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Learning Objectives

1. Learn the types of thermal bridges and their impacts

. Learn new energy code requirements for thermal bridges

3. Learn how to account for thermal bridges prescriptively and by
design

4. Learn how to mitigate thermal bridges using improved details with
continuous insulation




Course Description

= The International Energy Conservation Code (IECC) will become a
new consensus standard available for adoption in 2024. |t and
ASHRAE 90.1-2022 contain a number of significant changes
affecting building enclosure design, especially for thermal bridging.
This presentation reviews the new thermal bridging requirements in
the IECC (similar for ASHRAE 90.1) and focuses on detailing and
design requirements for mitigating thermal bridging in building
enclosures. The code text as well as illustrated solutions will be
presented to provide a practical understanding for code
compliance.



What is a thermal bridge?

A thermal bridge is not a burning bridge, although both have something
to do with an increased rate of heat transfer or energy loss.
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Burning bridge releasing the embodied (stored) energy. Thermal imaging illustration of unmitigated framing thermal bridges
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Types of Thermal Bridges

= (Clear-field thermal bridge
= Linear thermal bridge
= Point thermal bridge

Source: BC Hydro BETB Guide /
Morrison Hershfield LTD



Continuous insulation
(Thermal Barrier)

Clear-Field Thermal Bridge

= (Clear-Field Thermal Bridge

« Thermal pathways inherent to a building assembly il

and its surface area nsiion
e Generally accounted for in U-factor calculations,

R-value prescriptions, and assembly thermal test
methods for energy code compliance

— Examples: Wood and steel studs and plates
(framing), webs of concrete masonry units, etc.

 |Impact:
— For example, cavity insulation in steel framing is only ~35-50% effective

= Wall with R-21 cavity insulation has effective R-7.4 to R-9.0 for 16"oc and 24"oc
stud (with no added framing for wall openings)

=  More than 50% loss in insulation R-value
— For example, cavity insulation in wood framing is about 83% effective

= Wall with R-21 cavity insulation has an effective R-17.2 to R-17.5 (including
plates and headers and jamb studs for wall openings)

=  More than 15% loss in insulation R-value ’\
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ear-Field Thermal Bridge - Resources

Design Tool: Steel Wall & Wood
Wall Calculators

Performs U-factor and water vapor
control design checks for coordinated
energy code and building code
compliance

Free on-line tool available!

https://www.continuousinsulation.org

/calculators

YouTube tutorial also provided. Simple!

Wall Assembly Inputs

1. Building / Energy Code & Year

Energy code & year

2021 IBC+ IECCC (Exc. group R) =
2. Climate Zane
Climate zone

44 =

3. Cladding

Cladding type and R-value

a*

Stucco (R-0.08)

4. Exterior Continuous Insulation

Manufacturer's rated R-value at installed thickness

7.5

5. Exterior Sheathing

If using a structural insulated sheathing,
select "None” for Exterior Sheathing and
enter the R-value under Exterior Continuous
Insulation.

Exterior Sheathing

Gypsum 5/8" (R-0.56) =

Output

Energy Code Check: Thermal Performance

The wall assembly is compliant if it passes either the R-value or U-factor check.

Compliance Method
Insulation Component R-values

Assembly U-factor

Compliant

Proposed Wall
R13+7.5ci

0.064
Effective R-value: 15.63

Building Code Check: Vapor Control

EXTERIOR INTERIGR
CONTINOUS
WTERIOR
INSULATICN (Re) VAPOR
RETARDER
CAATY
INSULATION (Ri)

Interior Vapor Retarder Class’

Class |12
Cless 11 °
Class I *
Mene

Lper ASTM E96 dry cup Procedure A Refer to MNotes 2 and 3 for additional requirements for Class | and |l vapor retarders.

IClass 1: 0.1 perm or less. NOTICE: Where permitted for use (j.e., indicated as “passed”) on walls with exterior foam plastic insulating
sheathing (i.e., continuous insulation), a Class | vapor retarder shall also have a permeance rating of 1.5 perms or greater as

measured by ASTM E96 wet cup Procedure B (ie., a “smart” or “responsive” Class | vapor retarder is required). C
retarders are typically proprietary membrane products. A conventional Class | vapor retarder such as 4 mil p
“smart” vapor retarder and, while not recommended, it has seen successful use in cold climates that are dry or moderately moist

This check determines which classes of interior vapor retarders
are compatible with the proposed wall assembly for walls
incorporating continuous insulation on the exterior. See the
diagram for the location of the interior vapor retarder, and see

Code Requirement
(Zone 4A)

R13+75¢ci

0.064
Effective R-value: 15.63

options below for compliance.

Proposed Ratio
0.58
058
058
058

(refer to ABTG RR Mo. 1410-03 and No. 1701-01)

Minimium Ratio Required
(Zone 4A)

not permitted
025
0.30
1.00

Download PDF

Check

PASS

Check
FalL
PASS
PASS
FalL

s | "smart” vapor
lene isnota

-
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https://www.continuousinsulation.org/calculators

Clear-Field Thermal Bridge — ci mitigation

U-factor Comparison

Wall Component R20 R25 R20+5ci
Outside winter air 0.17 0.17 0.17
Siding 0.62 0.62 0.62
Continuous insulation 0 0 5
0SB - 7/16 0.62 0.62 0.62
SPF stud 6.875 6.875 6.875
SPF header 6.875 6.875 6.875
Cavity insulation 20 25 20
1/2 drywall 0.45 0.45 0.45
Inside air film 0.68 0.68 0.68
R-value stud path 9.42 9.42 14.42
R-value header path 9.42 9.42 14.42
R-value cavity path 22.54 27.54 27.54
Framing factor - studs 21% 21% 21%
Framing factor -header 4% 4% 4%
Framing factor - cavity 75% 75% 75%
U-factor 0.060 0.054 0.045
Effective R of wall 17 19 22

R25 # R20 + 5c¢i

The R20+5ci wall is 15% more efficient than
the R-25 wall.

This demonstrates that R-value of cavity and
continuous insulation cannot be added (and
this is prohibited as a means of compliance).
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						Zone 1, 2		Zone 3, 4, 5				Zone 6, 7, 8

						2015 IECC - RE50 Calculation

				Wall Component				2x4		2x6		2x4		2x6		2x6 wall		2x8 wall

				Outside winter air 		0.17		0.17		0.17		0.17		0.17		0.17		0.17

				Siding		0.62		0.62		0.62		0.62		0.62		0.62		0.62

				Continuous insulation		0		5		0		10		5		0		0

				OSB - 7/16		0.62		0.62		0.62		0.62		0.62		0.62		0.62

				SPF stud		4.375		4.375		6.875		4.375		6.875		6.875		9.0625

				SPF header		4.375		4.375		6.875		4.375		6.875		6.875		9.0625

				Cavity insulation		13		13		20		13		20		38		29

				1/2 drywall		0.45		0.45		0.45		0.45		0.45		0.45		0.45

				Inside air film		0.68		0.68		0.68		0.68		0.68		0.68		0.68

				R-value stud path		6.92		11.92		9.42		16.92		14.42		9.42		11.60

				R-value header path		6.92		11.92		9.42		16.92		14.42		9.42		11.60

				R-value cavity path		15.54		20.54		22.54		25.54		27.54		40.54		31.54

				Framing factor - studs		21%		21%		21%		21%		21%		21%		21%

				Framing factor -header		4%		4%		4%		4%		4%		4%		4%

				Framing factor - cavity		75%		75%		75%		75%		75%		75%		75%

				U-factor		0.084		0.057		0.060		0.044		0.045		0.045		0.045

				Effective R of wall		12		17		17		23		22		22		22



				Framing method		Conventional		Conventional		Conventional		Conventional		Conventional		Conventional		Conventional

				Spacing		16		16		16		16		16		16		16

				Framing factor studs+header		25%		25%		25%		25%		25%		25%		25%





				2009 Code compliance minimum insulation and vapor retarder requirements

				Climate zone		Interior Vapor Retarder		Cavity Insulation (add both columns together)				Exterior Insulation		Wall Thickness		Exterior Cladding

						Class		All insulaton types		Spray Foam Next to WSP		Rigid Foam				Vent over WSP, FB, Gyp

				1, 2, 3, 4 (except Marine)		I, II, III		13		0		0		2x4		N/A												Code change proposal opportunites to eliminate the option of:

				Marine 4		I, II		13		0		5		2x4		No				IECC prescriptive option 2x4 - w/ CI								1) R13+5, R13+10, R20+5 with Class I VR

								20		0		0		2x6						IECC prescriptive 2x6 w/o CI								2) R38+0, R29+0 with Class III VR in CZ 7,8

						III		13		0		5		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		3.75		2x6						IECC prescriptive 2x6 w/ CI

								17.5		2.5		0		2x4				footnote a1

								16.25		3.75		0		2x6				footnote a1

								20		0		0		2x6		Yes		vented cladding

				5		I, II		13		0		5		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		0		2x6						IECC prescriptive 2x6 w/o CI

						III		13		0		5		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		7.5		2x6						IECC prescriptive 2x6 w/ CI

								15		5		0		2x4				footnote a1

								12.5		7.5		0		2x6				footnote a1

								20		0		0		2x6		Yes		vented cladding

				6		I, II		13		0		5		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		0		2x6						IECC prescriptive 2x6 w/o CI

						III		13		0		7.5		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		11.25		2x6						IECC prescriptive 2x6 w/ CI

								12.5		7.5		0		2x4				footnote a1

								8.75		11.25		0		2x6				footnote a1

								20		0		0		2x6		Yes		vented cladding

				7 and 8		I, II		13		0		5		2x4		No				IECC prescriptive option 2x4 - w/ CI

								21		0		0		2x6						IECC prescriptive 2x6 w/o CI

						III		13		0		10		2x4		No				IECC prescriptive option 2x4 - w/ CI

								21		0		15		2x6						IECC prescriptive 2x6 w/ CI

								11		10		0		2x4				footnote a1

								6		15		0		2x6				footnote a1

								21		0		0		2x6		Yes		vented cladding



				2012,2015 Code compliance minimum insulation and vapor retarder requirements

				Climate zone		Interior Vapor Retarder		Cavity Insulation (add both columns together)				Exterior Insulation		Wall Thickness		Exterior Cladding

						Class		All insulaton types		Spray Foam Next to WSP		Rigid Foam				Vent over WSP, FB, Gyp

				1, 2, 3, 4 (except Marine)		I, II, III		13		0		0		2x4		N/A

				Marine 4		I, II		13		0		5		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		0		2x6						IECC prescriptive 2x6 w/o CI

						III		13		0		5		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		3.75		2x6						IECC prescriptive 2x6 w/ CI

								17.5		2.5		0		2x4				footnote a1

								16.25		3.75		0		2x6				footnote a1

								20		0		0		2x6		Yes		vented cladding

				5		I, II		13		0		5		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		0		2x6						IECC prescriptive 2x6 w/o CI

						III		13		0		5		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		7.5		2x6						IECC prescriptive 2x6 w/ CI

								15		5		0		2x4				footnote a1

								12.5		7.5		0		2x6				footnote a1

								20		0		0		2x6		Yes		vented cladding

				6		I, II		13		0		10		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		5		2x6						IECC prescriptive option 2x6 w/CI

								38		0		0		2x6						IECC equivalent U-factor 2x6 w/o CI

								29		0		0		2x8						IECC equivalent U-factor 2x8 w/o CI

						III		13		0		10		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		11.25		2x6						IECC prescriptive option 2x6 w/CI

								12.5		7.5		0		2x4				footnote a1

								8.75		11.25		0		2x6				footnote a1

								20		0		0		2x6		Yes		vented cladding

				7 and 8		I, II		13		0		10		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		5		2x6						IECC prescriptive option 2x6 w/CI

								38		0		0		2x6						IECC equivalent U-factor 2x6 w/o CI

								29		0		0		2x8						IECC equivalent U-factor 2x8 w/o CI

						III		13		0		10		2x4		No				IECC prescriptive option 2x4 - w/ CI

								20		0		15		2x6						IECC prescriptive option 2x6 w/CI

								28		10		0		2x6				footnote a1		IECC equivalent U-factor 2x6 w/o CI

								14		15		0		2x8				footnote a1		IECC equivalent U-factor 2x8 w/o CI

								20		0		0		2x6		Yes		vented cladding		IECC equivalent U-factor 2x6 w/o CI

				1 footnote a - the maximum permeance of the all cavity insulation is 1.5 perms at the installed thickness





Sheet2

						U-factor Comparison

				Wall Component		R20		R25		R20+5ci

				Outside winter air 		0.17		0.17		0.17

				Siding		0.62		0.62		0.62

				Continuous insulation		0		0		5

				OSB - 7/16		0.62		0.62		0.62

				SPF stud		6.875		6.875		6.875

				SPF header		6.875		6.875		6.875

				Cavity insulation		20		25		20

				1/2 drywall		0.45		0.45		0.45

				Inside air film		0.68		0.68		0.68

				R-value stud path		9.42		9.42		14.42

				R-value header path		9.42		9.42		14.42

				R-value cavity path		22.54		27.54		27.54

				Framing factor - studs		21%		21%		21%

				Framing factor -header		4%		4%		4%

				Framing factor - cavity		75%		75%		75%

				U-factor		0.060		0.054		0.045

				Effective R of wall		17		19		22






Linear Thermal Bridge

= Linear Thermal Bridge:
« Additional heat flow caused by details that can be defined
by a length along the building surface.

