12/31/2008

INTRODUCTION

The work described in this report is part of a broader effort to better understand and
predict the fire performance of various types of wood-based assemblies employed in
the construction of buildings and residential dwellings and to compile data to further
discussions and advancements on safety guidelines, building codes, and firefighting
tactics for new wood-based products.

The first part of this project’ involved large-scale fire testing of nine different
assemblies identified in Table 1 according to the ASTM E119 standard?. Assembly 2
was an unprotected floor constructed using an engineered Hoist as the supporting
member (Figure 1). The floor assembly was non-traditionally loaded and placed in a
furnace, subjected to the fire endurance test of ASTM E119 standard. This floor
collapsed at approximately 6 minutes into the test versus 18 minutes for Assembly 1,
an unprotected floor supported by 2 x 10 in. dimensional lumber.

Figure 1 - Picture of standard dimensional lumber (l) and Engineered I-Joist (r)

According to a 2007 Engineered Wood Association newsletter, pre-fabricated wood I-
joists comprise 50% of new wood-frame construction®. The main driver for the
introduction of these products is the increase in stiffness to weight ratio. The benefits
of cost savings from using lightweight constructions and efficiencies in installation
have increased the preference for these types of wood-based products. However, over
the years, the data on firefighter fatalities and injuries have led to concerns* captured
by headlines such as ‘Common Building Material Poses Deadly Threat to Firefighters
— Wood I-Joists Burn Quickly, Floor Fails’ dated November 12, 2008, which reports

1 The second part of this project produced a web-based educational program available at
www.ul.com/fire/structural.html.

2 Report on Structural Stability of Engineered Lumber in Fire Conditions, UL Report, September 30, 2008.
3 Technical Topics, Form TT-015 C, APA Engineered Wood Association, November 2007.

4. Kirsch, Silent Floors, Silent Killers?, Fire Engineering, April 2007.

5 http://www.wisn.com/news/17968429/detail.html
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two firefighters falling through floors made of manufactured wood. Though
lightweight constructions may have superior structural performance under ‘normal’
conditions, this trend may reverse in a fire environment.

Table 1 - Summary of assemblies built and tested

Test Assembly Supports Ceiling Floor or Roof
No.

1 2by 10s @ 16 inch None 1 by 6 subfloor & 1 by 4
centers finish floor

2 12 inch deep "I" joist | None 23/32 inch OSB subfloor,
@ 24 inch centers carpet padding & carpet

3 2by 10s @ 16 inch 1/2 inch regular 1 by 6 subfloor & 1 by 4
centers gypsum wallboard finish floor

4 12 inch deep "I" joist | 1/2 inch regular 23/32 inch OSB subfloor,
@ 24 inch centers gypsum wallboard carpet padding & carpet

5 Parallel chord truss 1/2 inch regular 23/32 inch OSB subfloor,
with steel gusset gypsum wallboard carpet padding & carpet
plate connectiors, 14
inch deep @ 24 inch
centers

6 Parallel chord truss | 1/2 inch regular 23/32 inch OSB subfloor,
with glued gypsum wallboard carpet padding & carpet
connections, 14 inch
deep @ 24 inch
centers

7 2 by 6s @ 16 inch 1/2 inch regular 1 by 6 roof deck covered
centers with 2/12 gypsum wallboard with asphalt shingles
pitch

8 2by 10s @ 16 inch 3/4 inch plaster 1 by 6 subfloor & 1 by 4
centers finish floor

9 Roof truss with steel | 1/2 inch regular 7/16 inch OSB covered
gusset plate gypsum wallboard with asphalt shingles
connections @ 24
inch centers with
2/12 pitch

To understand and predict the behavior of wood-based products and constructions,
testing can provide some answers. However, fire testing in isolation will only lead to
incremental additions to a fundamental understanding that is necessary to effectively
develop safety and design guidelines. Complementing testing with computer-based
engineering analysis tools such as finite element analysis (FEA) methods can provide
greater insight and larger data sets for more effective decision-making. In this report,
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the application and outcome of using FEA methods to predict the fire performance of
wood- based floor assemblies are discussed.

Scope of Computational Modeling

The initial role of computational modeling in Structural Stability of Engineered
Lumber in Fire Conditions project was limited to providing some suggestions on a
suitable instrumentation scheme for the testing phase. However, this role was
enlarged substantially to further the progress and validation of computational
modeling tools in predicting the fire performance of wood-based constructions. As
such, the scope for this portion of the project is to identify the challenges and, if
possible, validate the output of FEA-based models (ANSYS). Specifically, models
were built and analyzed to calculate the thermal and structural responses of
assemblies 1 and 2 to the high temperatures seen during the fire endurance test of
ASTM E119. The model boundaries and loads were set to match the conditions and
setup of the tests as described in the UL test report issued on September 30, 2008.

Computational Modeling Deliverables

With the enhanced role of computational modeling for this grant, the deliverables for
this project were revised and are listed below:

Transient thermal finite element analysis of Assembly 1
o Comparison of predicted temperatures with test data
Structural nonlinear finite element analysis of Assembly 1 using temperature
data from thermal model
o Comparison of predicted floor deflections with test data
Transient thermal finite element analysis of Assembly 2
o Comparison of predicted temperatures with test data
Structural nonlinear finite element analysis of Assembly 2 using temperature
data from thermal model
o Comparison of predicted floor deflections with test data
Evaluation and assessment of modeling approach
Recommendations for future research
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SURVEY OF RESEARCH®

There are several challenges in the predicting the response of wood-based structures
to fires. First and foremost, the fire environment leads to very high temperatures [1].
To predict the thermal and structural responses of wood-based components and
structures to these high temperatures, material properties over a wide temperature
range are required. Next, unlike steel and concrete, wood burns leading to material
degradation and decomposition through pyrolysis Figure 2). The combustion of
wood and, its subsequent charring, lead to heat generation, flame spread, and
dramatic changes in material properties [2, 12]. Another complication is that wood is
a complex composite of natural polymers and is generally anisotropic, heterogeneous
and porous. For example, Young's modulus depends upon grain orientation. As if
this were not enough, the properties of wood are also affected by moisture content
[3]. In a fire environment, any moisture contained within wood will evaporate and
diffuse altering material properties. Finally the failure mode of a wood-based
building component would depend upon details of the construction, material
imperfections, connections, etc.

i Gas
% S
Virgin solid —» Tar

I\A * I{C_’
= Char

Figure 2 - Kinetics model of wood pyrolysis

All this very quickly suggests that a model that fully accounts for all the physics of
combustion, material degradation, moisture transport, micro-scale structure, and
failure modes of wood will be very challenging. So to meet this challenge, the
engineer must pick and choose components and the level of complexity of the model
that are most relevant to the objectives of the particular analysis. Data-driven and
transparent assumptions must guide the model building and analysis so that practical
results can be obtained without too much difficulty and in reasonable time periods
allowing for stage-by-stage validation. Quite often a great deal of benefit can be
gained from the qualitative predictions of modeling in assessing the relative impact
and trends of different materials and designs.

& This is a brief survey of the technical literature in the English language using the Google search engine and the
Compendex technical article database.
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As mentioned above, what separates wood from other common materials used in
construction such as steel, masonry, and concrete is that wood burns and chars. The
burning of solids in air by external heating requires that surface temperatures reach
critical levels known as the ignition temperature [4]. The high temperature of the
solid surface leads to pyrolysis or decomposition of the surface materials and the
release of gaseous volatiles. Some of these volatiles are flammable so that in a very
hot air environment, a self-sustaining exothermic reaction may initiate [1]. For
lignocellulosic materials such as wood, pyrolysis also leads to the formation of a
carbonaceous char layer on the surface [5]. As the temperatures continue to increase
from the external heat source and the flaming of the wood, the process persists as
deeper layers and unburned surfaces of the wood dry, decompose and char. This is a
simplification of a very complex process whose outcome depends on many variables
such as heat flux, oxygen concentration, airflow, wood composition, and moisture
conditions [13].

T Flama

G Initial Location of

Exposed Surface
& Char Layar

4 Pyrolysis Zone
3 Ory Wood
2 Evaporation Zore
1 Wlat VWood

FIRE

-l

N

Figure 3 — Schematic of pyrolysis within a wood slab [6]

Measuring and tracking the char layer has been one element to determining the fire
resistance of wood-based components and structures. The char layer replaces wood
with structurally weak material and so effectively reduces the load-bearing cross-
section of the component. In addition to mechanical properties, the char layer has
thermal properties that are different from the original wood. The thermal properties
of char tend to improve fire resistance of wood. The pyrolysis zone in Figure 3
suggests that a layer exists whose properties lie between those of dry wood and char.
For wood temperatures around 280 °C to 300 °C are generally prescribed as the start
of pyrolysis [6]. In this area, a great deal of work has been carried out to
experimentally measure and predict the charring rate of different types of wood

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 17 of 115 Issued: 12/31/2008

[6,7,8]. A large number of experiments [9] suggest a nonlinear correlation between
time and char depth’.

For building components in a fire environment, the combined thermal and
mechanical loadings lead to concerns regarding the stability of the component or
structure. To predict the structural response of a building component first requires
knowledge of the temperatures throughout the component and connections (Figure
4). In this area, most of the work for wood in high temperatures has concentrated on
modeling and predicting the thermal behavior of wood under drying conditions such
as kiln-drying [10]. The temperatures within the wood for these applications do not
exceed 100 °C, which is much lower than the temperatures seen during fires [11].

1/
/Input Structural Parameters
Fire Severity Sub-madel’
Define Dasign Fire
lime =0
|

Y

2| Heat Transfer Sub-model
Detanmine temperatura
distribution

3 L

Structural Response Sub-model
Detarmine Machanical Propertios
Determine Struciural Response

5 4
Yeas

I " Mo
ncremeant
Tima |
Y

&
P Time-m-Failurﬂ,r/
Pal P’

-2

Figure 4 - Schematic for thermal and structural modeling of structures in fire [19]

A thermal model requires measured thermal properties as input over the wide
temperature range seenduring a fire [14, 15,20]. Typical measured thermal properties
such as thermal conductivity and specific heat are ‘effective’ properties in that they
implicitly include other processes such as moisture evaporation and diffusion [16].

7 More detail provided in the Thermal Materials Properties section of this report.
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In modeling the heat transfer from a fire source, radiation heat transfer [17] is the
main mechanism for surface heating of exposed wood (Figure 5). The fire radiates
heat to the structural elements where the intervening gases and products of
combustion may play a role in the altering the heat flow [18]. With wood, the micro-
scale structure consists of pores and grains. Heat transfer through the wood generally
consists of conduction, convection and radiation. However, typically, in measuring
thermal conductivity of wood samples, the data represents properties on a macro-
scale as it includes the combined effect of all forms of heat transfer within the wood.
The composition of wood also leads to thermal properties that are generally
anisotropic.

Gas [ Char layer | [ Wood |
orvecten i ryrovss
| Reradiation ; gjase?s} 8 Fone
ol -
Radiation, Conduction
corvection | —
— Conection
Radiation, [\..'apcur}
convection
*

Figure 5 - Heat flux in wood from fire source [16]

Once a thermal model is built and verified, then there is need for test data for model
validation. According to ASTM E1355 [21], verification implies that the solution of
the equations is properly executed while validation is defined as ‘the degree to which
a calculation method is an accurate representation of the real world ...". Many such
data sets are available - or could be made available with improvements in the
instrumentation scheme - for model validation. These tests are the fire resistant
tests carried out regularly according to standards such as ASTM E119 [26]. Fire
resistance is assigned by exposing building components to standard fire tests that
receive heat from a furnace. The fire rating is assessed based on temperature and
stability criteria. A number of papers detail the test setup and results for the fire
resistance testing of various wood-based floor assemblies [22, 23, 24, 25, 54].

To simplify the overall analysis, it was generally assumed that the thermal results do
not depend upon the structural response of the building component. In other words,
if the floor bends, the heat flux reaching the underside of the floor and the heat
distribution within the ®mponents are not significantly altered. This allows the
solution of the thermal model to be run and validated separate from the structural
analysis [27].
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The structural modeling of wood encompasses all the issues confronted in the thermal
model such as temperature dependence, water phase change and anisotropy of
material properties plus some additional challenges such as the charring of wood,
connection details, bonding behavior of adhesives, creep, plasticity, buckling, and
fracture.

Research in using FEA methods to predict the mechanical response of wood under
‘normal’ conditions has been carried out with a focus on modeling orthotropic
material properties [32], wood fracture and failure [33, 34], effect of joining methods
[35], effect of openings in webs [36], influence of adhesives [38] and more
sophisticated constitutive modeling to account for creep and hygroexpansion strains
in high temperature environments [37].

Though codes [41] do provide some guidance through design rules for wood in the
‘abnormal’ conditions of fire, computational modeling tools such as FEA will enhance
the possibilities of performance-based fire safety design.  Such tools will never
replace testing entirely but instead will require more functional test data for model
inputs and validation. For instance, the combined effect of high temperature and
moisture requires careful correlation between material properties measured from
small-scale tests and the large-scale fire tests. Clancy [38] suggested that the
measured elastic modulus can be affected by the fast loading rate and quicker drying
of typical material property tests which may lead to artificially higher values than
that of the material in a real fire situation where creep may play an important role.
Furthermore, high temperatures appear to adversely degrade compressive modulus or
strength at a greater rate than the tensile modulus or strength for light-timber [39].

These challenges will remain as new wood-based engineered products [50] enter the
market. The design of fire safe buildings requires a system approach so that the
interaction of components and connections is critical [52]. In a real building fire,
there is also concern for safety after the extinction of the fire and so the response of
structures and the behavior of materials during the cooling period must be
investigated.