— Units for “Psi-factor” (W) — linear thermal transmittance:
[IP] Btu / hr-ft-oF
[SI] W/ m-K

« Usually associated with the intersection of different building
thermal envelope assemblies and components.

« T[hese are not accounted for in the clear-field U-factors

used for purposes of “compliance” with 90.1 or I[ECC Linear Thermal Transmittance
building thermal envelope assembly requirements: Source: Morrison Hershfield LTD /
ASHRAE RP 1365
— Exception:

1) F-factors for insulation of slab-on-grade foundation edges
for insulation configurations consistent with the F-factor

selected. ’\
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Linear Thermal Bridge

= Examples: Slab floor edges, balconies, shelf-
angles, corners, parapets, window-wall
interface, int/ext wall interface, floor-wall
interface, foundation-slab interface, furring
penetrating through insulation, columns or
beams in the plane of an assembly, etc. g =

= |Impact: Depending on quantity and detailing
used, these heat flows can account for 20- " o
70% of total opaque envelope heat flow!

« And they are not accounted for in the energy
codes’ assembly U-factors and R-values!

Source: USACE report




Point Thermal Bridge

= Point Thermal Bridge:

« Heat flow caused by a thermal bridge that occurs at single element or discrete

“point”
— Units for “Chi-factor” ( y ) — point thermal transmittance:
[IP] Btu / hr-°F
[SI] W/ K

« Generally not accounted for in U.S. energy codes and standards, but not as
severe as linear thermal bridges in “normal” quantities.
« Examples: Pipes, beams, and column penetrations through building envelope

— Fasteners, brackets, ties, etc. also can be treated as point thermal bridges, but are best
addressed as part of the assembly U-factor calculation if distributed uniformly and

Point Thermal

repetitively over area of assembly Transmittance
— Code definition for continuous insulation permits fastener penetrations (point thermal Source: Morrison Hershfield LTD /
bridges) but not linear thermal brides (e.g., framing or Z-furring through ci layer) ASHRAE RP 1365

« |mpact: Assembly U-factor increased by 1% to 40% depending on amount of
insulation penetrated, size and spacing of penetrations, type of structure (e.g.,
wood, steel, concrete), penetrating material conductivity, 3-D geometry, etc.

-
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What are the implications of
unaccounted thermal bridges?

0.16 M Clear Wall Only ™ Including Poor Details M Including Efficient Details | Unaccounted thermal b“dges
can result in significantly over-estimated building
performance (under-estimated energy use).

= [naccurate heating and cooling loads for HVAC
equipment sizing

=  Moisture problems (condensation, corrosion,
mold, rot).

0.14

012

0.10

0.08

0.06

Contribution of Thermal Performance of Wall
Assembly to Energy Use(GJ/m? of Floor Area)

-
i = Diminishes the effective R-value of insulation
@ materials (devalues insulation to extent bridged)

. B » Use of continuous insulation with good thermal
Figure 4.7: Additional building energy use based on thermal performance of the

building wall assembly for varying amounts of nominal exterior insulation for a mid-rise b ri d ge d e ta | | | N g | S k e y tO mee t| N g | N te N d e d
MURSB in Edmonton (overall assembly thermal resistance in ft*+°FI/Btu also given)
performance.

Source: Morrison Hershfield Ltd ’ \
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What have past codes required? [ NNGG_ N

/AS IRAE/IES Standard 90.1-2019
(s upersedes ANSI/ASHRAE/IES Standar o.mme)
ANSl/ASHRAE/ISlddn \da listed in

= Repetitive framing thermal bridges (studs, tracks, headers, E“e”fagt;:‘;z;
joists, rafters, etc.) are accounted for in the prescriptive R- Except Low-Rise

. . . . Residential Buildings

values and U-factor calculations for individual assemblies (I-P Edition)

(walls, roofs, floors, etc.)

timely. documented,

T st oo of . ASHRAC Scdrd my b prched o the SHRAE ke (s rd) o

= Thermal bridges that occur at intersection of assemblies and T e
components have not been accounted for or clearly addressed in AsD ’& ©

past codes.
« ASHRAE 90.1-2019 and earlier - Performance path has required them to be IECC
considered as “uninsulated assemblies”, but this is inaccurate and often not
enforced or applied. ENERG Y ConsERvATION
« |ECC 2018 and earlier — thermal bridges beyond assembly U-factors are all
ignored.

« |ECC 2021 - "above-grade wall” definition revised to include thermal bridges
at assembly and component intersections with wall (but not enabled by
requirements and data in the code).

«  Prescriptive R-value path in the IECC and ASHRAE 90.1 (baseline for the
performance path) was built on the assumption of no unaccounted thermal
bridges.




What will the newer codes require?

= 2024 IECC - New provisions added to account for thermal bridges at
assembly and component intersections.

«  Prescriptive (R-value path) minimum requirements for insulation/structure details.

«  Thermal bridging included in component performance trade-off (i.e., prescriptive UA
trade-off method)

« Requirements for reference design and proposed design in performance modeling
(simulation) path.

= ASHRAE 90.1-2022 — New thermal bridging provisions also added

Similar to IECC provisions (similar sources considered by both)
Few more options but different approach (i.e., more complicated prescriptive requirements)

= Both focus only on the “big” thermal bridges and either are silent on or provide
allowances for other less significant thermal bridges.

= Does not achieve “ideal” mitigation of thermal bridges (but significantly improves on
current practice).

= Both will allow alternative solutions with at least equivalent performance (e.g., proprietary
thermal bridge mitigation devices).

-
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2024 |[ECC Definitions

= THERMAL BRIDGE. An element or interface of elements that has a
higher thermal conductivity than the surrounding building thermal
envelope, which creates a path of least resistance for heat transfer.

= CHI-FACTOR (x-FACTOR). The heat loss factor for a single thermal
bridge characterized as a point element of a building thermal envelope
(Btu/h x ° F)[W/K].

= PSI-FACTOR (¢-FACTOR). The heat loss factor per unit length of a
thermal bridge characterized as a linear element of a building thermal
envelope (Btu/h x ft x ° F)[W/(m x K)].



2024 |[ECC Construction Documents

= (C105.2 Information on construction documents.
1. Energy compliance path.
2. Insulation materials and their A-values.
3. Fenestration U-factors and solar heat gain coefficients (SHGCs).
4. Area-weighted (-factor and solar heat gain coefficient (SHGC) calculations.
0. Air barrier and air sealing details, including the location of the air barrier .
0. Thermal bridges as identified in Section C402.6.
Ctc.




2024 |[ECC — Prescriptive Thermal Bridging Rules

= C402.7 Thermal bridges in above-grade walls Thermal bridges in
above-grade walls shall comply with this section or an approved

design.
= Exceptions:
1. Buildings and structures located in Climate Zones O through 3.

2. Any thermal bridge with a material thermal conductivity not greater than 3.0
BtU/h—ft—o I: € EXCLUDES WOOD AND OTHER “LOW-CONDUCTIVITY” MATERIALS PENETRATING BTE

3. Blocking, coping, flashing, and other similar materials for attachment of roof
coverings.

4. Thermal bridges accounted for in the U-factor or C-factor for a building
thermal envelope. € AvoIDS DOUBLE-COUNTING (L.E., FRAMING) ’\
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2024 |ECC - Prescriptive

= (C402.7.1 Balconies and floor decks Balconies and concrete floor decks shall not
penetrate the building thermal envelope. Such assemblies shall be separately supported
or shall be supported by structural attachments or elements that minimize thermal
bridging through the building thermal envelope.

. Exceptions: Balconies and concrete floor decks shall be permitted to penetrate the building thermal envelope
where:

1. an area-weighted U-factor is used for above-grade wall compliance which that includes a U-factor of 0.8 Btu/h-F-
ft? for the area of the above-grade wall penetrated by the concrete floor deck in accordance with Section C402.1.2.1.5;

2. an approvedthermal break device of with not less than R-10 insulation material is installed in accordance with the
manufacturer's instructions ; or,

3. an approved design where the above-grade wall U-factor used for compliance accounts for all balcony and concrete
floor deck thermal bridges.

-
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2024 |ECC - Prescriptive

= (C402.7.2 Cladding supports Linear elements supporting opaque
cladding shall be off-set from the structure with attachments that allow
the continuous insulation, where present, to pass behind the cladding
support element except at the point of attachment.

Exceptions:

1. An approved design where the above-grade wall U-tactor used for compliance accounts for
the cladding support element thermal bridge.

2. Anchoring for curtain wall and window wall systems where curtain wall and window wall
systems comply with C402.7.4.

Examples: Offset shelf angle, offset furring with shear tab attachments, cladding
direct fastening through ci, etc.



2024 |ECC - Prescriptive

= (C402.7.3 Structural beams and columns Structural steel and concrete
beams and columns that project through the building thermal envelope
shall be covered with not less than R-5 insulation for not less than 2 feet
(610 mm) beyond the interior or exterior surface of an insulation
component within the building thermal envelope.

Exceptions:

1. Where an approved thermal break device is installed in accordance with the manufacturer's
instructions.

2. An approved design where the above-grade wall U-factor used to demonstrate compliance accounts
for the beam or column thermal bridge.



2024 |ECC - Prescriptive

= (C402.7.4 Vertical fenestration Vertical fenestration intersections with above grade
walls shall comply with one or more of the following:
1. Where above-grade walls include continuous insulation, the plane of the exterior glazing layer or, for metal frame
fenestration , a non-metal thermal break in the frame shall be positioned within 2 inches (610 mm) of the interior or
exterior surface of the continuous insulation.

2. Where above-grade walls do not include continuous insulation, the plane of the exterior glazing layer or, for metal
frame fenestration , a non-metal thermal break in the frame shall be positioned within the thickness of the integral or

cavity insulation .
3. The surface of the rough opening, not covered by the fenestration frame, shall be insulated with insulation of not
less than R-3 material or covered with a wood buck that is not less than 1.5 inches (457 mm) thick.

4. For the intersection between vertical fenestration and opaque spandrel in a shared framing system, manufacturer's
data for the spandrel U-factor shall account for thermal bridges.