Overall, the performance of a building component or an entire structure in fire
involves a great deal of uncertainty related to fuel loads, material properties, etc. and
so a hybrid approach joining FE tools (or other numerical techniques) and
probabilistic modeling will plausibly be the best path forward [19].
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MATERIAL PROPERTIES

There has been much work on measuring the properties of the wide variety of wood
types leading to a very wide range of values. Unlike steel and cement, there is still no
established database for ‘typical’ wood properties. Therefore, for this project, the
thermal and mechanical properties of samples taken from the materials used to
construct floor assemblies 1 and 2 were measured.

The entirety of material properties includes thermal and mechanical properties for
the different wood components. The thermal properties consist of thermal
conductivity, specific heat, thermal expansion, emissivity, and thermal diffusivity.
The mechanical properties relevant to the analysis are strength, modulus of elasticity,
and Poisson’s ratio. Since the combustion process is not being modeled in detail,
some criteria related to the initiation of charring, charring rate and the effect of
charring on materials must be considered. This section provides information on the
high temperature thermal, mechanical and charring properties of wood for use in fire
resistance modeling of floor systems.

Thermal Material Properties®

There is limited information in the literature on the high temperature property
relationships of wood. Further, these properties vary significantly among different
species of wood and also on the test conditions of the specimen, such as moisture
content and age. The source for the data is taken from various technical publications
and tests® that were carried out on four components of assemblies 1 and 2, namely A,
B, C and D. Sample A is conventional wood and sample B is engineered lumber used
in the supports of floor assemblies 1 and 2, respectively. Samples C and D represent
tongue and groove (T&G) wood and oriented-strand board (OSB) used as sub-floor in
assemblies 1 and 2, respectively.

Density

Density of wood varies with species and in general the oven-dry density ) of
commercially important woods ranges from 300 kgxn- (white cedar) to 700 kgxn-3
(hickory, black locust). The density of Douglas fir varies from 430 to 480 kgxn-3, and
that of southern pine, from 510 to 580 kg xn=. The true density of the solid material
that forms the walls of wood cells (a+) is about 1500 kg>m-2 for most types of wood.

8 The content of this section is from the Final report on the ‘High Temperature Material Properties of Wood' by
Dr. Kodur and dated November 25, 2008, as part of the partnering arrangement with MSU.
° Details on the testing conducted at MSU can be found in the Appendix D.
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Figure 6 — Variation of density ratio with temperature for wood

The density of wood decreases with increasing temperature. A review of the literature
shows that the density of wood varies slightly for temperatures below 200 °C.
However, the decrease in density is rapid after 200 °C and until temperatures reach
350 °C. This can be attributed to significant evaporation of moisture (water) present
in wood. After 350°C density decreases at a slow rate due to occurrence of charring
of wood. Figure 6 shows the variation of density ratio (defined as the ratio of density
at elevated temperature to that at room temperature) with temperature. In general
the density ratio drops to about 0.9 at 200 °C and then declines sharply to about 0.2 at
about 350 °C. The source of data for Figure 6 comes from information presented in
papers, reports, and codes [28, 29, 30, 31] and covers a wide range of species. Also,
plotted in Figure 6 is the data obtained from thermal property tests on the four test
samples (A, B, C and D). It can be seen from the Figure 6 that there is not a significant
variation in the data from different sources for the temperature range of 20-300°C.

The following equation that best fits the data for the variation of density ratio (DR) of
wood with temperature (T) was generated for possible use in numerical models.
Accordingly the density ratio can be expressed as:

DR  =1.046-0.0004*T 0°C=T=200°C

=1.910-0.004*T 200°C <T=350°C
=0.435-0.0003*T 350°C<T
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Thermal Conductivity

The thermal conductivity of wood varies with species type and is generally in the
range of 0.1 to 0.8 Wxn K- at room temperature. In most species the thermal
conductivity increases initially up to a temperature range of 150 to 200 °C, then
decreases linearly until 350 °C, and finally increases again beyond 350 °C. Figure 7
shows the variation of thermal conductivity of wood with respect to temperature. The
source of data for this figure comes from information presented in paper, reports and
codes [28, 29, 30, 31] and covers a wide range of species. In addition, measured
thermal conductivity values for the four test samples (A, B, C, and D) are also plotted
in Figure 7.

It can be seen from Figure 7 that the variation of thermal conductivity for
temperatures below 125 °C is almost linear, Dllowed by an increasing trend for
temperatures between 125 °C to 200 °C. For temperature range of 200 °C to 250 °C,
thermal conductivity decreases and then follows an increasing trend for temperatures
above 250 °C. The measured thermal conductivity values for engineered wood
(Sample B) are much higher than that for conventional wood (Sample A).

The following equation that best fits the data for the variation of thermal
conductivity (k) of wood (as well as OSB) with temperature (T) was generated for
possible use in numerical models. Accordingly the thermal conductivity can be
expressed as:

k = 0.1075-(4*105)*T 09C=T=125°C
= 0.078+0.0002*T 125°C < T = 200 °C
= 0.387-0.0013*T 200 °C < T = 250 °C
= 0.0007*T 250°C < T

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 23 of 115 Issued: 12/31/2008

0.7
0\ —&— Plywood

0.6 —#— Sprucel
- —&— Spruce2
Lo Spruce3
£ 05 —¥— Spruce4
§ —e&— Eurocode5
Z ====Best fit data
2 0.4 A UL A2
= —0— UL B4
© —O—ULCl )
3 ——ULD1 /
g .
O 1
s E\
g T
()
o
|_

0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 7 — Variation of thermal conductivity with temperature for wood

Specific Heat

The specific heat is highly influenced by the amount of moisture present in wood.
The specific heat varies as a function of temperature and is usually measured by a
differential scanning calorimeter (DSC). The wvariation of specific heat with
temperature provides useful information on the nature of decomposition reactions
that take place between 150 °C and 370 °C.

Figure 8 shows the variation of specific heat of wood with temperature. The source of
data for this figure comes form information presented in papers, reports and codes
[28, 29, 30, 31] and covers a wide range of species. Also plotted in Figure 8 is the
measured data on the four test samples. It can be seen from Figure 8 that the variation
of specific heat does not follow any specific trend. However, the Eurocode 5 relations
[31] represent a more reliable trend as the specific heat value of wood peaks at 100 °C.
This peak can be attributed to evaporation of moisture present in wood at about 100
°C, for which large amount of heat is required. This trend is commonly observed in
other materials such as concrete, which have high moisture content. While the
specific heat for samples fits with in the general range for other specimens, no specific
conclusions can be made on the variation.
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Figure 8 — Variation of specific heat with temperature for wood

The following values that best fits the data for the variation of specific heat () of
wood with temperature (T) was generated for possible use in numerical models.
Accordingly, the specific heat at different temperature ranges is given Table 2.

Table 2 — Specific heat of wood at various temperatures

Temperature (°C) Specific heat (kJ/kg°C)
20t0 90 1.53
90 1.77
100 13.60
120 2.12
200 2.00
250 1.62
300 0.71

Thermal Expansion

The thermal expansion (or shrinkage) of wood is influenced by the orientation of the
grain and also by the density of wood. The coefficient of linear thermal expansion (b)
ranges from 3.2 x 10 to 4.6 x 10° mxn-K-* along the grain, and from 21.6 x 10° to
39.4 x 10 mxn-K- across the grain. Malhotra [43] reported that wood expands up to
a temperature of 80 °C, with an expansion coefficient of 3.5*10- /°C.
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Wood shrinks at temperatures above 100 °C, because of the reduction in moisture
content. Lie [30] reported that the amount of shrinkage can be estimated as 8 percent
in the radial direction, 12 percent in tangential direction, and an average of 0.1 to 0.2
percent in the longitudinal direction. Thomas [42] recomended a total longitudinal
thermal expansion of 0.175% over a temperature range of 0 °C to 150 °C. Linear
expansion coefficient across the grain can range from 5 to 10 times the parallel-to-
grain expansion coefficient.

The following values (see Table 2) that best fits the data for the variation of thermal
elongation of wood with temperature (T) was generated for possible use in numerical
models.

Table 3 — Thermal Elongation of wood at various temperatures

Temperature | Thermal
(°C) deformation
(m/m/°C)
20 0.00008
50 0.0002
100 -0.0004
150 -0.0006
200 -0.0008
250 -0.001
300 -0.0012
Charring

Wood members derive much of their fire resistance property through the charring
process. Thus charring is one of the main high-temperature properties associated with
wood and should be considered in predicting performance under fire conditions. The
rate of charring is influenced by the radiant heat flux or, alternatively, the fire
severity. Gererally, a constant transverse-to-grain char rate of 0.6 mm/min can be
used for woods subjected to standard fire exposure. The charring rate parallel to the
grain of wood is approximately twice the rate when it is transverse to the grain. These
charring rates should be used only when attempting to model the performance of
wood sections in the fire resistance furnace.

A number of parameters, the most important ones being density, moisture content,
and contraction of wood influence charring. It is reasonable to modify the 0.6
mm/min to approximately 0.4 mm/min for moist dense wood, or to 0.8 mm/min for
dry and lightwood. The fire retardants, often used to reduce flame spread in wood,
may only slightly increase the time until ignition of wood.

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 26 of 115 Issued: 12/31/2008

Specific charring rates for different types of wood can be found in various references.
Most national codes specify a constant charring rate of 0.60-0.75 mm for softwoods
and about 0.5 mm per minute for hardwoods. Eurocode 5 [31] gives an expression for
charring depth ina wood member exposed to standard fire as:

Uy o = Dot

char,0

where denaro = design charring depth for one-dimensional charring
[% =one-dimensional design charring rate under standard fire exposure
t  =time of fire exposure

Australian code [55] gives notional charring rate 3 (mm/min) as

b =04+ (@)2

r 12
where ?12 is wood density at 12% moisture content (kg/m?).

In North America, the proposed charring rate, (3, based on White’s model [9] is as
follows:

b =258 b,

0.187
t

where % = notional charring rate obtained from char depth measured after 1 hr of fire
exposure (& =0.635 mm per minute)
t = time in minutes

The resulting char layer thickness ¢ (mm) at time t (minutes) can be calculated as:
c=Rt=258 3 t*813

Table 4 shows some of the experimentally derived charring rates in various studies.
In modeling lightweight assemblies exposed to ASTM E-119 fire exposure, for
conventional wood joists or T&G wood a charring rate of 0.7 mm/min for the first 15
minutes and a charring rate of 0.6 mm/min for the remaining time can be used. For
the case of engineered lumber and OSB sub flooring a higher charring rate of 0.8
mm/min for the first 10 minutes and 0.7 mm/min for the remaining duration can be
used.
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Table 4 — Charring rate for different species of wood
Reference Type of specimen Timber type Char rate (mm/min)
Wardle [47] Beam Spruce 0.5-0.6
Douglas fir 0.6
Baltic fir(laminated) | 0.6
Column Fir 0.55
Fir (Glulam) 0.66
Schaffer [44] Panel Douglas fir
Southern pine 0.68
White oak
Tenning [48] Beam Glulam 0.62
Laminated pine 0.5-0.66
Oak 04
Teak 0.35
Odeen [49] Beam Fir 0.6-0.62
Oak 0.4
Teak 0.37
Fredlund [40] Slab Spruce 0.365
Pine 0.339
Chipboard 0.167
Rogowski [51] Column Hemlock 0.55(parallel)
0.67 (perpendicular)
Fir 0.64 (parallel)
0.78 (perpendicular)
Redwood 0.71 (parallel)
0.74 (perpendicular)
Cedar 0.71 (parallel)

Mechanical Material Properties

0.85 (perpendicular)

The mechanical properties of wood that influence fire resistance are modulus of
elasticity, tensile strength, compressive and bending strengths and Poisson’s ratio.
Modulus of elasticity is generally taken as the ratio of stress to strain. Poisson’s ratio is
one of the important properties of wood because of its heterogeneous nature and is
defined as the ratio of transverse to axial strain. Since wood is an orthotropic material,
the strength and stiffness in longitudinal and transverse directions are influenced by
grain orientation. The mechanical properties of wood are affected by the temperature
and are also influenced by moisture content, rate of charring, and grain orientation.
A review of the literature indicates that parallel to grain properties are most widely
available as they significantly influence the behavior of wood members in structures.
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Modulus of Elasticity

The modulus of elasticity (MOE) of wood varies with the species and also is
dependent on the orientation of grains. The MOE of air-dry, clear wood ranges from
5.5 x 10° to 15.0 x 10° MPa. The MOE parallel to grain decreases with temperature. A
review of the literature shows that the MOE parallel to grain decreases slowly up to a
temperature of 200 °C. After 200 °C the decrease in the MOE is more rapid. Figure 9
shows the variation of MOE ratio (ratio of modulus of elasticity at elevated
temperature to that at room temperature) parallel to grain with respect to
temperature. All the reported data is for MOE in tension, however, Thomas [42]
reported values for both in tension and compression. It can be seen from Figure 9 that
the modulus of elasticity parallel to grain in tension decreases gradually up to about
200 °C and then the rate of decrease is steeper. In the case of compression, (based on
Thomas’ data) MOE parallel to grain decreases at a slow rate up to about 50 °C and
then the rate of decrease is steeper up to about 125 °C, following which it almost
remains constant.
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Figure 9 — Variation of MOE with temperature for wood

Based on the data available from literature, best-fit equations are presented below:

MOE ratio =-0.001*T +1.019 20°C=T=200°C
=-0.004*T +1.647 200°C<T=350°C

where T = temperature in °C.
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Tensile Strength

The tensile strength of wood parallel to grain decreases with temperature. Figure 10
shows the variation of tensile strength ratio (ratio of tensile strength at a given
temperature to that at room temperature) as a function of temperature. The tensile
strength parallel to grain decreases slowly for temperatures up to 100 °C and then the
rate of decrease is faster for temperatures up to 350 °C.

Data available from the literature has been used to arrive at a best-fit equation for the
variation of tensile strength ratio with temperature.

Tensile strength ratio=-0.001*T + 1.02 20°C=T=100°C
=-0.003*T + 1.216 100°C<T =350°C
where T = temperature in °C.

Compressive Strength

Compressive strength of wood parallel to grain decreases linearly with an increase in
temperature. A study of literature shows that compressive strength ratio (ratio of
compressive strength at a given temperature to that at room temperature) decreases
linearly except for data provided by Thomas [42]. Figure 11 shows the variation of
compressive strength ratio (ratio of compressive strength at any temperature to that at
room temperature) with temperature.

Based on the available data in literature, an expression has been arrived at for the
variation of compressive strength ratio with temperature.

Compressive strength ratio = -0.003*T + 1.065 20°C=T =350°C

where T = temperature in °C.
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Test Specimen Property Tests

Strength tests were carried out on wood samples A and B according to the applicable
ASTM standards. Details of the test specimens along with the test apparatus,
measured strength values are presented in Appendix D. Since joist elements (not sub
flooring) perform load-bearing function only conventional wood (Specimen A in floor
assembly 1) and engineered lumber (Specimen B in floor assembly 2) were considered
for strength tests at room and high temperatures. Compressive and tensile tests were
conducted on wood specimens, both parallel and perpendicular to grain. A summary
of test results is provided in Appendix C. Values of compressive and tensile strength
parallel to grain at room temperature are presented in Table 5.

Table 5 — Compressive and tensile strength parallel to grain for test specimens at room temperature

Specimen Test data Published data
Stress (MPa) Stress range (MPa)
Compressive Tensile Compressive Tensile
A 54.3 64.6 No reliable
B 46.7 49.7 13.8-55.2 data available

Data from tension strength tests, parallel to grain, was used to derive elastic modulus
of specimens A and B at room temperature. The computed elastic modulus was found
to be 10,563 MPa and 17,643 MPa for specimens A and B, respectively. From the
literature review, it was found that the elastic modulus for conventional wood is in
the ranges of 5.5 x 10° to 15.0 x 10®* MPa. Thus the elastic modulus of Specimen A is
within the range reported for wood, while engineered lumber (B), due to enhanced
properties, has higher modulus.

It can be seen from the above table that the values of compressive strength parallel to
grain at room temperature are within the range specified in the literature [45]. Hence
the above expressions can be used to generate high temperature strength properties of
wood. However, the test data presented in Table 5 and in AppendixC have to be used
with care due to limited number of tests on the specimens. A large number of
parameters influence the properties of the wood and to generate a reliable set of data,
a larger sample of specimens should be tested. The accuracy of the proposed
recommendations (test data and proposed relationships) can be improved through
additional tests and analysis.
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Poisson’s Ratio

Poisson’s ratio is defined as the ratio of transverse to axial strain. Values of Poisson’s
ratio vary within and between species of wood and are also affected by moisture
content and specific gravity of wood. A review of literature indicate that Poisson’s
ratio vary from 0.019 to 0.641 for hardwoods and from 0.025 to 0.467 for softwoods
[45].

Adhesives

In this research, the properties of any adhesives that were part of the construction of
the engineered I-Joists were not considered.
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FINITE ELEMENT ANALYSIS

The building and running of an FEA model requires detailed information on the
boundary conditions, assembly geometry and construction, loadings, material
properties, and expected failure modes. With this information, then the analyst must
select the relevant elements and constitutive models along with proper numerical
controls for convergence and stability. In this study, the commercial FEA code
ANSYS [53] was selected for the thermal analysis and structural analysis.

Thermal FE Analysis

The predictions of the structural deflections of the floor assemblies subjected to a heat
source first require knowledge the temperature distributions throughout the
assembly. In this study, the thermal performance of two different unprotected floor
assemblies'® was calculated. These floor assemblies were tested in the UL large-scale
horizontal furnace according to the standard time-temperature curve described in the
ASTM E119 standard.

Modeling the Furnace Fire Exposure

In simulating a high temperature heat source, radiation will be the dominant heat
transfer mode. In the furnace, it was assumed that the furnace walls did not re-
radiate heat to the structure. The gases within the furnace were assumed to be
transparent to any radiation heat. The view factor for radiation was set to 1.0. This
implies that the entire underside of the floor assembly — except for some boundaries
to be described later - is equally heated by the heat source. These assumptions
allowed for the modeling of the furnace burners as a point heat source. Next it was
assumed that this point source generates heat based on the temperatures from the
furnace thermocouples (or any other representative source). To model radiation heat
transfer in ANSYS, the entire exposed underside of the floor assembly was modeled
using SURF152 elements. According to ASTM E119 [26], the furnace burner output
should be controlled to deliver a specified temperature versus time as shown in Figure
12. The equation shown below provides an analytical representation of the standard
time-temperature [56] curve for modeling purposes.

10 Refer to test report for more details: Report on Structural Stability of Engineered Lumber in Fire Conditions, UL
Report, Project 07CA42520, File Number NC9140, September 30, 2008.
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T—T,=a[l— exp(—3.79553/D] + bt

where

a = 750 for °C, 1350 for °F
b=170.41 for *°C, 306.74 for °F
t = time (hr)
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Figure 12 - Standard time-temperature curve from ASTM E119 for the first 20 minutes

The To in the analytical expression for the standard time-temperature curve was set
to 20 °C (68 °F). The thermal analysis included convection heat transfer for both the
top and bottom of the floor assemblies. The convective heat transfer to the bottom of
the assembly was from the furnace and the convective heat transfer for the top of the
assembly (unexposed surface) was to ambient with an assumed temperature of 26 °C
(80 °F). The primary gas in the furnace was assumed to be air and the convection heat
transfer coefficient for the top was set to 5 W/(m? °K) [0.88 BTU/(hr sq ft °F)] and for
the underside, the convection heat transfer coefficient was set to 10 W/(m? °K) [1.76
BTU/(hr sq ft °F)]. An effective emissivity of 0.6 was set for radiation heat exchange.
The effects of smoke and soot generation from the burning of the wood floor
assemblies on heat transfer were considered unimportant for this level of analysis.

As the heat source is a function of time, this necessitated a transient thermal analysis.

For such an analysis, initial conditions at the start of the analysis must be prescribed.
All points in the assembly were set to an initial temperature of 70 °F.
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Thermal Model Details for Assembly 1

For floor assembly 1, a full-scale 3-D FE model with overall dimensions of 17 feet 10
inches by 13 feet 10 inches as shown in Figure 13 was built. The dimensions were
based on drawings shown in the Appendix A. The 2 x 10 in. support members are
shown at 16 inches spacing. 1 x 3 in. wood members comprise the cross bridging.
These components support a 1 x 6 in. T&G plywood sub floor and % inch thick red
oak T&G floor. The details of the T&G connectivity were ignored and the entire sub
floor and floor were modeled as uniform. The contacts between all adjoining
components were assumed to be continuous and perfect thereby ignoring any
adhesive or other joining methods. For the heat transfer model, this implies that
there is no heat loss at interfaces.

Figure 13 - FE model of Assembly 1

In addition to the wood-based components, there was a red rosin paper (0.01 inch
thick), which was included in the thermal model. Any thermal influence from the
objects providing mechanical loading such as the concrete blocks was ignored. The
model was meshed using SOLID70 thermal elements. The FEA model for this
assembly consisted of a total of 139,954 elements. Each full transient thermal analysis
consumed approximately 4 hours of CPU time on a SGI Altix 3300 workstation.
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Figure 14 - Close up of FE mesh
Table 6 - Thermal property inputs for Assembly 1
Woed for sub-floor and finished floor

Thermal Conductivity Specific Heat
Temp C TempF WimC BETUMAr-in-F TempC | TempF | Klkg C ETUL-F
20 o] 0.28 1.349E-02 20 53 163 3.B5E-01
100 212 0.13 B.265E-03 B9 192.2 1.83 3.65E-01
150 302 0.07 3.373E-03 80 194 1.77 4.23E-01
200 3492 0.085 4. 096E-03 100 212 13.60 J.25E+00
250 482 0.085 4.096E-03 120 248 212 5.06E-01
300 572 0.17 8.193E-03 200 392 2.00 4 78E-01
240 482 162 3.B7E-01
300 572 0.71 1.70E-01

Wood for Joists and cross-bridging

Thermal Conductivity Specific Heat
Temp € Temp F WiimC BT hr-in-F TempC | TempF | kika C BT b-F
20 o] 0.28 1.349E-02 20 o] 0.50 1.91E-01
100 212 0.26 1.253E-02 BY 192.2 0.80 1.91E-01
150 302 0.23 1.108E-02 80 194 1.00 2.35E-01
200 392 0.22 1.060E-02 100 212 5.00 1. 19E+00
250 482 0.21 1.012E-02 120 248 1.00 2.38E-01
300 572 0.25 1.205E-02 200 3592 0.80 2.15E-01
250 482 0.80 2.15E-01
300 572 0.80 2. 15E-01

Rosin Paper and Air

Thermal Conductivity Specific Heat
Wi C BTUMr-in-F klikg C BT b-F
Rosin Paper 0.05 2410E-03 Rosin Paper 1.70 4.06E-01
0.02 9.538E-04 Alr 1.00 2.359E-M1
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Table 7 - Density and density ratio for components of assembly 1

Density
kofm®3 lafin®3
WWood a00.00 1.8064E-02
Fosin Paper 470.00 1.6980E-02
Air 1.00 J.6128E-05
Wood Density
Hoom Termp Density (h'm”3) S00
TempC | TempF D;:tsi:"' Density (Iblin*3)
20 at) 1.0384 1.8757E-02
al 122 1.0264 1.8541E-02
100 212 1.0064 1.8179E-02
150 302 0.9364 1.7818E-02
200 392 09354 1.6815E-02
250 482 08106 1.4642E-02
300 a7l 07106 1.2836E-02

The outer edges of the floor were assumed to be adiabatic as they are in contact with
vermiculite concrete and sealed with fire resistive caulk. Table 6 and Table 7 list all
the thermal property inputs for the runs to be discussed next. For all analyses in this
report, density was assumed constant?:.

Thermal Results for Assembly 1

Figure 15 shows the temperatures at various points in the floor assembly as a function
of time. These points represent thermocouple measurements from test and model
results at similar locations. A schematic of the instrumentation scheme is shown in
Appendix A. For the test data, the temperature measurements represent an average of
many thermocouples dispersed throughout the floor assembly. For the model, a
single representative point — not close to the boundaries - was sufficient since the heat
reaching the underside of the floor is uniform and so that the natural variations
arising from material, construction, heat source and other non-uniformities are not
present.

The model results (labeled 1b) shown in Figure 15 represent the case where the heat
source follows the standard time-temperature curve. However, a comparison with
the thermocouple measurements representing the furnace temperature (labeled Test:
Furnace) shows that there is a significant difference between these two curves. In the
early stages, the furnace thermocouples measure much lower temperatures than the
standard time-temperature curve. The furnace thermocouples measure temperatures
lower than the surface of the joists and bottom of sub-floor. So using the furnace

11 Though not shown, thermal results including density ratio did not differ from the constant density case.
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thermocouple measurements as the sole heat input to the model would lead to
significant underestimation of heat flux reaching underside of the floor assembly.

Test notes indicate that the bottom of the 2 by 10 in. joists began to char at about 1
minute. So that very early into the test, wood is already burning and it is possible
that air movement and soot generation affected the thermal feedback and
measurements by the furnace thermocouples. This lack of an accurate measure of the
heat input into the floor introduces a source of error for the predictions of the model.

1600 -
mu‘ )_.lf-“--_\_\“\_'_'_\-\_ —— T T x"-u\._ —
1 et ] m
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o= 1000 _»"'ﬁ = Tast: Furnacs
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‘!: Test: Top of finlehed floar
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E 500 o~ 1b: Side of joist
ib: Bottom of subfloor
ib: Top of subfloor
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------- ib: Top of floor
200 o —
ML '.4'.'.:.;_;;_..;.-.-.;.-...:.--—- e L M "
i}
a 2 4 G & i 12 14 1% 18
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Figure 15 - Thermal results for model with standard time-temperature input

Nevertheless, it is still worthwhile to review the results. For the model, the standard
time-temperature curve provides an upper limit to the temperatures that can be
reached in the model. For both the test and model, the hottest temperatures occur at
points measured underneath the floor assembly, which is exposed to the furnace
burners. For both model and test, points representing the unexposed surface or the
interface of the sub-floor and floor show much lower temperatures, below the
ignition temperature of wood. The unexposed surfaces do not begin to heat up until
at least 6 minutes from the start of the burners. There is a plateau region seen for the
unexposed surface temperatures around 200 °F. At this temperature, free water
trapped within the wood evaporates absorbing heat without any observable increase
in temperature. For the model, the same plateau is seen in the sub-floor and floor
interface. Recall that the peak in the specific heat mimics the moisture evaporation
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within the wood. For the test, thermocouples were placed between the rosin paper
and bottom of the floor. From the model, temperature readings from the bottom of
the rosin paper and top of the sub-floor were added. This model underestimated the
rapid temperature buildup in the underside of the floor for the first 8 minutes and so
this model is not expected to provide a good basis for the structural analysis.