Exceptions:
1. Where an approved design for the above-grade wall U-factor used for compliance accounts for thermal bridges at

the intersection with the vertical fenestration.
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2024 |ECC - Prescriptive

= (C402.7.5 Parapets Parapets shall comply with one or more of the following as applicable:

1. Where continuous insulation is installed on the exterior side of the above-grade wall and the roof is insulated with insulation
entirely above deck, the continuous insulation shall extend up both sides of the parapet not less than 2 feet (610 mm) above the
roof covering or to the top of the parapet, whichever is less. Parapets that are an integral part of a fire-resistance rated wall, and
the exterior continuous insulation applied to the parapet, shall comply with the fire resistance ratings of the building code.

2. Where continuous insulation is installed on the exterior side of the above-grade wall and the roof insulation is below the roof
deck, the continuous insulation shall extend up the exterior side of the parapet to not less than the height of the top surface of
the roof assembly .

3. Where continuous insulation is not installed on the exterior side of the above-grade wall and the roof is insulated with
insulation entirely above deck, the wall cavity or integral insulation shall extend into the parapet up to the exterior face of the
roof insulation or equivalent R-value insulation shall be installed not less than 2 feet (610 mm) horizontally inward on the
underside of the roof deck.

4. Where continuous insulation is not installed on the exterior side of the above-grade wall and the roof insulation is below the
roof deck, the wall and roof insulation components shall be adjacent to each other at the roof-ceiling-wall intersection.

5. Where a thermal break device with not less than R-10 insulation material aligned with the above-grade wall and roof
insulation is installed in accordance with the manufacturer's instructions.

Exception: An approved design where the above-grade wall U-factor used for compliance accounts for the parapet thermal

bridge. ’ .
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2024 |ECC - Prescriptive

= (C402.1.2.1.8 Mechanical equipment penetrations. Where the total area
of through penetrations of mechanical equipment is greater than 1
percent of the opaque above grade wall area, such area shall be
calculated as a separate wall assembly , in accordance with either
Section C402.1.2.1.5 or Section C402.1.4 using a published and approved
U-factor for that equipment or a default U-factor of 0.5.



2024 |IECC — Prescriptive (UA trade-off method)

TABLE C402.1.4 - PSI- and CHI-FACTORS TO DETERMINE THERMAL BRIDGES
FOR THE COMPONENT PERFORMANCE METHOD

Thermal Bridge per Section| Thermal Bridge Compliant with Thermal Bridge Non-Compliant

C402.7 Section C402.7 with Section C402.7

psi-factor (Btu/ | chi-factor (Btu/ | psi-factor (Btu/h- | chi-factor (Btu/
h-ft-°F) h-#-°F) ft-°F) h-#-°F)
C402.?.LE:Z:::||(§S, slabs, 02 n/a 05 n/a
C402.7.2 Cladding 0.2 n/a 03 n/a
supports
C402.7.3 Structural beams n/a 1'0;‘:::0” n/a 2.0-carbon steel
and columns 1.0-concrete

0.3-concrete

C402.7 .4 Vertical
fenestration

C402.7.5 Parapets 0.2 n/a 0.4 n/a

0.15 n/a 0.3 n/a

For SI: W/m-K = 0.578 Btu/h-ft-°F; 1 W/K = 1.90 Btu/h-"F




2024 |[ECC — Performance (Simulation) Path

TABLE C407.4.1(1) - SPECIFICATIONS FOR THE STANDARD REFERENCE
AND PROPOSED DESIGNS

BUILDING
COMPONENT S AN A T T CE PROPOSED DESIGN
CHARACTERISTICS
Type: same as proposed As proposed
Gross area: same as proposed As proposed
U-factor: as specified in Table
C402.1.2 As proposed
Thermal bridges: Account for
Walls, above-grade Clen?;ﬁ;anqszg_c::j lcf.}]?-r;;::\{g?s As proposed; psi- and_ chi-factors for
from Table C402.1.4 for thermal | ProPOSed thermal bridges shall be
bridges as identified in Section determ|netd n aScccc;r darg:c‘:foxgr;h 4
C402.7 that are present in the requirements in section o
proposed design.
Solar abserpiancse-
Oforeflectance: 0.25 As proposed
Emittance: 0.90 As proposed




Design Concepts for Clear-Field Thermal Bridges

= (Clear-field thermal bridges generally are required to be accounted for in U-
factor calculations or tests for assemblies:

« Refer to ASHRAE 90.1 Appendix A and Handbook of Fundamentals

— Light-frame construction and metal building systems account for thermal bridging caused by
framing members within the assemblies

— Steel framing calculation methods (and the new AISI S250 standard) excludes impact of additional
framing for wall openings: correction may be necessary.

« Some U-factor calculation methods are empirical and include some amount of fastener
point thermal bridges; some may include brick ties; some don't address impact of
fasteners at all (cladding, interior finish, exterior sheathing, etc.).

« (Can model or test assemblies, but all relevant thermal bridges in the
“as-constructed” assembly must be included where required by code.

« Also, see 2024 IECC (residential) new APPENDIX RF for U-factor and F-factor data

« Also includes “effective” U-factors for below grade walls which must be used in
prescriptive UA trade-off approaches.

-
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Mitigation Concepts for Clear-Field Thermal Bridges

=  Some ways to mitigate clear field thermal

_ _ Before
bridges include: . .
. . . R-13 batts in cavity
« Reduce “framing factor” where structurally p |||"l IL Dot fud
feasible (wider frame spacing, double stud I My ctween studs
framing, etc.) "["'
« Use low conductivity structural materials After

« Apply continuous insulation over
structure/framing members (minimize
discontinuity at floor/wall/roof intersections)

«  Mount metal or wood furring over (not through)
continuous insulation layer (RESOURCE:
https://www.continuousinsulation.org/cladding-
connections )

« Use low conductivity fasteners or devices to
attach cladding, furring, etc. to framing (e.g.,
stainless steel, carbon fiber, etc.)

:___ -‘_— = -3: N, ; ; - i >
Fig1: Selid metal fastening Fig. 2: Version with plastic sleeve
solution and shorter fastener

R13 + 2" rigid foam
continuous insulation
over studs

Source: Dryvit/Dow



https://www.continuousinsulation.org/cladding-connections

Mitigation Concepts for Point Thermal Bridges

= Some ways to mitigate point thermal bridges include:
« Minimize penetrations of high thermal conductivity materials through the building envelope.

« Encapsulate the penetrating element with insulation for at least 2 feet inward or outward
from the envelope.

« Use lower conductivity materials
— Stainless steel
= 3x lower thermal conductivity than carbon steel
= bx lower thermal conductivity than aluminum
=  More durable (benefit for cladding attachments)

— Various proprietary thermal break materials and devices (carbon fiber, fiberglass, brick ties
with thermal-break joints, etc.)



Mitigation Concepts for Linear Thermal Bridges

= Some ways to mitigate linear thermal bridges include:

« Convert a linear thermal bridge to a series of point thermal bridges to disrupt
and minimize heat flow pathway

« Examples:
— Offset brick shelf angle and continuous insulation
— Offset furring (on surface of continuous insulation and fastened through at points)
— Thermally broken or self-supported balconies
— Fenestration interface (alignment with insulation and insulation of exposed rough opening)
— Floor edges (continuous insulation)

— Foundation edges (continuous insulation) — F-factors don't account for all the options to
maximize placement and value of insulation to minimize slab edge heat loss

— Various proprietary structural thermal break devices



Examples of Mitigated Linear Thermal Bridges

(Balconies)

Suspended and
separately supported
balconies with shear
tab or offset shelf-
angle point connection
to building

Photos courtesy of John Hogan ’ .



More Examples of Mitigated Linear Thermal Bridges

(non-exhaustive “commodity” details)

Window
IGU frame
PVC caulk stop INSULATED WINDOW
/" | ROUGH OPENING DETALL
4 s " (USACE report)

\‘ —L ¥l 3 Finish

S!ralanl for air / Y
barrier continuity H
B— . = i
Interior air barrier = ©
masonry or e
concrete wall
structure
3" INSULATION
BRICK:
| 3 3" SHEATHING
mage 3c:
[ ic of
ahernate detai 6" METAL STUD OFFSET SHELF ANGLE
54" GYPSUM BOARD <A|SC/SE| artic\e)

6" THICK CONC SLAB

L5"=4"=12" LLH

" HEADED STUD @24" O.C.

L8"x6"x¥2" LLH

Example Details
from BSI-081:
Zeroing In (J.
Lstiburek, Building
Science Corp) as NOTE: Coordinate detailing at floor-wall and fenestration with NFPA

used on NIST 285 tested assemblies and approved engineering analysis details

NZERTF Project INSULATED PARAPET DETAILS . i
(Payette/AIA repord) (applies to Type I-IV buildings, not Type V wood frame). ’.
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5"x3"x}4" STAINLESS STEEL

SHIM PLATE @24" O.C.

||




Examples of Proprietary Thermal Bridging Devices

(non-exhaustive “google” search)

167247 0.C.
(32" 0.C. CI-GIRT SPACING
CLADDING TYPE & WIND PRESSU
Vil 777 77T A 2777
A/B OVER INSULATION OR
| "OVER SHEATHING,
I NOT BY KWS
|| FICID INSULATION 2 ps1
COMPRESSIVE STRENGTH,
< | NOT BY KWS

L& 1

I~

T I
I RN EEREN
Ll | LLLLLL]

\

Low thermal conductivity furring/cladding/ledger supports

Sources: Payette/AlA report and product info from Google search

Cantilevered Balcony Structural Thermal Break

Source: Google search

i

BY

2]1)

Structural thermal block for steel beam projections

through building envelope
Source: Google search ’ \
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Calculations to Account for Point & Linear

Thermal Bridges

Source: BC Hydro BETB Guide
/ Morrison Hershfield LTD

Q=[Z WA+ Z (¢ L) + = (x.n)IxAT

where:
Q = heat transfer through envelope by conduction (static)

U. = U-factor for assembly type i

A, = Total surface area of assembly type i

W, = Psi-factor for linear thermal bridge type j
L; = Total length of linear thermal bridge type ]
X « = Chi-factor for point thermal bridge type k
n, = number of point thermal bridges of type k

U. . — L(W-L)+X(X n)
adj —

+ U,

ATotal

where:
U.g = adjusted U-factor for use in “tricking” simulation model

to account for thermal bridges that may be associated
with but not “in” the assembly.

U, = clear-field U-factor for the assembly being adjusted ’.
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Example Design Data (Psi-factors for floor edges)

Table 1.3: Performance Categories and Default Transmittances for Floor and Balcony Slabs

Linear
Transmittance
Performance Category Description and Examples
Btu w
hr ft F m K
Fully insulated with only small
conductive bypasses
2alc il Examples: exterior insulated wall and floor 0.12 0.2

slab.

Thermally broken and intermittent
structural connections

Examples: structural thermal breaks, stand- | 0.20 0.35
off shelf angles.

Under-insulated and continuous
structural connections

6 EE Examples: partial insulated floor (i.e. 0.29 0.5
firestop), shelf angles attached directly to
the floor slab.

FLOOR AND BALCONY SLABS

Un-insulated and major conductive
bypasses

Examples: un-insulated balconies and 0.58 1.0
exposed floor slabs.

Source: BC Hydro BETB Guide / Morrison Hershfield LTD




Example Design Data
(Psi-factors for fenestration-wall interface)

Table 1.4: Performance Categories and Default Transmittances for Glazing Transitions

Linear
Transmittance

Btu w
hrft F m K

Performance Category Description and Examples

Well aligned glazing without conductive
bypasses

Examples: wall insulation is aligned with the 0.12 0.2
glazing thermal break. Flashing does not
bypass the thermal break.

Misaligned glazing and minor conductive
bypasses

Examples: wall insulation is not continuous 0.20 0.35
to thermal break and framing bypasses the
thermal insulation at glazing interface.

GLAZING TRANSITIONS

Un-insulated and conductive bypasses
Examples: metal closures connected to
Poor structural framing. Un-insulated concrete 0.29 0.5
opening (wall insulation ends at edge of
opening).

Source: BC Hydro BETB Guide / Morrison Hershfield LTD




Example Design Data
(Psi-factors for parapet roof-wall intersection)

Table 1.5: Performance Categories and Default Transmittances for Parapets

Linear
Transmittance
Performance Category Description and Examples
Btu w
hrft F mK
Roof and Wall Insulation Meet at the Roof
. Deck
Efficient Examples: structural thermal break at roof 012 02
deck, wood-frame parapet.
7]
m Fully Insulated Parapet
m LE ']
é — Examples: mmlahcn_wraps_around the 0.17 0.3
parapet to the same insulation level as the
E roof and wall.

Under-insulated Parapets

Examples: concrete parapet is partially
Regular insulated (less than roof insulation), 0.26 0.45
insulated steel framed parapet, concrete
block parapet.

Un-insulated and major conductive
bypasses 0.46 08
Examples: exposed parapet and roof deck.

Source: BC Hydro BETB Guide / Morrison Hershfield LTD




Example Design Data
(Chi-factors for metal/fastener penetrations)

TABLE 2

Representative Point Thermal Bridge Thermal Transmittance Values

(Chi-Factors, Btu/hi-F per in? of fastener area)

for Various Assembly Types and Metal {Carbon Steel) Penetration Conditions
(based on rough approximations from data in Table 1)'

R-value of | Steel Framing Wood Framing Concrete/Masonry
insulation Roof (Metal Deck) | Wall (Steel Studs) | Roof (WSP Deck) [ Wall (Wood Studs) | Walls or Roof Deck
component | Carbon steel Carbon steel Carbon steel Carbon steel Carbon steel
layer fastener/connector | fastener/connector | fastener/connector | fastener/connector | fastenerftie
penetrated | through above through exterior through above- through exterior penetrating
by metal deck insulation to insulation or deck roof insulation | insulation or continuous
element steel deck sheathing to studs | to wood sheathing | sheathing to studs | insulation and
embedded in two
outer layers of
concrete/masonry
R-0.5 0.032 0.04 0.012 0.m 0.32
(e.g., non- (Mayer et al., 2014) (Christansen, 2010}
insulating
sheathing)
R-5ci 0.132 0.2¢ 0.1 0.08 22
(Burch et al_, 1987) (Christensen, 2010) [ASHRAE 90.1)
R-10ci 0.2 0.33 015 012 18
(Wieland, 2006; (Mayer et al., 2014; (Burch et al., 1987; (Christensen, 2010; (ASHRAE 90.1)
Burch et al., 1987; Fosey and Dalgliesh, | 150 6946 Eqg. D.5) Posey & Dalgliesh, or 0.6 stainless steel
150 6946 Eq. D.5) 2005; and 2005} (Van Geem & Shirley,
unpublished data) 1887)
R-40ci 0.05 0.052 0.052 0.0k 07
(Weiland, 2006; IS0 (ASHRAE 90.1)
G946 Eq. D.5)
Table Notes:
1. Interpolation is permissible between R-values of penetrated insulation in the left column.

2. Values are based at lzast in part on data trends in adjacent cell(s) or columns of table and are provided only as a means to
facilitate completeness of the table and interpolation. Additional research and confirmation is recommended.

3. Based on other modeled data for energy efficient brick ties (e.q., wire ties with hinged connections that disrupt the heat flow
path), the normalized chi-facter may be as low as ~0.1 Btu/hr-F per in? of tie cross-section area penetrating insulation (pers.
comm. Patrick Roppel, Morrison-Hershfield, Jan. 15, 2016).

Chi-factors for Carbon-Steel Penetration through Exterior Insulation

25

—a—5ted Roof Deck

—e—5Sted Frame Wall

—a—\Wood Roof Deck
Wood Stud Wall

—e—Concrete/Masonry Tie to
Concrete/Masonry

Chi-Factor (Btu/hr-F per in2 of fastener area)

o 5 10 15 20 25 30 35 40 45

R-value of Exterior Continuous Insulation on Assembly

Source: ABTG RR No. 1510-03
Available at: https://www.continuousinsulation.org/thermal-bridging-

prevention
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https://www.continuousinsulation.org/thermal-bridging-prevention

Clear-field U-ftactor Analysis —

CFS steel frame wall with and without ci

2015 IECC Climate Zones & Insulation (C402.1.4.1 Calculation Method)
Zone 1,2 Zone 2-8 Zone 7res | Zone 8res n/a n/a
Wall Component 4"C-stud | 4" C-stud | 6" C-stud | 4" C-stud | 4" C-stud | 6" C-stud | 6" C-stud
Outside air film 0.17 0.17 0.17 0.17 0.17 0.17 0.17
Siding 0.62 0.62 0.62 0.62 0.62 0.62 0.62
Continuous insulation 5 10 8.5 15.6 17.5 0 3.8 Fastener area ratio for penetrations through interior and exterior surface layers:
Gypsum Sheathing 1/2" 0.45 0.45 0.45 0.45 0.45 0.45 0.45 FAR = fastener cross-section area (in®) per in’ of wall area x 100%
subtotal exterior R-value: 6.07 11.07 9.57 16.67 18.57 1.07 4.87 — -
- - 0.020% Siding fastener area ratio (see below)
Cavity Insulation 13 13 19 13 13 19 21 0.000% Continuous insulation fastener ratio (see note below)
Cavity Correction Factor 0.46 0.46 0.37 0.46 0.46 0.37 0.35 0.018% Gypsum exterior sheathing fastener ratio (see note below)
Eff. Cavity insulation 5.98 5.98 7.03 5.98 5.98 7.03 7.35 Notes on fasteners as addressed in C402.1.4.1 calculation method:
1/2 drywal I (int. R-val ue) 0.45 0.45 0.45 0.45 0.45 0.45 0.45 ; Eltfasfteners are ifmptlicit to the derlivztion c;f clalvitzzorrec:?n ::ctors:or steel f;amifngt
. exterior m ners m n rt r n | rrection r
Inside air film 0.68 0.68 0.68 0.68 0.68 0.68 0.68 3. Int:ri::r :://s::jm f::t:n:r: arzya:cotn:ezaforaa n\;aimp:zisti to theecca?/ityyczorreecii o: faacioorsS
Nom. U-factor (no fasteners) 0.075 0.054 0.056 0.042 0.039 0.106 0.074 0.000% Interior gypsum board fastener ratio (see note above and below)
Effective R (no fasteners) 13.4 18.4 17.9 24.0 25.9 9.4 13.5
K K 2 0.2 Typical steel frame wall framing surface layer connections:
U-factor increase due to fastener heat loss (delta-U = Chi x FAR x 144in°/ft°): gysum int. = 12'x16" #6 screws, 0.016n? = 0.008%
Siding fasteners 0.00547 0.00848 0.00819 0.00719 0.00675 0.00158 0.00454 Gypsum ext. = 62 #8 screws per 32sqft, 0.021in” = 0.028%
Cl fasteners 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 Cl board = 42 #8 screws per 32sqft, 0.0.021in” = 0.019%
Ext Gyp fasteners 0.00060 0.00044 0.00051 0.00033 0.00031 0.00097 0.00070 6" Lap Siding = 1screw,0.016in’, per 80in” = 0.02%
Drywall fasteners 0.00000 0.00000 | 0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000 il Tizs = 20UiEs Heaildia L AE GO
Total add to U: 0.00607 0.00892 0.00870 0.00752 0.00706 0.00255 0.00523
U-factor (with fasteners) 0.0810 0.0634 0.0646 0.0493 0.0457 0.1089 0.0792 Source: ABTG RR No. 1510-03
Effective R (with fasteners) 12.35 15.77 15.49 20.29 21.86 9.18 12.63

Factor increase in nom. U 1.08 1.16 1.16 1.18 1.18 1.02 1.07 ’ .
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Sheet1

		Metal Element Penetration (fastener/connector/tie) through continuous insulation on wood frame or steel frame wall and roof assemblies

		Jay Crandell, 10/27/2015 (rev. 9/20/2016)

		From ABTG Research Report No. 1510-03 "Repetitive Metal Penetrations in Building Thermal Envelope Assemblies" (Feb 5, 2015, rev. 9/20/2016):																										OLD VALUES FROM 2/5/2015 FIRST EDITION OF REPORT:

		REVISED VALUES FROM 9/20/2016 REVISION:

																				Conductivity (Btu-in/hr-ft2-F)

																				wood		1

																				steel		26

																				concrete		15

										Chi-Factors:

				R-value of penetrated						CS fastener				CS fastener				CS fastener				CS fastener				CS fastener

				insulation component						into steel roof				into steel				into wood roof				into wood 				into concrete

				(sheathing or CI)						deck				wall stud				sheathing				wall stud				or masonry

				0.5						0.03				0.04				0.01				0.01				0.3

				5						0.13				0.2				0.1				0.08				2.2

				10						0.2				0.3				0.15				0.12				1.8

				40						0.05				0.05				0.05				0.05				0.3

																														Assembly Type		Chi-factor linear equations based on data ranges (Table 2 and Figure 1):

																						Bi-linear fit to data (0.5R to 10R, 10R to 40R)										Penetrated Layer R-value

								X1		y1		x2		y2		x3		y3				m1		C1		m2		C2				<Rci-0.5		 0.5 <= Rci <= 10						10<= Rci <=40						Rci>40

				Steel roof deck: 				0.5		0.03		10		0.2		40		0.05				0.018		0.021		-0.005		0.250		Steel roof deck: 		0.04		Chi = 0.018(Rci)+0.021						Chi = -0.005(Rci) + 0.25						0.05

				Steel frame wall:				0.5		0.04		10		0.3		40		0.05				0.027		0.026		-0.008		0.383		Steel frame wall:		0.04		Chi = 0.027(Rci)+0.026						Chi = -0.008(Rci) + 0.38						0.05

				Wood roof deck:				0.5		0.01		10		0.15		40		0.05				0.015		0.003		-0.003		0.183		Wood roof deck:		0.01		Chi = 0.015(Rci)+0.003						Chi = -0.003(Rci) + 0.18						0.05

				Wood stud wall:				0.5		0.01		10		0.12		40		0.05				0.012		0.004		-0.002		0.143		Wood stud wall:		0.01		Chi = 0.012(Rci)+0.004						Chi = -0.002(Rci) + 0.14						0.05

				Concrete/Masonry:				0.5		0.3		5		2.2		40		0.3				0.422		0.089		-0.054		2.471		Concrete/Masonry:		0.3		Chi = 0.422(Rci)+0.089						Chi = -0.054(Rci) + 2.47						0.3		  values revised 9/20/2016



		EVALUATION OF WOOD FRAME WALL -- IMPACT OF CARBON STEEL METAL PENETRATIONS (FASTENER/CONNECTOR) ON U-FACTOR AND EFFECTIVE R-VALUE



								2015 IECC Climate Zones and Insulation (parallel path calculation)

						Zone 1, 2		Zone 3, 4, 5				Zone 6, 7, 8				Zone 7com		Zone5-7com		Fastener area ratio for penetrations through interior and exterior surface layers:

				Wall Component		2x4		2x4		2x6		2x4		2x6		2x4 com		2x6 com		FAR = fastener cross-section area (in2) per in2 of wall area x 100%

				Outside winter air 		0.17		0.17		0.17		0.17		0.17		0.17		0.17

				Siding		0.62		0.62		0.62		0.62		0.62		0.62		0.62		0.008%		Siding fastener area ratio (see below)