20 1

=
=

Walumetns Hext Qanension (ETMin" Lhn
= 0
—
e

Temp {Fi

Figure 16 - Heat generation profile for wood components

One obvious shortcoming of the model is the exclusion of the exothermic heat
generated by wood combustion. The model results (labeled 1e) shown in Figure 17
included a representative heat generation profile (Figure 16) in addition to the heat
source following the standard time-temperature curve. This heat profile was initiated
within an element volume once it reached an average temperature of 570 °F and
ended by 1200 °F. In this case, a significant change in the temperature rise was
predicted by the model for the underside of the floor more closely matching the
sudden rise seen to occur after 2 minutes. However, the initial temperature rise
during the first 3 minutes shows differences as large as 300 °F. Also now the sub-
floor/floor interface and the unexposed surface are heating up much faster than the
test.

This simple representation of the heat generation of the wood combustion process
certainly requires further refinement. The higher temperatures of the unexposed
surface suggest that the thermal properties especially as it relates to charring may also
need modification. However, the results show that the inclusion of this heat
generation term improved the predictions of the model.
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Figure 17 - Thermal results for model with heat generation and standard time-temperature input

In addition to the furnace thermocouples, another set of thermocouples, called
interstitial thermocouples were placed near the bottom of the floor assembly in the
cavity defined by the bottom of the sub-floor and the sides of adjoining joists (see
Appendix A). A review of the thermocouple measurements from the interstitial
spaces of assembly 1 (Figure 18) show that they provide much higher readings than
that of the standard time-temperature curve and the readings of the furnace
thermocouples. These interstitial thermocouples are located closer to the underside
of the floor assemblies. This location would expose these thermocouples to the heat
flux from the furnace burners and the thermal feedback from the nearby wood
combustion. However, these readings are expected to provide a better representation
of the heat input into the bottom of the floor than the furnace thermocouples. In
setting the heat source to follow the time-temperature data from the interstitial
thermocouples, excluding the heat generation term to avoid the possible double
counting of heat reaching the underside of the floor assembly.
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Figure 18 — Comparison of thermocouple measurements taken in the interstitial spaces of the floor
assemblies

Figure 19 shows the model results for the case where the heat source was calculated
based on the measurements of the interstitial thermocouples. In this case, the model
results were substantially improved as compared to the case with only the heat input
following the standard time-temperature curve despite the fact that heat generation
was not included in the analysis.

However, there is still the issue of the large temperature discrepancy in the early part
of the test for the underside of the floor. Resolving this discrepancy is important for
improving the predictability of the structural analysis?.

The explanation for the discrepancy is that the heat transfer to the underside of the
floor is likely inadequate. This heat flux reaches the underside of the floor via
radiation and convection. Typically, in the early stages of a furnace fire exposure,
convection is dominant but as the temperature increases, radiation becomes more
prominent due to its fourth power dependence on temperature.

12 The run times for analyses with heat generation were 3-4 times longer than the cited run times of 4 hours for all
the other analyses.
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Figure 19 - Thermal results with heat input calculated based on temperatures of the interstitial

thermocouples
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Figure 20 - Effect of doubling convection heat transfer coefficient
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Figure 20 shows the effect of doubling the convection coefficient for the underside of
the floor model. There is some increase in temperature between the baseline case
(Case 1d) and the doubled convection coefficient case (Case 1d1-H2x) in the time
range of 1-2 minutes. However, this change did not bring the results in line with the
test data.

Figure 21 shows the sensitivity of the temperatures to an increase of the emissivity
from 0.6 to 0.9. There are some regions between the baseline case (Case 1d) and the
higher emissivity (Case 1d2-E0.9) where a temperature increase is noted. However,
this change did not close the gap between the model temperatures and the
thermocouple temperatures of the floor assembly underside during the early part of
the test.
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Figure 21 - Sensitivity to effective emissivity

The accuracy of the results from the structural analysis will greatly depend upon the
predicted temperature distributions from the thermal analysis. Since temperatures in
the early stages of the model are still below the test measurements, this error will
carry into the structural results. Hence, the thermal model will be ‘calibrated’ to the
measured temperatures of the underside of the floor assembly. To realize this,
temperatures of the underside were set to follow the thermocouple measurements
from the bottom of the sub-floor as shown in Figure 22. In addition, thermal
conditions along the edges of the floor were defined (Figure 23) to better represent
the thermal protection that is in the form of vermiculite concrete and other fillers
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meant to protect the test frame. With these modifications, the thermal model results
(Case 1g) for the bottom of the sub-floor, side of joists and bottom of joists overlay the
test measurements on the bottom of the sub-floor as shown in Figure 22.
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Figure 22 — Thermal model results for prescribed temperature for underside of floor assembly
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Figure 23 — Portions of assembly 1 underside not exposed directly to furnace
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The next step was to calculate the burning rate and charring within the model based
on the progression of temperature through a cross section of the assembly. Selecting
the nodes that populate the thickness direction of the support joist and carrying out
calculations based on the nodal distances and a temperature of 570 °F representing the
start of combustion, the burning rate of the supports was approximately 4 mm/min,
which is much higher than the 0.6-0.8 mm/min from tests and the open literature.

One of the key advantages of computational modeling is that detailed data is available
throughout a component and its connections. For instance, examining the
temperature contours can provide insight into the manner in which the supports are
heating up. Figure 24 shows the temperatures contours in the supports at about 5
minutes into the simulation of the fire test. The rounding effect of the lower part of
the support is apparent.

Comaur Pt (Err. 0071 %) (Err. 0.01%)
Tﬁ“ﬂ%‘[@'ﬁ&&.ﬂ D T Pama sl oy po1eiD 1 DHSAD!_EnginseradLumberd]_Flons eeembh IWmising, Tharmah | 20ecwdaam] - cage s PraaT- arpe 030

I =

{I 15EEHI Blep 1 Suketep 43, TimalFreg DFI:rE::i
1.IEFEHII

—EB.GEDEHL2

—E B4EE HId

§—5.136EHR
S424EHDD
1.712EH
[LOO0E 0
-7 A05E-4D1

Max = 1,300 H1D Tk B0E)
Min= -7 1 DEEH]1 Mook 96574

Figure 24 — Exploded view of thermal model displaying temperature contours at 5 minutes
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Thermal Model Details for Assembly 2

For assembly 2, a full-scale 3-D FE model was built with overall dimensions of 17 feet
10 inches by 13 feet 10 inches as shown in Figure 25. The dimensions were based on
drawings shown in the AppendixA. The supporting members are engineered lumber
I-joists (Figure 26). The chords were constructed from laminated veneer lumber
(LVL) while the web is oriented strand board (OSB). These I-joists provide integrity
to a 23/32-inch thick OSB sub-floor. The exposed surface of the floor was covered
with %2 inch thick carpet and 7/16 inch thick carpet padding. The contacts between
all adjoining components were assumed to be continuous and perfect thereby
ignoring any adhesive or other joining methods. For the heat transfer model, this
implied that there is no heat loss at interfaces.

Figure 25 - FE model for assembly 2

Any thermal influence from the objects providing mechanical loading such as the
concrete blocks was ignored. The model was meshed using SOLID70 thermal
elements. There were a total of 103,328 elements. Though for the thermal models of
assembly 1 and 2, computational advantage could have been gained through a quarter
model, for the sake of ease of transfer of data from the thermal to the structural model
(detailed in later sections), which has no such symmetry, the thermal analyses was
performed with full models.
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Figure 26 - Cross section of I-Joist

Figure 27 is a close up of the FE mesh and model near one corner. The details of the
edge supports were included in the model.

Figure 27 - Close up of FE mesh on the underside of floor assembly 2

The outer edges of the floor were assumed to be adiabatic as they are in contact with
vermiculite concrete and sealed with fire resistive caulk. Table 8 and Table 9 list all
the thermal property inputs for the runs to be discussed next. The density was
assumed to be constant!®. Generic properties for the carpet and carpet padding were
found from the open literature and assumed constant.

13 Though not shown, thermal results including density ratio did not differ from the constant density case.
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in the assembly were set to an initial temperature of 70 °F.

Table 8 — Thermal property inputs for thermal model of assembly 2

Joist and boundary components

Thermal Conductivity Specific Heat
TempC | TempF | WmC | BTUMSEin-F TempC | Temp F KJikn C BTUIb-F
20 ] 06 2892E-02 20 ] 1.80 4.30E-01
100 212 0.4 2410E-02 89 1822 1.80 4.30E-01
150 302 0.38 1.831E-02 g0 1584 2.00 4.78E-01
200 392 015 7.228E-03 100 212 2.20 5.25E-01
250 482 0.09 4.337E-03 180 sl 240 5. 73E-01
300 572 012 5.783E-03 200 392 8.00 1.91E+00
1083 2000 012 5.783E-03 240 482 2.00 4. 78E-01
300 a7d 2.00 4.78E-01
1083 2000 2.00 4.78E-01

Oriented Strand Board

Thermal Conductivity Specific Heat
Temp C | TempF | WimC | BETUMrin-F TempC | TempF kikg © ETUAL-F
20 ] 0.3 1.446E-02 20 ] 1.53 J.65E-01
&0 122 0.28 1.348E-02 89 1822 1.53 J.65E-01
100 212 0.25 1.205E-02 g0 1584 1.77 4.23E-01
160 302 0.25 1.205E-02 100 212 2.480 5497E-01
200 392 0.25 1.205E-02 120 248 2.12 5.06E-01
240 482 015 7 228E-03 200 392 2.00 4. 78E-01
300 572 0.25 1.205E-02 240 482 1.62 J.87E-01
1083 2000 025 1.205E-02 300 a7i 0.71 1.70E-01
1083 2000 0.71 1. 70E-01

Padding and Carpeting

Thermal Conductivity Specific Heat
Temp C | TempF | WmC | BTUhr-in-F TempC | Temp F klikg C ETUIb-F
006 2 892E-03 20 afa] 140 3.34E-01
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Table 9 - Density and density ratio for components of assembly 2

Joist and boundary components

Density (kg/m”3) 700
Temp C Density
Temp F Ratio* Density (1b/in"3)
20 2] 1.0334 2 B2BE-DY
50 122 1.0264 2 596E-02
100 212 1.0064 2 545E-02
150 302 0.9864 2495602
200 392 0.9364 2 JRBE-0Z
250 482 03108 2 050E-02
300 572 0.7106 1.797E-02
10583 2000 0.7108 1.797E-02
Oriented Strand Board
Density (kg/m”3) 570
Temp C Density
TempF Ratio* Density (1bin"3)
20 ] 1.0334 2.138E-02
50 122 1.0264 2 114E-02
100 212 1.0064 2 072E-02
150 302 0.9864 203E-D2
200 392 0.9364 1.928E-02
250 482 03108 1 BEIE-02
300 a7z 0.7106 1463E-02
10583 2000 0.7108 1 463E-02

Padding and Carpeting
Density (Ib/in®3) | 4 B3E-03

Thermal Results for Assembly 2

For the floor assembly, the primary heat source, especially prior to any wood burning,
were the furnace burners. Typically these furnace burners are controlled to follow
the standard time-temperature curve based on measurements from 16 furnace
thermocouples. Figure 28 shows the difference in heating rates between the averaged
measurements of the 16 furnace thermocouples and the standard time-temperature
curve. In this instance, similar to assembly 1, the furnace thermocouples show much
lower temperatures than the standard time-temperature curve with a different
characteristic heating rate. Again, the combustibility of the wood floor assembly
adversely affected the thermocouple measurements making them ineffectual as a
measure of the heat input for the floor thermal model. For this reason, following the
same methodology as for assembly 1, the heat source was set to follow the standard
time-temperature curve as a first estimate.
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Figure 28 - Comparison of furnace thermocouple and standard time-temperature curve

Figure 29 compares the results from the thermal model (labeled 2a) with averaged
thermocouple measurements from various points in the assembly. The data for
assembly 2 is shown for only 6 minutes as compared to 18 minutes for assembly 1
since assembly 2 collapsed within 6 minutes. The temperatures on the underside of
the floor were represented by the measurements at the bottom of the I-joist, side of
the Hjoist and bottom of sub-floor. All model temperatures are significantly below
the thermocouple measurements and around 2 minutes, the thermocouple couple
measurements from the underside of the floor assembly exceed that of the standard
time-temperature curve. Since the thermal model could not predict temperatures
higher than the heat source, this model needed further refinement to improve the
agreement.

One shortcoming of the thermal model was the exclusion of the heat generation from
wood burning. Test notes indicate that the portions of the floor charred within the
first minute. Also the addition of heat generation to the thermal model would lead to
higher temperatures bringing the results more in line with the test data. To
incorporate the effect of wood burning, similar to assembly 1, an internal heat
generation profile was assumed based on Figure 16. This heat profile was initiated
within an element volume once it reaches an average temperature of 570 °F.
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Figure 29 - Thermal results for model with standard time-temperature input
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Figure 30 - Thermal results for model with heat generation and standard time-temperature input
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Figure 30 show the thermal results (labeled 2c) with a heat source following the
standard time-temperature curve and internal heat generation. In this case, the
temperatures of the underside of the floor approach those of the test after about 3-1/2
minutes. The distinct rise in temperature for the thermal model is a direct
consequence of the underside of the floor reaching 570 °F. However, the agreement
in the early portion of the test is still unaffected by the inclusion of internal heat
generation and suggests that the heating rate in the early stages may not be
representative of the actual heating rate within the test.

A review of the test temperatures the top of the sub-floor shows a rapid increase after
5 minutes. This is likely driven by the changing heat transfer mechanism (flames and
heat reaching via convection and radiation) as cracks and openings develop with the
large deformations seen at this point in the test. Since these events were outside the
physics of the current model, this temperature rise was not predicted.