				Continuous insulation		0		5		0		10		5		15.6		3.8		0.007%		Continuous insulation fastener area ratio (see below)

				OSB - 7/16		0.62		0.62		0.62		0.62		0.62		0.62		0.62		0.020%		Ext. str. sheathing fastener area ratio (see below)

				   subtotal exterior R-value:		1.24		6.24		1.24		11.24		6.24		16.84		5.04

				SPF stud		4.375		4.375		6.875		4.375		6.875		4.375		6.875

				SPF header		4.375		4.375		6.875		4.375		6.875		4.375		6.875

				Cavity insulation		13		13		20		13		20		13		20

				1/2 drywall (int. R-value)		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.008%		Int. gypsum board fastener area ratio (see below)

				Inside air film		0.68		0.68		0.68		0.68		0.68		0.68		0.68

				R-value stud path		6.92		11.92		9.42		16.92		14.42		22.52		13.22				Typical wood wall framing surface layer connections:

				R-value header path		6.92		11.92		9.42		16.92		14.42		22.52		13.22						gysum int. = 12"x16" #6 screws, 0.016in2 = 0.008%

				R-value cavity path		15.54		20.54		22.54		25.54		27.54		31.14		26.34						OSB ext. =  62 nails per 32sqft, 0.0135in2 = 0.018%

				Framing factor - studs		21%		21%		21%		21%		21%		21%		21%						CI board = 42 nails per 32sqft, 0.0.0077in2 = 0.007%

				Framing factor -header		4%		4%		4%		4%		4%		4%		4%						6" Lap Siding =  1 nail,0.0077in2, per 80in2 = 0.01% 

				Framing factor - cavity		75%		75%		75%		75%		75%		75%		75%						Brick Ties =  1"x0.03" tie at 16"x24", 2.67ft2 = 0.008%

				Nom. U-factor (no fasteners)		0.084		0.057		0.060		0.044		0.045		0.035		0.047						10" Vinyl Siding =  1 nail, 0.0113in2, 10"x16" = 0.007%

				Effective R (no fasteners)		11.8		17.4		16.7		22.7		22.4		28.4		21.1

				U-factor increase due to fastener heat loss (delta-U = Chi x FAR x 144in2/ft2):

				Siding fasteners		0.00022		0.00091		0.00022		0.00139		0.00091		0.00126		0.00074

				CI fasteners		0.00011		0.00069		0.00011		0.00119		0.00070		0.00109		0.00056

				OSB fasteners		0.00031		0.00022		0.00032		0.00018		0.00025		0.00014		0.00026

				Drywall fasteners		0.00012		0.00012		0.00012		0.00012		0.00012		0.00012		0.00012

				Total add to U:		0.00075		0.00194		0.00076		0.00287		0.00197		0.00261		0.00168

				U-factor (with fasteners)		0.0852		0.0594		0.0606		0.0470		0.0465		0.0378		0.0491

				Effective R (with fasteners)		11.74		16.82		16.50		21.27		21.48		26.46		20.38

				Factor Increase in nom. U		1.01		1.03		1.01		1.07		1.04		1.07		1.04

				Notes for options to compensate for R-value loss due to fasteners (wood walls):

				1) Next, for the following walls the following actions could be take to restore the U-factor to that of the base wall without fasteners:

				     2x4 R13 wall -- increase cavity insulation to R13.5 or use stainless steel siding and sheathing fasteners (but this gains less than 0.1 R in performance -- cost benefits questionable)

				    2x4 R13+5 wall -- to get back to U=0.057 base wall, use R15 cavity instead of R13, or increase CI from R-5ci to R-5.8ci 

				   2x4 R13+10 wall -- to get back to U=0.060 base wall, use R15.9 cavity insulation, or increase ci from R-10ci to R-11.6ci

				   2x6 R20 wall -- to get back to U=0.060 base wall, use R20.5 cavity insulation, or use R-0.9 sheathing (e.g., fiberboard) instead of R-0.62 (OSB), or apply an R-0.25 wrap/roll insulation WRB 

				   2x6 R20+5 wall -- to get back to the base U=0.045, use R-22 instead of R-20 cavity insulation, or use R-5.9ci instead of R-5ci.   

				   2x6 R20+3.8 wall -- to get back to base U=0.047, use R-22.1 instead of R-20 cavity insulation, or use R-4.8ci instead of R-3.8ci.

				2) Another compensation would be to substitute some amount of spray foam for cavity batt insulation (e.g., flash and batt) which should also provide added air-sealing benefts.

				3) Another option is to use adhesively applied CI attachment (although this will not address the siding fastener penetrations, unless EIFS is used and there are no siding fasteners)

				THUS, THERE ARE NUMEROUS TRADES THAT COULD BE MADE INSTEAD OF SIMPLY INCREASING THE CI R_VALUE TO COMPENSATE FOR FASTENER THERMAL BRIDGING LOSSES.

				ANOTHER THING TO NOTE IS THAT THE IMPACT OF FASTENERS TO R5 (OR SIMILAR) CI IS NOT ALL THAT DIFFERENT THAN FOR WALLS WITHOUT CI (1 to 3% IMPACT)



		EVALUATION OF CFS STEEL FRAME WALL -- IMPACT OF CARBON STEEL METAL PENETRATIONS (FASTENER/CONNECTOR) ON U-FACTOR AND EFFECTIVE R-VALUE (revised formula for Chi 9/20/2016)

								2015 IECC Climate Zones & Insulation (C402.1.4.1 Calculation Method)

						Zone 1, 2		Zone 2-8				Zone 7res		Zone 8res		n/a		n/a		Fastener area ratio for penetrations through interior and exterior surface layers:

				Wall Component 		4"C-stud		4" C-stud		6" C-stud		4" C-stud		4" C-stud		6" C-stud		6" C-stud		FAR = fastener cross-section area (in2) per in2 of wall area x 100%

				Outside air film 		0.17		0.17		0.17		0.17		0.17		0.17		0.17

				Siding		0.62		0.62		0.62		0.62		0.62		0.62		0.62		0.020%		Siding fastener area ratio (see below)

				Continuous insulation		5		10		8.5		15.6		17.5		0		3.8		0.000%		Continuous insulation fastener ratio (see note below)

				Gypsum Sheathing 1/2"		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.018%		Gypsum exterior sheathing fastener ratio (see note below)

				   subtotal exterior R-value:		6.07		11.07		9.57		16.67		18.57		1.07		4.87		Notes on fasteners as addressed in C402.1.4.1 calculation method:

				Cavity Insulation		13		13		19		13		13		19		21		1. CI fasteners are implicit to the derivation of cavity correction factors for steel framing

				Cavity Correction Factor		0.46		0.46		0.37		0.46		0.46		0.37		0.35		2. Exterior gypsum fasteners may only be partially addressed in the cavity correction factors

				Eff. Cavity insulation		5.98		5.98		7.03		5.98		5.98		7.03		7.35		3. Interior gypsum fasteners are accounted for and implicity to the cavity correction factors

				1/2 drywall (int. R-value)		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.000%		Interior gypsum board fastener ratio (see note above and below) 

				Inside air film		0.68		0.68		0.68		0.68		0.68		0.68		0.68

				Nom. U-factor (no fasteners)		0.075		0.054		0.056		0.042		0.039		0.106		0.074				Typical steel frame wall framing surface layer connections:

				Effective R (no fasteners)		13.4		18.4		17.9		24.0		25.9		9.4		13.5				gysum int. = 12"x16" #6 screws, 0.016in2 = 0.008%

				U-factor increase due to fastener heat loss (delta-U = Chi x FAR x 144in2/ft2):																		Gypsum ext. =  62 #8 screws per 32sqft, 0.021in2 = 0.028%

				Siding fasteners		0.00547		0.00848		0.00819		0.00719		0.00675		0.00158		0.00454				CI board = 42 #8 screws per 32sqft, 0.0.021in2 = 0.019%

				CI fasteners		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000				6" Lap Siding =  1screw,0.016in2, per 80in2 = 0.02% 

				Ext Gyp fasteners		0.00060		0.00044		0.00051		0.00033		0.00031		0.00097		0.00070				Brick Ties =  2"x0.033" tie at 16"x24", 2.67ft2 = 0.017%

				Drywall fasteners		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000

				Total add to U:		0.00607		0.00892		0.00870		0.00752		0.00706		0.00255		0.00523

				U-factor (with fasteners)		0.0810		0.0634		0.0646		0.0493		0.0457		0.1089		0.0792

				Effective R (with fasteners)		12.35		15.77		15.49		20.29		21.86		9.18		12.63

				Factor increase in nom. U		1.08		1.16		1.16		1.18		1.18		1.02		1.07

																						IECC-2015:

				Notes for options to compensate for R-value loss due to fasteners (steel frame walls):

				2x4 R13+5 -- To achieve base wall U=0.075, use R-6.3ci instead of R-5ci, or SS siding screws or ties with R15 batt

				2x4 R13+7.5 -- To achieve base wall U=0.063, use R-10.1ci instead of R-7.5ci, or  R9.6ci with R-15 batt

				2x6 R19+8.5 -- To achieve base wall U=0.056, use R-11.6ci instead of R-8.5ci, or use R9.4ci with R-21 batt plus SS siding screws/ties  

				2x6 R13+15.6 -- To achieve base wall U=0.042, use R-19.8ci instead of R15.6ci, or use R-16.8ci with R-15 batt plus SS siding screws/ties

				etc.

		EVALUATION OF MASS WALL -- IMPACT OF CARBON STEEL METAL PENETRATIONS (FASTENER/CONNECTOR) ON U-FACTOR AND EFFECTIVE R-VALUE

				This analysis assumes exterior continuous insulation between two mass layers (e.g., masonry or concrete wall with brick veneer and insulation in between) (if insulation is on the interior of the wall, then the linear thermal bridge of slab to wall connections must be included)

						2015 IECC - ASHRAE 90.1 Insulation by Climate Zone (Appendix A3.1 Calculation)

				Wall Component 		Zone1-2		Zone2-3		Zone3-4		Zone4-5		Zone4m,5-6		Zone6-7		Zone 8		Fastener area ratio for penetrations through interior and exterior surface layers:

				Outside air film 		0.17		0.17		0.17		0.17		0.17		0.17		0.17		FAR = fastener cross-section area (in2) per in2 of wall area x 100%

				Brick + Vented Airspace		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.017%		Brick tie or furring fastener area ratio (see below)

				Ext.Continuous insulation		5.7		7.6		9.5		11.4		13.3		15.2		25		0.000%		Continuous insulation fastener area ratio (see below)

				Ext. Membrane		0.1		0.1		0.1		0.1		0.1		0.1		0.1		0.000%		Use 0.028% fastener area ratio as typical (see below)

				Int. Cont. Insulation		0		0		0		0		0		0		0

				Block/Concrete R-value		1.5		1.5		1.5		1.5		1.5		1.5		1.5

				1/2 drywall + 3/4"airspace		0		0		0		0		0		0		0		0.000%		Use 0.008% fastener area ratio as typical (see below)

				Inside air film		0.68		0.68		0.68		0.68		0.68		0.68		0.68

				Nom. U-factor (no fasteners)		0.116		0.095		0.080		0.070		0.062		0.055		0.036		Typical mass wall surface layer connections:

				Effective R (no fasteners)		8.7		10.6		12.5		14.4		16.3		18.2		28.0				Brick Ties =  2"x0.033" tie at 16"x24", 2.67ft2 = 0.017%

				U-factor increase due to fastener heat loss (delta-U = Chi x FAR x 144in2/ft2):																		CI board =  minimal (0.006%), negligible (not embedded in both mass layers)

				Siding fasteners (brick ties)		0.06726		0.08689		0.04711		0.04460		0.04209		0.03958		0.02662				gysum int. = 12"x16" #8 screws or furring tap-cons, 0.021in2 = 0.01%

				CI fasteners		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000						(negligible, not embedded in both mass layers)

				Ext membrane (n/a)		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000

				Drywall/furring fasteners		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000

				Total add to U:		0.06726		0.08689		0.04711		0.04460		0.04209		0.03958		0.02662

				U-factor (with fasteners)		0.1829		0.1817		0.1274		0.1143		0.1036		0.0947		0.0624

				Effective R (with fasteners)		5.47		5.50		7.85		8.75		9.65		10.56		16.02

				Factor increase in nom. U		1.58		1.92		1.59		1.64		1.68		1.72		1.74

				Notes for options to compensate for R-value loss due to fasteners (mass walls):

				1. Using stainless steel brick ties would would cut the impact to as little as one-third (e.g., 13% instead of 40% increase in U-factor).

				2. Otherwise, exterior ci values would need to be increased to compensate for penetrations; however, the exterior ci R-value application has U-factors significantly lower than minimum required which must be based on interior frame walls mis-represented as "continuous insulation" when it is not even close. 

				3. But, it is inconsistent to penalize exterior insulation  for point thermal bridges when interior insulation is not penalized for major linear thermal bridges (e.g., floor-slab intersections, interior wall intersections, etc.)

				If interior insulation is used, then slab/wall joint linear thermal bridge must be considered (about a 0.03 add to the wall U-factor for 10-ft story height).

				If steel frame wall or wood frame interior wall is used as the "continuous insulation" then they must be calculated accounting for framing members.

		EVALUATION OF ABOVE DECK ROOF INSULATION -- IMPACT OF CARBON STEEL METAL PENETRATIONS (FASTENERS) INTO METAL DECK ON U-FACTOR AND EFFECTIVE R-VALUE

		Analysis assumes mechanically attached roof membrane, cover board, and insulation (not ballasted or adhesively attached)

						IECC 2015 Insulation by Climate Zone

				Roof Component 		Zone1		Zone2-3		Zone4-6		Zone7-8		Fastener area ratio (FAR) for mechanically attached component layers:

				Outside air film		0		0		0		0		FAR = fastener cross-section area (in2) per in2 of roof area x 100%

				Roof membrane		0		0		0		0		0.0015%		See below for mechanically attached roof membrane

				Cover Board		0.2		0.2		0.2		0.2		0.0000%		See below for mechanically attached cover board

				Above Deck Insulation		20		25		30		38		0.0045%		See below for insulation attachment

				Metal Deck + any concrete		0		0		0		0		0.0060%		Total 

				Below deck insulation		0		0		0		0

				Inside air film		0.68		0.68		0.68		0.68		Typical fastening schedule:

				Nom. U-factor (no fasteners)		0.048		0.039		0.032		0.026		membrane= 12"oc in rows at 8'oc, 0.0186in2 fastener = 0.0015%

				Eff. R (no fasteners)		20.9		25.9		30.9		38.9				(minimum, may double with higher wind zones)

				U-factor increase due to fastener heat loss (delta-U = Chi x FAR x 144in2/ft2):										cover board = same as insulation or in lieu of insulation fasteners 

				Membrane fasteners		0.00032		0.00027		0.00021		0.00013				(0% if adhered to insulation)

				Cover board fasteners		0.00000		0.00000		0.00000		0.00000		insulation = 1 screw per 2 to 4 ft2, 0.0186in2 fastener, = 0.0032 to 0.0065%

				Insulation fasteners		0.00096		0.00080		0.00064		0.00039				(0% if insulation is adhered)

				Total add to nominal U-factor:		0.00128		0.00107		0.00086		0.00051

				U-factor (with fasteners)		0.0492		0.0397		0.0332		0.0262

				Effective R (with fasteners)		20.33		25.18		30.08		38.12

				Factor increase in nom. U		1.03		1.03		1.03		1.02

				NOTE:  Approximately 3% impact should be considered negligible. However, this may be a tiny competitive issue with adhesively attached or ballasted roof technologies that have few, if any, fasteners.

				For example, increasing R38 roof insulation to R38.5 (0.5 R would compensate for a typical fastening schedule for mechanically attached roof system); or increase R20 to R20.7 



Chi-factors for Carbon-Steel Penetration through Exterior Insulation



Steel Roof Deck	

0.5	5	10	40	0.03	0.13	0.2	0.05	Steel Frame Wall	

0.5	5	10	40	0.04	0.2	0.3	0.05	Wood Roof Deck	

0.5	5	10	40	0.01	0.1	0.15	0.05	Wood Stud Wall	

0.5	5	10	40	0.01	0.08	0.12	0.05	Concrete/Masonry Tie to Concrete/Masonry	

0.5	5	10	40	0.3	2.2000000000000002	1.8	0.3	R-value of Exterior Continuous Insulation on Assembly





Chi-Factor (Btu/hr-F per in2 of fastener area)
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poin thermal bridges that might be associated with the assemblies in end use. In adtion, values for -
mass wall assemblies (concrete/masonry) are needed, but were generally not found in the literature.
TABLE2
Representative Point Thermal Bridge Thermal Transmittance Values (Chi-Factors, Btu/hr-F per in® of
fastener areal for Various Assembly Types and Metal Penetration (Connector/Fastener) Conditions
& (based on rough approximations from data in Table 1)
Rvalue of | Steel Framing Wood Framing Concrete/Masonry™
insulation | Roof (Mietal Deck) | Wall(Steel Studs) _| Roof (WSP Deck) | Wal (Wood Studs) | Walls or Roof Deck
component [ Carbon steel Carbon steel Carbon steel Carbon steel Carbon steel
layer fastener/connector | fastener/connector | fastener/connector | fastener/connector | fastener/connector
penetrated | throughabove | through exterior | through above- | through exterior | through exterior
bymetal | deckinsulationto | insulation or deck roof insulation or insulation or
clement | steel deck sheathing to studs | insulation to wood | sheathing to studs | sheathing to
sheathing concrete/masonry
substrate
R05 008 002 001 001 003
(non- (Mayer et al. (Christensen
insulating (2014) (2010)
sheathing)
100" |02 03 o015 [ 018
(Wieland (2006); | (Mayer etal. (Burch et al. (Christensen
Burch et al. (1987); | (2014); Posey and | (1587); 1506345 | (2010); Posey &
1506946 £q. D5) | Dalglieshyand | Eq.DJ5) Dalgliesh)
unpublished data)
=Ra0q [ 005 005 005 005 005
(Weiland (2006);
150 6946 Eq. D.5)
Table Notes: o
1. Interpolation is permissible between R-values of penetrated insulation in the left column.
2. *"Value are assumed based on data in adjacent cel(s) in row of table and are provided for
interpolation purposes.
3. ** Values for concrete/masonry added based on proportionate difference in thermal
conductivity of concrete relative to wood and steel resulting in intermediate Chi-factors for
concrete. This i for rough approximation purposes only.
STOP REVIEW
The values in Table 1 are based on solid carbon steel elements (fasteners, tis, connectors, etc.) that o
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the approximated data. This shape is consistent with the trends seen in Chi-factor data presented in Wieland (2006) and
Burch et al. (1987) (see literature review).

TABLE 2
Representative Point Thermal Bridge Thermal Transmittance Values
(Chi-Factors, Btulhr.F per in? of fastener area)
for Various Assembly Types and Metal (Carbon Steel) Penetration Conditions
& (based on rough approximations from data in Table 1)'

R-value of | Steel Framing Wood Framing Concrete/Masonry
insulation [ "Roof (Metal Deck) | Wall (Steel Studs) | Roof (WSP Deck) | Wall (Wood Studs) | Walls or Roof Deck
component [“Carbon steel Carbon steel Carbon steel Carbon steel Carbon steel
layer fastener/connector | fastener/connector | fastener/connector | fastener/connector | fastener
penetrated | through above through exterior | through above- | through exterior | penetrating
by metal | deck insulationto | insulation or deck roof insulation | insulation o continuous
element | steel deck sheathing to studs | to wood sheathing | sheathing to studs | insulation and
embedded in two
outer layers of
concrete/masonry
R05 003 004 0012 001 032
(e.g. non- (Mayer etal, 2014) (Christensen, 2010)
insulating
sheathing)
R-5ci 0132 022 [ 008 22
(Burch etal, 1987) | (Christensen, 2010) | (ASHRAE 90.1)
RA0GH [) 03 015 012 18
(Wieland, 2006; (Mayer etal, 2014; | (Burchetal, 1957, | (Chiistensen, 2010; | (ASHRAE 90.1)
Burch etal, 1987, | Posey and Dalgliesh, | IS0 6946 Eq. D5) | Posey & Dalgliesh, | or 0.6 stainless steel
106946 Eq.D5) | 2005, and 2005) (Van Geem & Shirey,
unpublished date) 1987)
ERA0G [ 005 0,052 0052 0052 037
(Weiland, 2006; 1SO
6946 Eq. D.5)

Table Notes: 0
1. Interpolation is permissible between R-values of penetrated insulation in the left column
2. Values are based at least in part on data trends n adjacent cel(s) or columns of table and are provided only as a means to
faciltate completeness of the table and interpolation. Addiional research and confimation i recommended
3. Based on other modeled data for energy effcient brick ies (2.g. wire ies with hinged connecions that disrupt the heat low
path), the normalized chifactor may be a5 ow as ~0-1 BIUII- per n of i cross-section area penetrating insulation (pers.
comm. Patick Roppel, Morson-Hefshfild, Jan. 15, 2016).
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		Metal Element Penetration (fastener/connector/tie) through continuous insulation on wood frame or steel frame wall and roof assemblies

		Jay Crandell, 10/27/2015 (rev. 9/20/2016)

		From ABTG Research Report No. 1510-03 "Repetitive Metal Penetrations in Building Thermal Envelope Assemblies" (Feb 5, 2015, rev. 9/20/2016):																										OLD VALUES FROM 2/5/2015 FIRST EDITION OF REPORT:

		REVISED VALUES FROM 9/20/2016 REVISION:

																				Conductivity (Btu-in/hr-ft2-F)

																				wood		1

																				steel		26

																				concrete		15

										Chi-Factors:

				R-value of penetrated						CS fastener				CS fastener				CS fastener				CS fastener				CS fastener

				insulation component						into steel roof				into steel				into wood roof				into wood 				into concrete

				(sheathing or CI)						deck				wall stud				sheathing				wall stud				or masonry

				0.5						0.03				0.04				0.01				0.01				0.3

				5						0.13				0.2				0.1				0.08				2.2

				10						0.2				0.3				0.15				0.12				1.8

				40						0.05				0.05				0.05				0.05				0.3

																														Assembly Type		Chi-factor linear equations based on data ranges (Table 2 and Figure 1):

																						Bi-linear fit to data (0.5R to 10R, 10R to 40R)										Penetrated Layer R-value

								X1		y1		x2		y2		x3		y3				m1		C1		m2		C2				<Rci-0.5		 0.5 <= Rci <= 10						10<= Rci <=40						Rci>40

				Steel roof deck: 				0.5		0.03		10		0.2		40		0.05				0.018		0.021		-0.005		0.250		Steel roof deck: 		0.04		Chi = 0.018(Rci)+0.021						Chi = -0.005(Rci) + 0.25						0.05

				Steel frame wall:				0.5		0.04		10		0.3		40		0.05				0.027		0.026		-0.008		0.383		Steel frame wall:		0.04		Chi = 0.027(Rci)+0.026						Chi = -0.008(Rci) + 0.38						0.05

				Wood roof deck:				0.5		0.01		10		0.15		40		0.05				0.015		0.003		-0.003		0.183		Wood roof deck:		0.01		Chi = 0.015(Rci)+0.003						Chi = -0.003(Rci) + 0.18						0.05