Examining at the thermocouple measurements from the interstitial regions of the
floor assembly as shown in Figure 18, much higher temperatures than either the
standard time-temperature curve or the furnace thermocouples are seen. The high
reading from these thermocouples was likely due to their proximity to the underside
of the floor where the wood starts to burn and flames spread. It may be noted that
temperatures for the interstitial thermocouples for assembly 2 are higher than
assembly 1 starting from 30 seconds to about 2-1/2 minutes of test time. This suggests
that assembly 2 was burning faster or generating more heat from wood burning than
assembly 1.

Following the same sequence as for assembly 1, the predictions of the thermal model
were generated with the heat source prescribed to follow the time-temperature data
from the averaged interstitial thermocouple measurements. It was expected that
these thermocouples included some of the effect of heat generation from wood
burning. Internal heat generation in this thermal model was excluded.

Figure 31 shows the thermal results (labeled 2b) with heat source following the test
data from the interstitial thermocouples. The gap between the test data and the
thermal model temperatures was reduced in the first 2 minutes as compared to the
previous two thermal models. However, the difference was still sufficiently large that
it would translate adversely into the structural analysis.
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Figure 31 - Thermal results with heat input calculated based on temperatures of the interstitial
thermocouples

Thus, following the analysis methodology for assembly 1, the temperatures of the
underside of the floor assembly were set to follow the temperature data from the
bottom of the sub-floor averaged thermocouple measurements. In addition, the
elements for the I-joist were from changed from linear to second-order.

Figure 32 shows a comparison between the thermal results for the model (labeled 2f)
where the entire underside of the model, except the boundaries that do not directly
receive heat from the furnace, is set to the thermocouple measurements from the
bottom of the sub-floor. As expected, the temperature rise in the early part of test
was captured. However, as a consequence of the higher heating in the early stages as
compared to the other cases, the top of the sub-floor experienced higher temperatures
than seen during the test.

Figure 33 shows the temperature contours for the I-joist at approximately 3 minutes.
The 3-sided heating of the top chord, almost 4-side heating of the bottom chord and
the sharp gradient in the web are demonstrated. For this assembly, the burning rate
has been calculated to be approximately 4 mm/min, which is much higher than the
measured values of 0.6-0.8 mm/min.
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Figure 32 — Thermal results for model with prescribed underside floor assembly temperatures

Figure 33 - Close up of temperature contours of I-joist for assembly 2 at 3 minutes

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 55 of 115 Issued: 12/31/2008

Structural FE Analysis

In addition the thermal loading, the floor assemblies supported 7 concrete blocks each
providing 40 pounds per square feet (psf). The change in the loading pattern from the
ASTM E119 standard was meant to simulate the more realistic non-uniform loading
expected in the typical residence (See Appendix A). Two other loads weighing 300
Ibs each were placed over the center of the floor representing the loading from two
fire personnel carrying equipment (Figure 35). This loading configuration was
detailed in the structural models for assemblies 1 and 2 as shown in Figure 34. In the
test, all gravity loads were tethered by ropes to avoid damage to the furnace in event
of floor collapse. The rope tether was arranged to allow for continuous contact of
gravity loads for large deformations of the floors.

Mechanical load of 40
Ibs/sq feet

Mannequin wt=300 lbs

Standing: over 1’ x 2’
area

On knee and hand: 6"x6"
patches at corner of 2’ x
3’ area 75 Ibs each

Figure 34 - Loading of structural model of assemblies 1 and 2

Besides the mechanical and thermal loadings, the structural assembly boundary
conditions were defined to match closely with the test setup. In the test, two edges of
the assembly, the edges not parallel to the joists, were placed upon steel angle
brackets assuming no gap between the wall of the test frame and the edge of the floor
assembly. The other two edges were assumed to be unconstrained. All components
of the floor assembly were assumed to be in perfect contact. Details of the joining or
piece-wise construction were ignored in this analysis.

One advantage of using a multi-physics platform such as ANSYS is the relative ease in
transferring data from one analysis type to another. In this case, the finite element
mesh for the thermal model and structural model were exactly the same. The nodal
temperature data was transferred to the structural model as a load input.
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Figure 35 - Picture from test showing floor loads

For the edges sitting on the angle bracket, the vertical deflection was set to zero along
a line parallel to the edge at a distance of about 5 inches (Figure 36). To avoid in-
plane rigid body motions and translations, the displacements of additional points of
the floor were also constrained. The structural analysis had the same mesh density as
the thermal analysis while using the SOLID45 element type. Since the material was
assumed to be isotropic, homogeneous and elastic, the time history of deformations
was not critical. The structural analysis was henceforth run as steady state for each
time/temperature data set. The option for large deformations was also activated for
all runs.

The key aspects of wood burning that must be captured in the structural analysis are
the degradation of material properties and loss of cross-section due to charring. Two
approaches exist to modeling the charring of wood. One approach as mentioned in
the Survey of Research section is to assume a fixed charring rate or use the results
from the thermal analysis directly to calculate the charring rate. The latter approach
was taken in this analysis with the assumption that charring began at a temperature of
570 °F. When this temperature was reached in an element, an element kill option in
ANSYS, which reduces the modulus to a value of 10 of original modulus, was
activated. The structural analysis using the kill option did not converge. The solution
did converge when using a modulus reduction factor of 10-.
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Constraint applied at
one node in x and y
translational direction
to avoid rigid body
movement

Constraint applied at
one node iny and z
translational direction
to avoid rigid body
movement

Constraints applied along 2
edges in vertical direction (z) only

Figure 36 — Boundary conditions for structural model of floor assembly (x and y in the plane of the
floor and z perpendicular to the plane of the floor)

Structural Model Details for Assembly 1

For assembly 1, the structural FE model geometry was exactly the same as the thermal
model and is described in detail in Appendix A. The boundary conditions and
mechanical loading were as described in the previous section. The other key input
were the mechanical properties of the different components of the floor assembly as a
function of temperature. These properties are listed in Table 10. The Poisson ratio
was set to 0.2. The coefficient of thermal expansion was ignored for this analysis.

Structural Model Details for Assembly 2

For assembly 2, the structural FE model geometry was exactly the same as the thermal
model and is detailed in Appendix A. The boundary conditions and mechanical
loading were described in the previous section. The other key input is the
mechanical properties of the different components of the floor assembly as a function
of temperature. These properties are listed in Table 11. The Poisson ratio was set to
0.2. The coefficient of thermal expansion was ignored for this analysis. The elements
for the I-joist were second order.
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Conventional Lumber

Table 10 - Mechanical properties for components in assembly 1

Modulus of Elasticity (MOE) Specimen A

Temp C Temp F MPa PsI
20 g 10552 44 1.530E+0B
100 212 8707 .40 1. 408E+06
160 a0z 817925 1.331E+06
200 392 g651.10 1.2585E+0B
250 482 B854 .26 §.8912E+05
280 536 5566 70 B.O7EE+0S
300 872 83 67 B.073E+03
1083 2000 55 67 B.0V3E+03

Plywood

Modulus of Elasticity (MOE) Specimen C

Temp C Temp F MPa PsI
20 g §990.00 1 449E+06
100 214 8190.00 1.333E+0R
150 302 g690.00 1.260E+0B
200 392 g190.00 1.188E+08B
260 487 B470.00 8 385E+05
280 536 5270.00 7 B4E+05
300 572 5270 7 B43E+03
1043 2000 5270 7 B43E+03

Table 11 - Mechanical properties for components in assembly 2

Joist Chord
Modulus of elasticity Specimen B 17643
Temp C Temp F MPa PSI Elasticity ratio
20 o] 1762536 | 2 556E+0R 0.899
100 212 16213.92 | 2.352E+08 0.819
150 302 1533177 | 2.224E+08 0.869
200 392 14449 62 | 2. 095E+0B 0819
250 482 11415.02 | 1.656E+06 0.5647
280 536 920786 |1.348E+06 0527
300 572 92.98 1.34BE+04
1083 2000 92.98 1.34BE+04
0SB
Modulus of Efasticity (MOE) MPa 5000
Temp C Temp F MPa PSI Elasticity ratio
20 o] 4895.00 | 7.244E+05 0.899
100 212 459500 |6 BR4E+0S 0819
150 302 4345.00 |6.302E+05 0.569
200 392 409500 |58939E+05 0819
250 482 323500 |4.BB2E+05 0.647
280 536 JE3500 |3.B22E+05 0527
300 572 26.35 3.822E+03
1083 2000 26.35 3.822E+03
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Structural Results for Assemblies 1 and 2

Before presenting the results from the models, the deflection data from the 5
transducers placed on the top of the floor assemblies (Appendix A) are first reviewed.

Figure 37 shows that the downward (positive) deflections for assembly 1 increased
gradually with transducer 3 having the highest reading until about 18 minutes into
the test. At that point, the deflection rate changed dramatically indicating the onset
of instability. For assembly 1, around 18:30 minutes, flaming through the floor near
the mannequins were observed Eigure 39). By 18:45 minutes into the test, the
mannequins did fall through the floor. By the end of the test, the floor had deflected
over 15 inches.

DEPARTMENT OF HOMELAND SECURITY
TEET ASSEMBLY MO 1

DEFLECTION, RCHES

250

200+ i

o)
o

g
o

Deflection, Inches

20T

Timna, Minutes

Figure 37 — Deflection test data for assembly 1

An examination of the data in the early stages of the test (Figure 38) shows that
transducer 3 had a sudden jump of approximately 0.75 inches around 3 minutes.

Copyright O 2008 Underwriters Laboratories Inc.



File NC9140 Page 60 of 115 Issued: 12/31/2008

DEPARTMENT OF HOMELAND SECURITY
TEST AFSEMBLY MO, 1
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Figure 38 — Close up of deflection test data for assembly 1

Figure 39 — Picture of one instance where flaming through the floor is visible

For assembly 2, Figure 40 shows that the measured deflections developed more
rapidly as compared to assembly 1. In addition, the deflection rate changed at several
points in the test (Figure 41). Test observations (Table 12) had noted cracking noises,
flames from top of assembly and eventual collapse by 6 minutes after start of test.
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Figure 40 - Deflection test data for assembly 2
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Figure 41 - Close-up of deflection test data for assembly 2
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Table 12 - Observations from test for assembly 2

Exposed (E) or

Test Time, Unexposed (U)
Min:Sec Surface Observations

0:55 E Wood members began to char.

1:00 U No change.

1:25 E All wood ignited.

2:00 E All member completely engulfed in flames.

2:00 U Smoke emitting from perimeter and smoke emitted from
long plywood joints.

2:30 E Vibrations could be felt and the furnace was sucking air
from below.

2:35 U Floor vibrating up and down.

3:15 U Vibration continued.

3:30 E Sucking of air continued.

4:00 U Vibration continued and noticeable deflection about 6
inches.

4:30 U Vibration stopped.

5:00 U Crackling could be heard and deflection about 1-1.5 ft.

6:00 U Flame through at South West corner of assembly.

6:03 U Gas off.

6:03 E Floor collapsed. Gas off.

The largest deflections at the transducer locations for the floor assemblies from the
loading by the concrete blocks and mannequins at room temperature are shown in
Table 13 for the test and the model. It was observed that for both floors, the model
underestimated the static deflection. The models of the floors are stiffer than the test
assemblies. Furthermore, it appears that the model for floor assembly 2 is stiffer than
the model for assembly 1 whereas according to the test measurements floor assembly
1 is stiffer than assembly 2.

Table 13 - Initial deflection due to static loads before start of test

Test Assembly Number | Model Deflection Test Deflection
(Inch) (Inch)
1 0.06 0.13
2 0.04 0.25

Figure 42 shows the downward vertical deflections from the model for locations
similar to the transducer locations from the test. ~ For these results, the modulus of
the material beyond 570°F was set to a value of 0.1% of the value of the MOE at 530°F
to capture the cross section reduction due to charring. The model predicted that after
3 minutes the structure experienced a rather sudden increase in deflections. This
jump is driven by the rapid change in modulus of the supports as a result of the abrupt
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increase in heating rate of the support as seen in Figure 22. From the test data, only
transducer 3 displayed a jump, though much smaller.

One source of error might be the insufficiency of the mesh for strict convergence.
The modulus for the charred sections must be as close to zero as possible. For the
model of assembly 1, it was not possible to obtain convergence in a reasonable time
when the MOE was reduced to 0.001% of the MOE at 530°F. The jump in the
readings from transducer 3 during the test might suggest that a localized failure
occurred in the floor though it is difficult to draw any conclusive remarks regarding
the coincidence of the jump in the model data at the same point in time. Also, the
accuracy of the predicted temperatures and heating rate from the thermal model will
affect the accuracy of the structural results. In the model all supports heat up
uniformly and lose stiffness uniformly*4. However, in the test, it is likely that the
heating and weakening of the supports was more non-uniform.
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Figure 42- Structural model results for assembly 1

Figure 43 shows a comparison of the deflections for transducer 3. It was anticipated
that there would be differences in the results from the model as compared to the test
due to joining failures or wood cracking not accounted for in the model. These
structural features may account for the significant change in the deflection rate slope

14 Also the sudden increase may be a consequence of the low mesh density through the thickness of the support.
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observed during the test. The jump seen in the data around 3-4 minutes in the test is
likely due to some localized event. Now this transducer resides over a support beam
so it is not clear whether this single beam might have been the first to burn through
leading to the sudden loss of stiffness. The jump may also be due to settling or floor
cracking near the transducer. However, in the model, the same jump is seen in all
transducers indicating a global loss of stiffness. Recall that for the model, all the
support beams heat uniformly and lose stiffness uniformly.