				Wood stud wall:				0.5		0.01		10		0.12		40		0.05				0.012		0.004		-0.002		0.143		Wood stud wall:		0.01		Chi = 0.012(Rci)+0.004						Chi = -0.002(Rci) + 0.14						0.05

				Concrete/Masonry:				0.5		0.3		5		2.2		40		0.3				0.422		0.089		-0.054		2.471		Concrete/Masonry:		0.3		Chi = 0.422(Rci)+0.089						Chi = -0.054(Rci) + 2.47						0.3		  values revised 9/20/2016



		EVALUATION OF WOOD FRAME WALL -- IMPACT OF CARBON STEEL METAL PENETRATIONS (FASTENER/CONNECTOR) ON U-FACTOR AND EFFECTIVE R-VALUE



								2015 IECC Climate Zones and Insulation (parallel path calculation)

						Zone 1, 2		Zone 3, 4, 5				Zone 6, 7, 8				Zone 7com		Zone5-7com		Fastener area ratio for penetrations through interior and exterior surface layers:

				Wall Component		2x4		2x4		2x6		2x4		2x6		2x4 com		2x6 com		FAR = fastener cross-section area (in2) per in2 of wall area x 100%

				Outside winter air 		0.17		0.17		0.17		0.17		0.17		0.17		0.17

				Siding		0.62		0.62		0.62		0.62		0.62		0.62		0.62		0.008%		Siding fastener area ratio (see below)

				Continuous insulation		0		5		0		10		5		15.6		3.8		0.007%		Continuous insulation fastener area ratio (see below)

				OSB - 7/16		0.62		0.62		0.62		0.62		0.62		0.62		0.62		0.020%		Ext. str. sheathing fastener area ratio (see below)

				   subtotal exterior R-value:		1.24		6.24		1.24		11.24		6.24		16.84		5.04

				SPF stud		4.375		4.375		6.875		4.375		6.875		4.375		6.875

				SPF header		4.375		4.375		6.875		4.375		6.875		4.375		6.875

				Cavity insulation		13		13		20		13		20		13		20

				1/2 drywall (int. R-value)		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.008%		Int. gypsum board fastener area ratio (see below)

				Inside air film		0.68		0.68		0.68		0.68		0.68		0.68		0.68

				R-value stud path		6.92		11.92		9.42		16.92		14.42		22.52		13.22				Typical wood wall framing surface layer connections:

				R-value header path		6.92		11.92		9.42		16.92		14.42		22.52		13.22						gysum int. = 12"x16" #6 screws, 0.016in2 = 0.008%

				R-value cavity path		15.54		20.54		22.54		25.54		27.54		31.14		26.34						OSB ext. =  62 nails per 32sqft, 0.0135in2 = 0.018%

				Framing factor - studs		21%		21%		21%		21%		21%		21%		21%						CI board = 42 nails per 32sqft, 0.0.0077in2 = 0.007%

				Framing factor -header		4%		4%		4%		4%		4%		4%		4%						6" Lap Siding =  1 nail,0.0077in2, per 80in2 = 0.01% 

				Framing factor - cavity		75%		75%		75%		75%		75%		75%		75%						Brick Ties =  1"x0.03" tie at 16"x24", 2.67ft2 = 0.008%

				U-factor (no fasteners)		0.084		0.057		0.060		0.044		0.045		0.035		0.047						10" Vinyl Siding =  1 nail, 0.0113in2, 10"x16" = 0.007%

				Effective R (no fasteners)		11.8		17.4		16.7		22.7		22.4		28.4		21.1

				U-factor increase due to fastener heat loss (delta-U = Chi x FAR x 144in2/ft2):

				Siding fasteners		0.00022		0.00091		0.00022		0.00139		0.00091		0.00126		0.00074

				CI fasteners		0.00011		0.00069		0.00011		0.00119		0.00070		0.00109		0.00056

				OSB fasteners		0.00031		0.00022		0.00032		0.00018		0.00025		0.00014		0.00026

				Drywall fasteners		0.00012		0.00012		0.00012		0.00012		0.00012		0.00012		0.00012

				Total add to U:		0.00075		0.00194		0.00076		0.00287		0.00197		0.00261		0.00168

				U-factor (with fasteners)		0.0852		0.0594		0.0606		0.0470		0.0465		0.0378		0.0491

				Effective R (with fasteners)		11.74		16.82		16.50		21.27		21.48		26.46		20.38

				% increase in U (loss of R)		0.89%		3.27%		1.26%		6.11%		4.23%		6.90%		3.42%

				Notes for options to compensate for R-value loss due to fasteners (wood walls):

				1) Next, for the following walls the following actions could be take to restore the U-factor to that of the base wall without fasteners:

				     2x4 R13 wall -- increase cavity insulation to R13.5 or use stainless steel siding and sheathing fasteners (but this gains less than 0.1 R in performance -- cost benefits questionable)

				    2x4 R13+5 wall -- to get back to U=0.057 base wall, use R15 cavity instead of R13, or increase CI from R-5ci to R-5.8ci 

				   2x4 R13+10 wall -- to get back to U=0.060 base wall, use R15.9 cavity insulation, or increase ci from R-10ci to R-11.6ci

				   2x6 R20 wall -- to get back to U=0.060 base wall, use R20.5 cavity insulation, or use R-0.9 sheathing (e.g., fiberboard) instead of R-0.62 (OSB), or apply an R-0.25 wrap/roll insulation WRB 

				   2x6 R20+5 wall -- to get back to the base U=0.045, use R-22 instead of R-20 cavity insulation, or use R-5.9ci instead of R-5ci.   

				   2x6 R20+3.8 wall -- to get back to base U=0.047, use R-22.1 instead of R-20 cavity insulation, or use R-4.8ci instead of R-3.8ci.

				2) Another compensation would be to substitute some amount of spray foam for cavity batt insulation (e.g., flash and batt) which should also provide added air-sealing benefts.

				3) Another option is to use adhesively applied CI attachment (although this will not address the siding fastener penetrations, unless EIFS is used and there are no siding fasteners)

				THUS, THERE ARE NUMEROUS TRADES THAT COULD BE MADE INSTEAD OF SIMPLY INCREASING THE CI R_VALUE TO COMPENSATE FOR FASTENER THERMAL BRIDGING LOSSES.

				ANOTHER THING TO NOTE IS THAT THE IMPACT OF FASTENERS TO R5 (OR SIMILAR) CI IS NOT ALL THAT DIFFERENT THAN FOR WALLS WITHOUT CI (1 to 3% IMPACT)



		EVALUATION OF CFS STEEL FRAME WALL -- IMPACT OF CARBON STEEL METAL PENETRATIONS (FASTENER/CONNECTOR) ON U-FACTOR AND EFFECTIVE R-VALUE (revised formula for Chi 9/20/2016)

								2015 IECC Climate Zones & Insulation (C402.1.4.1 Calculation Method)

						Zone 1, 2		Zone 2-8				Zone 7res		Zone 8res		n/a		n/a		Fastener area ratio for penetrations through interior and exterior surface layers:

				Wall Component 		4"C-stud		4" C-stud		6" C-stud		4" C-stud		4" C-stud		6" C-stud		6" C-stud		FAR = fastener cross-section area (in2) per in2 of wall area x 100%

				Outside air film 		0.17		0.17		0.17		0.17		0.17		0.17		0.17

				Siding		0.62		0.62		0.62		0.62		0.62		0.62		0.62		0.020%		Siding fastener area ratio (see below)

				Continuous insulation		5		10		8.5		15.6		17.5		0		3.8		0.000%		Continuous insulation fastener ratio (see note below)

				Gypsum Sheathing 1/2"		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.018%		Gypsum exterior sheathing fastener ratio (see note below)

				   subtotal exterior R-value:		6.07		11.07		9.57		16.67		18.57		1.07		4.87		Notes on fasteners as addressed in C402.1.4.1 calculation method:

				Cavity Insulation		13		13		19		13		13		19		21		1. CI fasteners are implicit to the derivation of cavity correction factors for steel framing

				Cavity Correction Factor		0.46		0.46		0.37		0.46		0.46		0.37		0.35		2. Exterior gypsum fasteners may only be partially addressed in the cavity correction factors

				Eff. Cavity insulation		5.98		5.98		7.03		5.98		5.98		7.03		7.35		3. Interior gypsum fasteners are accounted for and implicity to the cavity correction factors

				1/2 drywall (int. R-value)		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.000%		Interior gypsum board fastener ratio (see note above and below) 

				Inside air film		0.68		0.68		0.68		0.68		0.68		0.68		0.68

				U-factor (no fasteners)		0.075		0.054		0.056		0.042		0.039		0.106		0.074				Typical steel frame wall framing surface layer connections:

				Effective R (no fasteners)		13.4		18.4		17.9		24.0		25.9		9.4		13.5				gysum int. = 12"x16" #6 screws, 0.016in2 = 0.008%

				U-factor increase due to fastener heat loss (delta-U = Chi x FAR x 144in2/ft2):																		Gypsum ext. =  62 #8 screws per 32sqft, 0.021in2 = 0.028%

				Siding fasteners		0.00547		0.00848		0.00819		0.00719		0.00675		0.00158		0.00454				CI board = 42 #8 screws per 32sqft, 0.0.021in2 = 0.019%

				CI fasteners		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000				6" Lap Siding =  1screw,0.016in2, per 80in2 = 0.02% 

				Ext Gyp fasteners		0.00060		0.00044		0.00051		0.00033		0.00031		0.00097		0.00070				Brick Ties =  2"x0.033" tie at 16"x24", 2.67ft2 = 0.017%

				Drywall fasteners		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000

				Total add to U:		0.00607		0.00892		0.00870		0.00752		0.00706		0.00255		0.00523

				U-factor (with fasteners)		0.0810		0.0634		0.0646		0.0493		0.0457		0.1089		0.0792

				Effective R (with fasteners)		12.35		15.77		15.49		20.29		21.86		9.18		12.63

				% increase in U (loss of R)		7.50%		14.06%		13.47%		15.27%		15.44%		2.34%		6.61%

																						IECC-2015:

				Notes for options to compensate for R-value loss due to fasteners (steel frame walls):

				2x4 R13+5 -- To achieve base wall U=0.075, use R-6.3ci instead of R-5ci, or SS siding screws or ties with R15 batt

				2x4 R13+7.5 -- To achieve base wall U=0.063, use R-10.1ci instead of R-7.5ci, or  R9.6ci with R-15 batt

				2x6 R19+8.5 -- To achieve base wall U=0.056, use R-11.6ci instead of R-8.5ci, or use R9.4ci with R-21 batt plus SS siding screws/ties  

				2x6 R13+15.6 -- To achieve base wall U=0.042, use R-19.8ci instead of R15.6ci, or use R-16.8ci with R-15 batt plus SS siding screws/ties

				etc.