IModel 3
a— Tesrd

Diaflection finch)

=10

-14

Tame {rmin}

Figure 43 - Comparison of test and model deflections for transducer 3 for assembly 1

Figure 44 shows the downward (positive) deflections of structural model for assembly
2 at the same locations as the test transducers. For these results, the modulus of the
material beyond 570 °F was set to a value of 0.1% of the value of the MOE at 530 °F to
capture the material weakening due to charring. In this case, similar to assembly 1, a
sudden jump in the downward deflections is seen. This jump occurs at an earlier time
in the test as compared to assembly 1. The main reason for the sudden change in the
deflections is tied to sudden heating rate and the subsequent material property
degradation around 2:30 minutes into the test*®.

Figure 45 shows a comparison for transducer deflection measurements and the model
results at the same location. For the test, the increase in deflection was gradual until

15 Allso the sudden increase may be a consequence of the low mesh density through the thickness of the support.
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about 4 minutes when there was a steep rise in the deflection rate. For the model,
there was only a sudden increase in the deflections around 2.5 minutes into the test
followed by a monotonic increase in downward deflections.

The same errors sources are applicable to model for assembly 2 and so were not
repeated here except for one. It was found that the deflections predicted by the
model for assembly 2 were sensitive to the choice of the charred modulus than for
assembly 1. This is likely due to the fact that a very thin web connects the upper and
lower chords. Even with the very reduced modulus of the web, the lower chord is
likely to still contribute to the load bearing capacity of the assembly. Post-test
observations of the furnace floor found entire sections of the lower chord residing on

the bottom. This suggests that the results for this model may still change with further
reductions in the charred modulus.
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Figure 44 — Structural model results for assembly 2

The comparison of the model results for the two assemblies, as shown in Figure 46,
shows that assembly 2 would exhibit the sharp deflection increase sooner with a
steeper slope as compared to assembly 1. The steeper slope implies that assembly 2
loses stiffness at a faster rate than assembly 1 during heating. This might suggest that
assembly 2 is weaker than assembly 1 but it is difficult at this point to assign
confidence levels to the absolute deflections values. Note that the FE models for
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assemblies 1 and 2 predict that the greatest deflection occurs at transducer 2 located
between the two mannequins.
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Figure 45 - Comparison of test and model deflections for transducer 2 for assembly 2
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Figure 46 - Comparison of the model results for both assemblies at transducer 3
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Figure 47 and Figure 48 display the deflection contours superimposed on the
magnified deflected models for assembly 1 and 2. For assembly 1 only the support
and edge beams are shown. For assembly 2, the entire floor assembly is displayed.
The deflections for assembly 1 changed more gradually for adjacent beams giving an
eccentric peak deflection due to the asymmetry of the mechanical loads. For
assembly 2, there is a more abrupt difference in deflection contours between adjacent
beams.
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Figure 47 - Deflection contours of assembly 1 model at 20 minutes
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Figure 48- Deflection contours of assembly 2 model at 3 minutes
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SUMMARY OF FINDINGS AND RECOMMENDATIONS

Physics-based simulations can provide remarkable insight into complex physical
phenomena. The response of structures in fires qualifies as a complex system. The
multitude of mechanisms that generate and transfer heat, degrade and decompose
materials, weaken and destabilize components and connections requires a great deal
of upfront work to validate structural fire models. Despite the tremendous strides in
computational power and numerical techniques, models must be developed with
assumptions that allow for tractable and reasonable run times and results. The
growth of modeling will not replace testing but instead will require tests designed and
carried out with validation of models in mind.

In this report, task of building and evaluating FE models of wood-based floor
assemblies was described in detail. This section delineates the challenges encountered
in this research and discusses potential next steps in furthering the capabilities of
computational engineering tools to predict the fire performance of structures. These
steps cover not only the computational challenges but also the type of test data that
are available as inputs to models and as a database for model validation. It is very
important to continue to evaluate and improve the capabilities of computational
modeling. The progress of fire safety engineering will be strongly shaped by these
tools.

Thermal Modeling

In predicting the mechanical performance of buildings subjected to fires, the
prerequisite is the knowledge of the temperature distribution throughout the
structure. The thermal models show great potential in predicting the thermal
response of combustible structures to fires as the following areas are addressed:

Heat source: The temperatures throughout the structure depend upon the
heat source. In this case, the furnace burners provided the initial heat source
prior to combustion of wood. In the furnace, thermocouples were placed to
provide such a measure as is common for standard fire tests described by
ASTM E119. However, as seen in Figure 28, the furnace thermocouples did
not provide an accurate representation of the heat generated by the furnace
burners. It is likely that the measurements of temperature by these
thermocouples were affected by the smoke and soot generated by wood
combustion early in the test. Tests regularly carried out on composite
concrete/steel floors, which are not combustible, do not present this issue.
Even floors that have some protection lad to improvements in the furnace
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thermocouples matching the standard time-temperature curve as seen in
Figure 49 (Assembly 4 as described in Table 1).
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Figure 49 - Furnace thermocouple measurements from a floor assembly with gypsum protection

Heat generation: Even with an accurate measure of the thermal flux
reaching the underside of the floor assemblies, an additional source of heat
exists br wood floors in high temperature environments and that is the
burning of wood. At temperatures approaching 570 °F (300 °C), the
combustion of wood leads to an exothermic process. The thermal results
showed the noteworthy improvement that a very simple heat generation
model provides and that further fine-tuning will certainly lead to better
results.

Thermal properties: For wood there are many challenges related to thermal
properties such as

1. The wide temperature range over which properties must be measured

2. The decomposition and degradation of materials due to the high
temperatures seen in fires such as charring

3. The measure of ‘effective’ properties that account for multi-mode heat
transfer and moisture diffusion within the wood

4. The anisotropic, heterogeneous and porous nature of wood

A measure of the properties of charred wood is very critical as it is expected to
provide an insulative effect on heat flux. For both thermal models, when the
temperature of the underside was prescribed, the calculated burning rate was
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much higher than that measured on test samples. This was likely due to the
inaccuracy in the charring properties. All these items suggest that testing
methodologies for wood samples must be well defined and documented and
that as many samples as possible must be tested. Also one advantage of not
prescribing the charring rate in the thermal models is that the charring
parameter now provides another means of assessing the thermal model output.

Finite Element Meshing: Finite element methods rely on discretization of a
continuous model to achieve a large set of algebraic equations that can be
solved numerically. It is known that that quality of the mesh and the mesh
density can affect the solution convergence. Generally, in areas where a
response parameter shows a large degree of variability, a very fine mesh is
required. The drawback of any increase in the number and density of the
elements within a model is the increase in run times. In this study, due to
project limitations, this exercise was not conducted. It is a critical
component of any follow up work.

Radiation: In the thermal models, the only source of radiation was the heat
source representing the furnace burners. However, in the actual assembly, it
is likely that as the underside of the floor was burning, generating a great
deal of heat, some of that heat would radiate to nearby surfaces. This effect
should be considered in future models.

Instrumentation: For these floor assemblies, it was difficult to validate the
models with the available measurements at the underside of the floor and the
top of the floor. The exposed side of the floor did not heat up much during
these tests except for when the floor was approaching failure. It was difficult
to assess the accuracy of the model and its inputs such as material properties.
In fire tests of complex structures, measurements throughout a component
(and any connections), especially along the thickness would provide much
needed additional points in assessing the performance of the thermal models.
The challenges with measuring the furnace burner output must also be
addressed as noted in the heat source discussion.

Design of ‘Targeted’ Tests: To help the progress on validating and applying
computational modeling tools to structures in fires, quite often tests need to
be designed with this consideration in mind. Fire standard tests, which are
carried out regularly, can provide a wealth of data with some relatively
simple modifications. These changes mainly involve additional
instrumentation during the construction of the test specimen.
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Structural Modeling

Once a thermal model is validated, its results can be transferred to the structural
model. Since the software selected for this analysis was ANSYS multi-physics FE
program, the issues associated with data transfer from one analysis to another was
well established. This may not be the case in other instances where different
programs are involved. In addition, the issues related to the relative mesh density of
one analysis versus another analysis must be considered. For structural analysis, the
prediction of failure, where components break after weakening due to high
temperatures and charring is very challenging. The actual failure mode will vary
depending upon the construction, connections, heat loading and location, etc.

For this investigation, the structural response of two unprotected wood floor
assemblies was modeled. Both failed dramatically in short times displaying very
severe deflections prior to failure. Test photos and videos captured the appearance of
flames through the floors prior to the collapse. The models were developed with
assumptions that limited the scope of applicability to the early stages of the test much
before the final collapse of the structure. It is recommended that further research
work focus on the following areas to improve the predictions of computational
modeling tools:

Mechanical properties: The challenges listed for the thermal properties are
applicable to the mechanical properties. More measurements are needed on
the mechanical properties to develop a better understanding of the
anisotropic, heterogeneous, and porous nature of wood. Furthermore,
constitutive relations that capture plasticity and creep may be necessary
depending yoon the application. As these models for the fire growth stage
develop, fire safety concerns will extend beyond the heating period of
structures and will focus on assessing the stability of structures during the
cooling period. Material properties that are measured based on such cycling
will be necessary.

Charring Rate: The main effect of charring on wood structures is the
reduction in cross section available to carry the load. One approach to
assessing the structural performance in fire is to assume a charring rate once
the surface of the wood is ignited. In this study, the option to determine the
temperature distribution was followed in an attempt to account for the
varying properties of char, and then establish a temperature criterion to
reduce the modulus of an element that exceeds this temperature to extremely
small values. However, convergence difficulties were encountered with
values of modulus reduced beyond 0.01% of the pre-char modulus. To lower
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the modulus further it is likely that the mesh density must be increased. As
mentioned in the summary for the thermal results, it is important to conduct
a sensitivity analysis for the mesh density.

Construction details: For wood, the joining methods such as adhesives,
tongue and groove connections, etc. will eventually affect the structural
performance of the wood components as the deflections grow. Small-scale
tests that focus on characterizing the properties of wood connections are
critical.

Coefficient of Thermal Expansion:  Shrinkage in wood especially at
temperatures higher than 200 °F is important as free water evaporates. The
thermal expansion of wood is much higher than concrete or steel and its
influence on the structural response should be examined.

Design of ‘Targeted’ Tests: To help the progress on validating and applying
computational modeling tools to structures in fires, quite often tests need to
be designed with this consideration in mind. Fire standard tests, which are
carried out regularly, can provide a wealth of data with some relatively
simple modifications. These changes mainly involve the addition of
instrumentation during the construction of the test specimen.

Instrumentation: For these floor assemblies, it was difficult to validate the
models with the relatively few measurements provided on the top of the
floor. Transducers that can measure acceleration, strain and deflection
measurements are recommended. The number and placement of transducers
will depend upon the test configuration.

Post-Failure Analyses: For the structural failures such as these it is important
to document the failure site as much as possible in order to gain insight into
the possible mode of failure. In structural analyses, some idea of the
anticipated failure is necessary to ensure that the proper physics are part of
the model.

Floor Assembly 1 vs. 2

The main goal of the overall project was to assess the stability of building
components, specifically floors, in a fire environment comparing legacy materials
with engineered wood products. The prevalence of engineered wood lumber has led
to concerns regarding the safety of occupants and fire personnel. The relatively high
stiffness to weight ratio provides opportunities for using lightweight constructions
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and thinner sectional dimensions. For the modeling portion of the project, two
unprotected floor assemblies, one supported with standard timber and the other
supported by engineered lumber were the focus of this study. The tests conducted
in the first part of the project and in another recent study [54] show the relatively
quick instability that can be seen in unprotected engineered lumber floors. These
unprotected engineered lumber floors represent the type of construction present in
basement of houses.

In this study, the FE models were not strictly validated against test data and so it is
necessary to be cautious in drawing conclusions from the data in assessing the fire
performance of the floor assemblies. The main issue was that the Fjoist web for
floor assembly 2 was only 3/8 inch. This very thin cross section is expected to burn
through quickly.

Since the structural models still require further refinement to achieve acceptable
agreement with the test data, quantitative assessments cannot be formed. Instead,
the assessment is limited to a comparison of the qualitative features of the
deflections over time as shown in Figure 46. An examination of the slope of the
deflection-time curve subsequent to the initial drop reveals that the effective
stiffness of assembly 2 degraded at a much faster rate than assembly 1. It is
anticipated that this trend will hold even after the improvements cited above.

Once some of the issues with meshing and properties of char are resolved, sensitivity
studies using the model can be carried out with confidence - using the same heat
source — to assess the effect of various types of loads, dimensional and geometric
changes.
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Appendix A

Details of Floor Assemblies

In this section, details on the construction design for the floor assemblies, list of
materials, and the location and type of transducers installed for the tests are provided.
These details are given for floor assemblies 1 and 2. In addition to the instruments
installed on and near the floor assembly, a set of 16 furnace thermocouples were
spaced symmetrically throughout the furnace in rows of four.
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Figure A.1 Construction Layout
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Assembly No. 1

FULL SCALE FLDOR - TEST ASSEMELY 1 =
54,68 o
‘ | =
: :
45-53 &
N ; 3
=
2=y 26-35 E

Elevation and Thermocouple Location
Wood 2x10¥s, bottorn of Sub Foor

TC# LOGCATION
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18-25 On bottom of 2 x 10 (finish rating)

26-35 On side of 2 x 10 at mid depth, facing North
36-44 In center of 2x10 cavity, at mid depth
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Figure A.3 Thermocouple Locations - Elevation
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Assembly No. 1
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Figure A.5 — Thermocouple Locations on Sub-floor
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Assembly No. 1
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Figure A.6 — Thermocouple Locations on Unexposed Surface for assembly 1
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Figure A.7 — Loading and Instrumentation Layout (See Fig ure A.8) for assembly 1
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Assembly No. 1

Deflection Tranducers: <i>>

Along E=W Centerline, North Quarter=pocint.

2 - Along E-W Centerline, Center-point.

3 = Along E=W Centerline, South Quarter=point.
4 - Along N-S Centerline, East Quarter-point.
5 = Along N-S Centerline, West Quarter—-point.

Accelerometers: Q@

1= Over Joist, 12 in. from East edge of assembly.
2- Over Center of Span, 12 in. from East edge of assembly.

Audio Recordings: (Not Shown)

1 - Mannequin No. 1 (Hands & Knees)
2 - Mannequin No. 2 (Standing)

Video Camera Recordings: (Not Shown)

Channel 1409 - floor level view from northeast corner
Channel 1411 = IR camera from curing cell roof east center
Channel 1412 - furnace camera from northwest corner
Channel 1416 - overhead from east center of assembly
Channel 1413 - overhead from south west half of assembly
Channel 1415 - overhead from scuth east half of assembly
Channel 1502 = overhead from west north half of assembly
Channel 1503 - overhead from west south half of assembly

Figure A.8 — Loading and Instrumentation Key
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Assembly No. 2

See Fig A.2.2

Figure A.9 — Construction Layout
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Assembly No. 2
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Figure A.10 — Construction Layout Section Az-Az
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Assembly No. 2
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Elevation- Thermocouple location
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TC # LOGCATION

1-30 ©On subfiocor and carpet padding

31-40 On bottom of engineered |-Beam (finish rating)

41-50 On slde of engineared I-Beam at mid depth, facing North
51-60 Mid depth

61-70 On bottom of subfioor

71-83 Unexposed suriace
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Figure A.11 — Thermocouple Locations - Elevation
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Figure A.12 — Thermocouple Locations on Wood Members
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Assembly No. 2
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Figure A.13 — Thermocouple Locations on Sub-floor and Carpet Padding
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Assembly No. 2
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Figure A.14 — Thermocouple Locations on Unexposed Surface
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Assembly No. 2
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Figure A.15 - Loading and Instrumentation Layout (See Figure A.16)
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Assembly No. 2

Deflection Tranducers: <i:>

1 = Along E-W Centerline, North Quarter-point.
2 = klong E=-W Centerline, Center=-point.

3 - Along E-W Centerline, South Quarter-polnt.
4 = Along N=S Centerline, East Quarter=point.
5 = Along N-S Centerline, West Quarter-point.

Accelarcmeters: Q@

1= Over Jaist, 12 in. from East edge of assemhly.
2- Over Center of Span, 12 in. from East edge of assembly.

Audio Recordings: (Not Shown)

1 = Mannequin No. 1 (Hands & Enees)
2 — Mannegquin No. 2 (Standing)

Video Camera Recordings: (Hot Shown)

Channel 140% = floor level view from northeast corner
Channel 1411 = IR camera from curing cell roof east center
Channel 1412 - furnace camera from northwest corner

Channel 1416 = overhead from e=east center of assembly

Channel 14132 - overhead from south west half of assembly
Channel 1415 - overhead from south east half of assembly
Channel 1502 - overhead from west north half of assembly
Channel 1303 - overhead from west south half of assembly

Figure A.16 — Loading and Instrumentation Key
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Appendix B
Test Wood Sample Details
Specimen A - Conventional wood (Floor Assembly # 1)
Length | Width | Thickness | Weight | Volume | Density
(in) (in) (in) (Ibs) (i) | (Ib/fe)
Al 48 9? 1% 8.88 657 23.37
A2 48 9? 1% 11.73 657 30.85
A3 48 9? 1% 1142 657 30.04
A4 48 9? 1% 11.62 657 30.56
A5 48 9? 1% 11.44 657 30.09

Specimen B - Engineered lumber joist with OSB web (Floor Assembly # 2)

. . i . . Length | Weight | Volume | Density
1(in) | 2(in) | 3(in) 4(in) | 5(in) (in) (Ibs) (ir¥) (Ib/f®)
BlL | 11? ? 2 1.1875 | 9% 48 9.79 399 42.39
B2 | 11? ? 2 11875 | 9% 48 10.27 399 44.49
B3 | 11? ? 2 1.1875 | 9% 48 10.32 399 44.68
B4 | 11? ? 2 11875 | 9% 48 10.03 399 43.44
B5 | 11? ? 2 1.1875 | 9% 48 10.43 399 45.16

Specimen C - Conventional T&G wood (Sub floor in Floor Assembly # 1)

. i . . Weight | Volume | Density
1(@in) | 2(in) | 3(n) | 4(in) (Ibs) (ir¥) (Ib/f®)
Cl| 5? Ya Ya 48 3.66 198 31.94
C2 | 5? Y Ya 48 3.22 198 28.09
C3 | 5?7 Ya Ya 48 3.62 198 31.55

Specimen D - OSB sheeting (Sub floor in Floor Assembly # 2)

Length | Width | Thickness | Weight | Volume | Density
(in) (in) (in) (Ibs) (in?) (Ib/f3)
D1 48 48 Ya 35.45 1728 35.45
D2 48 48 Y 35.69 1728 35.69
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Appendix C

Summary of Strength Testing on Wood Specimen

Figure C.1: lllustrations of test set-up for testing wood specimens

Top: Different wood specimens for compression and tension tests

Bottom: (a) Tension perpendicular to the grain (b) Compression parallel to the grain
(c) Tension parallel to the grain (d) compression perpendicular to the grain

Table 14 — Strength properties of wood

Test Mode Grain Specimen
. . Room temp °C
orientation type
MPa MPa MPa
Parallel A 64.58 44.97 26.46
. B 49.07 26.46 24.10
Tension -
Perpendicular A 3.23 0.99 1.42
B 1.42 0.87 0.48
Parallel A 54.31 53.12 44,78
. B 46.68 42.18 31.61
Compression -
Perpendicular* A 8.10 13.14 13.59
B 18.41 14.83 14.07

* Compression test terminated when he deformation in the specimen was approx 2.5mm
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Appendix D*°

Material Property Tests on Wood Specimens
D1. Objective

To conduct material characterization tests on wood (and OSB) to generate high
temperature thermal and mechanical properties for use in fire resistance modeling of
floor assemblies.

D2. Background

Key parameters that are needed as input data for thermal FE models are the high
temperature material properties of wood. The three types of wood that are under
consideration for floor assemblies are conventional wood joists, engineered lumber
joists, T&G wood. In addition tests on OSB were also conducted since OSB is used in
sub-flooring in one of the floor assemblies.

The thermal properties of wood that are important for fire resistance modeling are
specific heat, density, thermal conductivity and thermal diffusivity. The mechanical
properties of wood that are of relevant for fire resistance evaluation are strength and
modulus of elasticity. In addition, charring, which occurs under fire conditions,
influences the fire performance of wood assemblies. All these properties vary with
temperature and the composition and type of wood.

There is limited information in the literature on the high temperature properties of
wood and also on procedures for undertaking many of the tests. Further, these
properties vary significantly among different species of wood and also on the test
conditions of the specimen, such as moisture content and age. The characterization
tests were carried out on three types of wood and also on OSB specimens.

D3. Thermal Property Tests
D3.1 General
The thermal properties of four types of wood, supplied by UL, were measured at

various temperatures in 20-250°C range. The wood specimens were exposed to a
target temperature until the temperatures stabilized and then measurements were

18 Final Report on Material Property Tests on Wood Specimens, Dr. Kodur, MSU, November 26, 2008.
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done 30 minutes after the temperature stability was attained. The measurements were
carried out at room temperature and also at 100, 150, 200 and 250°C. The measured
thermal properties were density, thermal conductivity, specific heat, thermal
diffusivity, and thermal expansion. The four types of wood considered in this project
are designated as A, B, C, and D. Specimen A is conventional wood used as joists in
floor assembly 1, while Specimen B is engineered lumber used in floor assembly 2.
Specimen C is T&G wood panel used, as sub flooring in assembly 1, and Specimen D is
OSB sheeting used as sub-flooring in floor assembly 2. Dimensions of the four

specimens are provided in Appendix B.

Furnace

Figure D1 - Hot disk equipment setup for measurement of thermal properties

D3.2 Test Setup

The specific heat, thermal conductivity and thermal diffusivity properties were
measured using “Hot Disk TPS 2500S” thermal constants analyzer equipment. Figure
D1 shows the “Hot Disk” equipment set up. This equipment was connected to a
furnace in which the specimens were exposed to desired high temperature. The
thermal properties were then measured using a high temperature mica sensor placed
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inside the test specimens connected to Hot Disk. This state-of-the-art equipment
utilizes the transient plane source (TPS) technique to measure the thermal properties
of materials. Figure D2 shows the time-temperature graph followed during
measurement of thermal properties.

The thermal expansion property was measured using thermo-mechanical analysis
(TMA) apparatus. The TMA measured dimensional changes of sample under
conditions of controlled temperature. It utilized a movable-core linear variable
differential transducer (LVDT), which generated an output signal directly
proportional to the sample dimension change. Figure D3 shows the test set up for
measuring the dimensional changes in wood specimens. The density was measured
using conventional hot oven.

300

250

200 r
150

100 {.r
50 (v

0 2 4 6 8 10 12 14
Time (hours)

Temperature (°C)

Figure D2 - Time-temperature graph showing stability of temperature attained during 'hot disk’
measurement
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Figure D3 - TMA set up for measurement of dimensional changes

D3.3 Specimen Preparation

For property measurements using Hot Disk apparatus a sample size of 2x2x1 inches
was prepared for a 20 mm diameter high temperature Hot-Disk sensor. Test
specimens A and B were prepared by cutting samples from conventional wood and
engineered lumber to required size. However, T&G wood and OSB (C&D) from floor
assemblies were % in thick, so extra thickness was added by supplementing a vein of
same wood or OSB to make specimen C and D thickness to be 1 inch. This was
necessary to keep the specimens in Hot Disk sample holder. However, probing depth
was kept within the % inch so that the joint would not affect the properties.

For thermal expansion property measurements, a wood sample of 3/8x3/8x3/4 inches,
as shown in the inset of Figure D3 was prepared.

For density measurement samples were prepared based on the available thickness of
the specimens. Test specimen A was 2.75x2.75x1.5 inches. Specimen B had web and
chord parts; so two samples, one from the web and the other from the chord were cut.
The specimen B web was of 3x3x0.438 inches while the flange of specimen B was
2x3x1.25 inches. For both specimens C and D a size of 3x2.25x0.75 inches was cut.

D3.4 Test Procedure

The prepared test samples were mounted on the high temperature asmple holder
assembly and placed in the furnace. The properties were first measured at ambient
temperature and then these samples were subjected to other target temperatures in
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100 to 250°C range. The thermal properties were recorded through the TPS 2500S
equipment with proper measuring parameters applied through requisite software. For
getting full set of measurements in 20 to 250°C range, a time period of 13 to 14 hours
was needed as illustrated in Figure D2. This included the time required to reach a
desired temperature and an additional 30 minutes for temperature stability to be
attained. Figure D4 shows a monitor displaying data recorded after a test was
complete and also with the insert in the figure illustrating the test specimen in the
furnace. Figure D5 shows the charred wood sample (Specimen B) that was removed
from the furnace at the end of the test.

For density measurement, first the weight of the sample was measured at room
temperature. Then the sample was subjected to temperatures of 100°C, 150°C, 200°C
and 250°C using the conventional hot oven. Most of the wood specimens, with the
exception of specimen C charred at a temperature of 250°C. After subjecting the wood
samples to high temperatures for about 2 hours, the samples were taken out and
allowed to cool to room temperature. Then the weight of the samples was measured
and density values were calculated.

The temperature increase for thermal expansion depends on the ramp set by the user
in a particular test. For the wood samples, the selected ramp (heating rate) was 5°C
per minute. After placing the sample with the probe into the TMA furnace, the test
was controlled by software that recorded the dimensional change with increasing
temperature.
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Figure D4 - Measured data with parametric graphs on monitor and specimens inside the furnace

Figure D5 - Charred wood from engineered lumber (Type B) after completion of thermal properties
experiment
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D3.5 Results and Observations

a. Thermal Conductivity, Specific Heat, Thermal Diffusivity and Density

The measured thermal conductivity (k), specific heat (Cp), thermal diffusivity and
density values for four UL wood samples are tabulated in Tables D1 to D4 at various
temperatures. These properties are also plotted in Figures D6 to D9. The differences in
values of thermal conductivity, specific heat, thermal diffusivity and density can be
attributed to different types of wood. The propagation of heat in these wood samples
was considered to result from differences in density, moisture content, and grain
orientation. The following observations are based on the general trends in the
recorded data:

The thermal properties for all wood types are within the range reported by other
researchers in the literature [1, 2].

As expected the thermal conductivity of specimen B (engineered lumber) was higher
due to compressed plies in binding material.

Thermal conductivity and density generally decreased with temperature in all
specimens.

OSB samples (specimen D) charred at much lower temperatures than other wood
samples. Thus its properties could not be measured at temperatures of 150°C and
higher.

The specific heat in specimen C was much higher than other wood samples and this
might be probably due to presence of thick wood gum layers.

The thermal diffusivity decreased with temperature for all specimens (see Figure D8).
The decrease was more gradual in specimens A and B, as compared to specimens C
and D. For specimen C, the decreased in thermal diffusivity was only up to a
temperature of 100°C and it remained constant beyond that temperature.

Table D1 - Recorded thermal conductivity values at various temperatures for UL wood samples

Specimen A Specimen B Specimen C Specimen D
Temp The_rrpal Temp The_rrpal Temp The_rrpal Temp The_rrpal
C) conductivity - (k) C) conductivity - (k) C) conductivity - (k) (0) conductivity - (k)
(W/mK) (W/mK) (W/mK) (W/mK)
22 0.265217 22 0.637404 22 0.26384 22 0.310073
100 0.257264 100 0.490633 100 0.15158 70 0.411321
150 0.217768 150 0.384995 150 0.068942 100 0.281312
200 0.213585 200 0.152164 200 0.081787 150 *
250 0.207038 250 0.092537 250 0.079729 200 *

Data could not be recorded due to charring at these temperatures
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Table D2 - Recorded specific heat values at various temperatures for UL wood samples

Specimen A Specimen B Specimen C Specimen D
Temp | Specific heat - (Cp) | Temp | Specific heat- (Cp) | Temp | Specific heat - (Cp) | Temp Specific heat -
(°C) MJ/meK (°C) MJ/m3K (°C) MJ/m3K (°C) (Cp) MJ/m3K
22 0.78743 22 1.496831 22 0.480805 22 1.186567
100 0.803298 100 2.319671 100 13.45949 70 1.450774
150 0.954995 150 2.304956 150 8.884578 100 2.391506
200 0.874629 200 7.717064 200 7.495219 150 *
250 0.890001 250 1.684688 250 3.289634 200 *
* Data could not be recorded due to charring at these temperatures
Table D3 - Recorded thermal diffusivity values at various temperatures for UL wood samples
Specimen A Specimen B Specimen C Specimen D
Thermal Thermal Thermal Thermal
Temp e Temp e Temp e Temp e
0) diffusivity 0) diffusivity 0) diffusivity 0) diffusivity
mm?/Sec mm?/Sec mm?/Sec mm?/Sec
22 0.336814 22 0.425835 22 0.548747 22 0.261319
100 0.32026 100 0.21151 100 0.011262 70 0.283518
150 0.22803 150 0.167029 150 0.00776 100 0.11763
200 0.244201 200 0.019718 200 0.010912 150 *
250 0.232627 250 0.054928 250 0.024237 200 *
* Data could not be recorded due to charring at these temperatures
Table D4 - Recorded density values at various temperatures for UL wood samples
Temp (°C) =100 °C Temp (°C) =150 °C Temp (°C) =200 °C Temp (°C) = 250
°C
Density — (?) Density — (?) Density — (?) Density — (?)
(kg/m3) (kg/m3) (kg/m3) (kg/m3)
Before After Before After Before After Before After
test test test test test test test test
Specimen A 512.667 | 491.686 | 485.026 | 450.672 | 433.087 388.091 460.651 *
Specimen B web 615.274 | 587.378 | 613.725 | 578.079 | 580.042 533.754 603.186 ¥
Specimen B flange | 679.397 | 651.736 | 636.455 | 586.732 | 656.059 594.393 633.833 ¥
Specimen C 455.644 | 425.508 | 485.779 442.385 519.379 466.493 488.190 | 326.816
Specimen D 607.525 | 583.116 | 614.757 | 575.883 | 613.854 564.131 580.404 *

* Data could not be recorded due to charring at these temperatures
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Figure D7 - Measured thermal conductivity as a function of temperature
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Figure D8 - Measured thermal diffusivity as a function of temperature
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Figure D9 - Measured density ratio as a function of temperature
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b. Thermal Expansion

Figure D10 shows dimensional change in the wood samples as a function of
temperature obtained from the TMA apparatus. The values of coefficient of thermal
expansion for specimens A and B are tabulated in Table D5. These values were
calculated from change in dimension to the original dimension of the samples. Only
specimens A and B were tested for coefficient of thermal expansion due to limited
resource in this project. Generally wood expands up to initial temperatures of about
70°C, and then shrinks in 70-250°C range with different values of coefficient of
thermal expansion [2]. As expected the thermal expansion of specimens A and B was
within the range of values published in the literature. The coefficient of thermal
expansion was different for the two samples used in the test. The major shrinkage was
attributed to loss of moisture content in the wood and, later, to the charring. It was
observed from these results that:

For specimen A there was not much expansion at the lower temperature, the
wood shrinks monotonically to 250°C.

Specimen B displayed expansion at the lower temperatures and then it shrinks
with different expansion coefficients in temperature range of 160 to 250°C
respectively.

Table D5 — Measured values of coefficient of thermal expansion as a function of temperature

Coefficient of thermal expansion (um/m.°C)

Wood sample

Temperature range 15-

Temperature range 24-

Temperature range 160-

24°C 160°C 250°C
Specimen A 3.885 -22.68 1.718
Specimen B 26.18 -218 -64.88
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Figure D 10 - Dimensional change as a function of temperature

D4 Mechanical Property Tests

D4.1 General

Temperature (°C)

250

In order to evaluate high temperature strength properties, tests were conducted on
two types of wood (Specimens A and B) at room temperature, and at 100°C and 200°C.
Both compression and tension tests were conducted in two grain orientations namely:

Compressive strength loaded parallel to the grain

Compressive strength loaded perpendicular to the grain
Tensile strength loaded parallel to the grain
Tensile strength loaded perpendicular to the grain.

D4.2 Test Specimens

Test specimens A and B for four different tests were prepared as specified in ASTM
standard [D143-94, 2006]. However, specimen sizes for tests, except for the case of
tension tests parallel to grain, were slightly different than that specified in ASTM
standard. This was primarily because of the fact that the wood members used in the
floor assemblies are of lesser thickness than that specified in ASTM. The test

specimens used for the tension tests were as shown in Figures D11.
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Figure D11 - Test specimen for tension tests
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Figure D12 - Test setup for testing wood specimens (a) Tension perpendicular to the grain (b)
Compression parallel to the grain (c) compression perpendicular to the grain (d) Tension parallel to the
grain

(d)

D4.3 Test Set-up

The mechanical properties were determined using a MTS machine. Special grips,
which could hold specimens at elevated temperatures, without compromising the
operating temperature restrictions for MTS hydraulic grips, were designed (Figure
D12). For high temperature testing, all specimens were pre-heated to a desired
temperature in a special oven for at least one hour and then the specimens were held
at constant temperature till stability was attained (Figure D13). The heated samples
were wrapped in a heat insulating cloth and prepared for testing in less than 2
minutes to avoid any considerable heat loss.
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D4.4 Test Procedure

The insulated specimens were loaded in increments as specified in ASTM [D143-94,
2006]. All specimens, except the ones with compression perpendicular to the grain
were tested till failure was attained. The tests were carried out at ambient
temperature, 100°C, and 200°C. Attempts were made to undertake various tests at
250°C; however, wood started charring and thus the tests could not be carried out
(Figure D14). The recorded (applied) load at failure and the deformation of the
specimens were used to calculate the mechanical properties of wood samples (Table
D6).

A

Figure D 13 - Heating the specimen in oven Figure D 14 - Wood charring at 250°C

D4.5 Observations and Results

The following observations are based on the general trends in the recorded data:
The measured strength properties of specimen A & B were within the range of
values reported in the literature.
The tension and compression strength of both specimens (A&B) decreased
with temperature. In tension tests (both parallel and perpendicular to grain),
the specimen behaved in a brittle fashion compared to room temperature tests.
This can be attributed to more compactness in wood fibers, which after
heating attains sudden failure at low strains.
The computed elastic modulus of Specimen B (engineered lumber) was
relatively high due to orientation of compressed plies (to optimize the
properties) in a specific direction.
The wood started to char at a temperature range of 250°C. Therefore, the
strength properties deteriorated considerably at and beyond this temperature.
The mechanical properties reported in Table D6 are based on a single test on
each specimen. Thus caution should be used in using this data, since there can
be significant variability in properties of wood. Additional tests are
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recommended on each specimen type to get more reliable properties at
specified temperature.

Table D6: Mechanical Properties of Conventional and Engineered Wood

Test Mode Grain Specimen  Room Temp

. . 100°C 200°C
Orientation Type ‘
MPa MPa MPa
Parallel A 64.5 449 26.4
: B 49.0 26.4 24.1
Tension .
Perpendicular A 3.2 0.9 1.4
B 1.4 0.8 0.4
Parallel A 54.3 53.1 44.7
. B 46.6 42.1 31.6
Compression -
Perpendicular* A 8.1 13.1 13.5
B 18.4 14.8 14.0

* Compression test terminated when the deformation in the specimen was
approximately 2.5mm

D5. Charring Tests
D5.1 General

Charring tests were carried out on three types of wood (Specimens A, B and C) and
OSB (Specimen D) samples. These tests were conducted in newly build fire test
furnace at MSU. A special platform was constructed inside the furnace chamber to
undertake charring test.

D5.2 Test Setup

The test setup consisted of a temporary shelf constructed inside a MSU intermediate-
scale furnace. An access door allowing the removal of samples at the appropriate time
was also provided. The shelf had a layer of 5/8” Type X drywall on the bottom, a
layer of % plywood on top of that, two layers of 5/8 OSB with another layer of 5/8”
Type X drywall on top of that. The platform was supported by 2 4X6’s, which were
also covered on all exposed sides with 5/8” Type X drywall. All drywall was attached
with 1-5/8 drywall screws on 8” patterns with the screw heads covered with joint
compound. The platform extended 30 inches into the furnace and was 48 inches
wide.
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D5.3 Specimen Preparation:

In order to have appreciable charring data it was necessary to layer the specimens to
increase the mass to surface area ratio. For this, each of the specimens was cut into
several pieces of the same size. The pieces were then fastened together using Elmer’s
wood glue, and pressure was applied to the joint for 8 hours while the glue dried. The
final size of the specimens was as follows:

Specimen A (Conventional wood): 2x10’s: 8” long by 4” wide by 3” thick (2-

1.5” layers)

Specimen B: Engineered joist: 8” long

Specimen C: T&G wood subfloor: 6” long by 4.875” wide by 2.25” thick (3-

0.75” layers)

Specimen D: OSB subflooring: 8” long by 8” wide by 1.5” thick (2-0.75” layers)

D5.4 Time Temperature Profile

The target time temperature profile was ASTM E-119. ASTM E-119 as well as the
actual time temperature profile attained in testing is shown in Figure D15 below. At
the end of the 40 minutes testing period the area difference between the test and the
ASTM profiles was 0.10%, well within the acceptance limit in ASTM Standard.
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Figure D15 - Furnace temperatures

D5.5 Test Procedure

After the standard ignition process the combustion process was run for the pre-
determined amount of time. When it was time to remove the samples the door was
removed and one of each of the samples was removed from the furnace and placed
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onto a metal tray. The tray was then taken outside and a gentle hose stream was
applied to the specimens to extinguish the fire. This was done at each of the times for
which data was to be collected.

D5.6 Charring measurements

To measure the char depth the specimens were cross-sectioned in the middle and the
residual wood (OSB) thickness was measured. The measured value was subtracted
from the total thickness to determine the char depth. In situations where the glue
failed to hold the specimen together, due to combustion of the top layer of wood
either the specimen was discarded, or the charring on the side of the specimen was
measured.

D5.7 Observations and Results

The following are observations made during testing; they are organized by specimen

type.

Specimen A: Ignition occurred after approximately 5 minuets of fire exposure.
All of the samples maintained integrity through 30 minutes of fire exposure.

Samples removed from the fire after 40 minutes of fire exposure were completely
burned and no charring measurements could be made.

Specimen B: Ignition occurred in the web after approximately 3 minutes with the
flanges not igniting until after 5 minutes. Before the first samples could be
removed at 10 minutes, the webs were completely consumed and only the flange
remained. After 20 minutes of fire exposure, the samples were completely
consumed and no charring information could be obtained from the samples.

Specimen C: Again ignition occurred after approximately 5 minutes of fire
exposure. The samples retained integrity through 20 minutes of fire exposure,
after which point the bond between the layers of wood deteriorated to the point
were no further information could be gathered from samples removed from the
fire after more than 20 minutes of exposure.

Specimen D: Ignition occurred after approximately 3 minutes of fire exposure.

While burning, the entire surface of the OSB burned evenly with bubbles forming
on the surface and quickly collapsing as the glue boiled within the wood.
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the samples.
Table D7: Char depth (mm)
Specimen Specimen C | Specimen D
Time A Specimen B T&G wood 0SB
(min) 2x10 Engineered Lumber | subflooring | subflooring
10 7.366 8.382 8.128 7.239
20 13.3096 15.875 13.6398
30 18.288
Table D8: Char rate (mm/min)
Specimen Specimen B Specimen C | Specimen D
Time A Engineered T&G wood 0SB
(min) 2x10 Lumber subflooring subflooring
0-10 0.7366 0.8382 0.8128 0.7239
10-20 0.59436 0.7747 0.64008
20-30 0.49784
D6. Summary

This report presents information on high temperature thermal, mechanical and
charring property tests on wood and OSB samples. Thermal properties include
thermal conductivity, specific heat, density, thermal expansion, and thermal
diffusivity of wood. Mechanical properties include tensile strength, compressive
strength and modulus of elasticity parallel to the grain as they significantly influence
the behavior of wood members in structures. In addition charring tests were also
conducted. The summary of the test data is presented in this report. Due care should
be taken when using these properties in fire resistance modeling of wood floor
assemblies because the tests have been conducted on a limited number of samples and
also since the properties of wood vary within species and between species.
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