		EVALUATION OF MASS WALL -- IMPACT OF CARBON STEEL METAL PENETRATIONS (FASTENER/CONNECTOR) ON U-FACTOR AND EFFECTIVE R-VALUE

				This analysis assumes exterior continuous insulation between two mass layers (e.g., masonry or concrete wall with brick veneer and insulation in between) (if insulation is on the interior of the wall, then the linear thermal bridge of slab to wall connections must be included)

						2015 IECC - ASHRAE 90.1 Insulation by Climate Zone (Appendix A3.1 Calculation)

				Wall Component 		Zone1-2		Zone2-3		Zone3-4		Zone4-5		Zone4m,5-6		Zone6-7		Zone 8		Fastener area ratio for penetrations through interior and exterior surface layers:

				Outside air film 		0.17		0.17		0.17		0.17		0.17		0.17		0.17		FAR = fastener cross-section area (in2) per in2 of wall area x 100%

				Brick + Vented Airspace		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.017%		Brick tie or furring fastener area ratio (see below)

				Ext.Continuous insulation		5.7		7.6		9.5		11.4		13.3		15.2		25		0.000%		Continuous insulation fastener area ratio (see below)

				Ext. Membrane		0.1		0.1		0.1		0.1		0.1		0.1		0.1		0.000%		Use 0.028% fastener area ratio as typical (see below)

				Int. Cont. Insulation		0		0		0		0		0		0		0

				Block/Concrete R-value		1.5		1.5		1.5		1.5		1.5		1.5		1.5

				1/2 drywall + 3/4"airspace		0		0		0		0		0		0		0		0.000%		Use 0.008% fastener area ratio as typical (see below)

				Inside air film		0.68		0.68		0.68		0.68		0.68		0.68		0.68

				U-factor (no fasteners)		0.116		0.095		0.080		0.070		0.062		0.055		0.036		Typical mass wall surface layer connections:

				Effective R (no fasteners)		8.7		10.6		12.5		14.4		16.3		18.2		28.0				Brick Ties =  2"x0.033" tie at 16"x24", 2.67ft2 = 0.017%

				U-factor increase due to fastener heat loss (delta-U = Chi x FAR x 144in2/ft2):																		CI board =  minimal (0.006%), negligible (not embedded in both mass layers)

				Siding fasteners (brick ties)		0.06726		0.08689		0.04711		0.04460		0.04209		0.03958		0.02662				gysum int. = 12"x16" #8 screws or furring tap-cons, 0.021in2 = 0.01%

				CI fasteners		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000						(negligible, not embedded in both mass layers)

				Ext membrane (n/a)		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000

				Drywall/furring fasteners		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000		0.00000

				Total add to U:		0.06726		0.08689		0.04711		0.04460		0.04209		0.03958		0.02662

				U-factor (with fasteners)		0.1829		0.1817		0.1274		0.1143		0.1036		0.0947		0.0624

				Effective R (with fasteners)		5.47		5.50		7.85		8.75		9.65		10.56		16.02

				% increase in U (loss of R)		36.78%		47.83%		36.97%		39.03%		40.62%		41.81%		42.67%

				Notes for options to compensate for R-value loss due to fasteners (mass walls):

				1. Using stainless steel brick ties would would cut the impact to as little as one-third (e.g., 13% instead of 40% increase in U-factor).

				2. Otherwise, exterior ci values would need to be increased to compensate for penetrations; however, the exterior ci R-value application has U-factors significantly lower than minimum required which must be based on interior frame walls mis-represented as "continuous insulation" when it is not even close. 

				3. But, it is silly to penalize exterior insulation when interior insulation is not penalized for major linear thermal bridges (e.g., floor-slab intersections, interior wall intersections, etc.)

				If interior insulation is used, then slab/wall joint linear thermal bridge must be considered (about a 0.03 add to the wall U-factor for 10-ft story height).

				If steel frame wall or wood frame interior wall is used as the "continuous insulation" then they must be calculated accounting for framing members.

		EVALUATION OF ABOVE DECK ROOF INSULATION -- IMPACT OF CARBON STEEL METAL PENETRATIONS (FASTENERS) INTO METAL DECK ON U-FACTOR AND EFFECTIVE R-VALUE

		Analysis assumes mechanically attached roof membrane, cover board, and insulation (not ballasted or adhesively attached)

						IECC 2015 Insulation by Climate Zone

				Roof Component 		Zone1		Zone2-3		Zone4-6		Zone7-8		Fastener area ratio (FAR) for mechanically attached component layers:

				Outside air film		0		0		0		0		FAR = fastener cross-section area (in2) per in2 of roof area x 100%

				Roof membrane		0		0		0		0		0.0015%		See below for mechanically attached roof membrane

				Cover Board		0.2		0.2		0.2		0.2		0.0000%		See below for mechanically attached cover board

				Above Deck Insulation		20		25		30		38		0.0045%		See below for insulation attachment

				Metal Deck + any concrete		0		0		0		0		0.0060%		Total 

				Below deck insulation		0		0		0		0

				Inside air film		0.68		0.68		0.68		0.68		Typical fastening schedule:

				U-factor (no fasteners)		0.048		0.039		0.032		0.026		membrane= 12"oc in rows at 8'oc, 0.0186in2 fastener = 0.0015%

				Eff. R (no fasteners)		20.9		25.9		30.9		38.9				(minimum, may double with higher wind zones)

				U-factor increase due to fastener heat loss (delta-U = Chi x FAR x 144in2/ft2):										cover board = same as insulation or in lieu of insulation fasteners 

				Membrane fasteners		0.00032		0.00027		0.00021		0.00013				(0% if adhered to insulation)

				Cover board fasteners		0.00000		0.00000		0.00000		0.00000		insulation = 1 screw per 2 to 4 ft2, 0.0186in2 fastener, = 0.0032 to 0.0065%

				Insulation fasteners		0.00096		0.00080		0.00064		0.00039				(0% if insulation is adhered)

				Total add to nominal U-factor:		0.00128		0.00107		0.00086		0.00051

				U-factor (with fasteners)		0.0492		0.0397		0.0332		0.0262

				Effective R (with fasteners)		20.33		25.18		30.08		38.12

				% increase in U (loss of R)		2.61%		2.70%		2.58%		1.96%

				NOTE:  Approximately 3% impact should be considered negligible. However, this may be a tiny competitive issue with adhesively attached or ballasted roof technologies that have few, if any, fasteners.

				For example, increasing R38 roof insulation to R38.5 (0.5 R would compensate for a typical fastening schedule for mechanically attached roof system); or increase R20 to R20.7 



Chi-factors for Carbon-Steel Penetration through Exterior Insulation



Steel Roof Deck	

0.5	5	10	40	0.03	0.13	0.2	0.05	Steel Frame Wall	

0.5	5	10	40	0.04	0.2	0.3	0.05	Wood Roof Deck	

0.5	5	10	40	0.01	0.1	0.15	0.05	Wood Stud Wall	

0.5	5	10	40	0.01	0.08	0.12	0.05	Concrete/Masonry Tie to Concrete/Masonry	

0.5	5	10	40	0.3	2.2000000000000002	1.8	0.3	R-value of Exterior Continuous Insulation on Assembly





Chi-Factor (Btu/hr-F per in2 of fastener area)
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poin thermal bridges that might be associated with the assemblies in end use. In adtion, values for -
mass wall assemblies (concrete/masonry) are needed, but were generally not found in the literature.
TABLE2
Representative Point Thermal Bridge Thermal Transmittance Values (Chi-Factors, Btu/hr-F per in® of
fastener areal for Various Assembly Types and Metal Penetration (Connector/Fastener) Conditions
& (based on rough approximations from data in Table 1)
Rvalue of | Steel Framing Wood Framing Concrete/Masonry™
insulation | Roof (Mietal Deck) | Wall(Steel Studs) _| Roof (WSP Deck) | Wal (Wood Studs) | Walls or Roof Deck
component [ Carbon steel Carbon steel Carbon steel Carbon steel Carbon steel
layer fastener/connector | fastener/connector | fastener/connector | fastener/connector | fastener/connector
penetrated | throughabove | through exterior | through above- | through exterior | through exterior
bymetal | deckinsulationto | insulation or deck roof insulation or insulation or
clement | steel deck sheathing to studs | insulation to wood | sheathing to studs | sheathing to
sheathing concrete/masonry
substrate
R05 008 002 001 001 003
(non- (Mayer et al. (Christensen
insulating (2014) (2010)
sheathing)
100" |02 03 o015 [ 018
(Wieland (2006); | (Mayer etal. (Burch et al. (Christensen
Burch et al. (1987); | (2014); Posey and | (1587); 1506345 | (2010); Posey &
1506946 £q. D5) | Dalglieshyand | Eq.DJ5) Dalgliesh)
unpublished data)
=Ra0q [ 005 005 005 005 005
(Weiland (2006);
150 6946 Eq. D.5)
Table Notes: o
1. Interpolation is permissible between R-values of penetrated insulation in the left column.
2. *"Value are assumed based on data in adjacent cel(s) in row of table and are provided for
interpolation purposes.
3. ** Values for concrete/masonry added based on proportionate difference in thermal
conductivity of concrete relative to wood and steel resulting in intermediate Chi-factors for
concrete. This i for rough approximation purposes only.
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The values in Table 1 are based on solid carbon steel elements (fasteners, tis, connectors, etc.) that o
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the approximated data. This shape is consistent with the trends seen in Chi-factor data presented in Wieland (2006) and
Burch et al. (1987) (see literature review).

TABLE 2
Representative Point Thermal Bridge Thermal Transmittance Values
(Chi-Factors, Btulhr.F per in? of fastener area)
for Various Assembly Types and Metal (Carbon Steel) Penetration Conditions
& (based on rough approximations from data in Table 1)'

R-value of | Steel Framing Wood Framing Concrete/Masonry
insulation [ "Roof (Metal Deck) | Wall (Steel Studs) | Roof (WSP Deck) | Wall (Wood Studs) | Walls or Roof Deck
component [“Carbon steel Carbon steel Carbon steel Carbon steel Carbon steel
layer fastener/connector | fastener/connector | fastener/connector | fastener/connector | fastener
penetrated | through above through exterior | through above- | through exterior | penetrating
by metal | deck insulationto | insulation or deck roof insulation | insulation o continuous
element | steel deck sheathing to studs | to wood sheathing | sheathing to studs | insulation and
embedded in two
outer layers of
concrete/masonry
R05 003 004 0012 001 032
(e.g. non- (Mayer etal, 2014) (Christensen, 2010)
insulating
sheathing)
R-5ci 0132 022 [ 008 22
(Burch etal, 1987) | (Christensen, 2010) | (ASHRAE 90.1)
RA0GH [) 03 015 012 18
(Wieland, 2006; (Mayer etal, 2014; | (Burchetal, 1957, | (Chiistensen, 2010; | (ASHRAE 90.1)
Burch etal, 1987, | Posey and Dalgliesh, | IS0 6946 Eq. D5) | Posey & Dalgliesh, | or 0.6 stainless steel
106946 Eq.D5) | 2005, and 2005) (Van Geem & Shirey,
unpublished date) 1987)
ERA0G [ 005 0,052 0052 0052 037
(Weiland, 2006; 1SO
6946 Eq. D.5)

Table Notes: 0
1. Interpolation is permissible between R-values of penetrated insulation in the left column
2. Values are based at least in part on data trends n adjacent cel(s) or columns of table and are provided only as a means to
faciltate completeness of the table and interpolation. Addiional research and confimation i recommended
3. Based on other modeled data for energy effcient brick ies (2.g. wire ies with hinged connecions that disrupt the heat low
path), the normalized chifactor may be a5 ow as ~0-1 BIUII- per n of i cross-section area penetrating insulation (pers.
comm. Patick Roppel, Morson-Hefshfild, Jan. 15, 2016).
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Design Example
(3-story office building)

Structure: Steel Frame Walls with Concrete Slab Floors

NOTE: All cases include metal stud clear field thermal bridges within U-factor for assembly

CASE 1: No Thermal Bridges (ideal or ignored) w/ R13 cavity insulation only

Transmittance

Area, Length or

Transmittance

Heat Flow

%Total

Overall Opaque Wall
Thermal Performance

Transmittance Description Units Units (BTU/ Heat

Type Amount Takeoff Value hr°F) Flow

. Opaque Wall Area 9 BTU/ 0

Clear Field (R13 cavity insulation only) 14267.00 ft 0.124 hr f2 OF 1769.1 100%

Opaque U-Value
(BTU/hr ft?°F)

0.124

CASE 2: No thermal bridges (id

eal or ignored) w/ R13+10ci insulation per 90.1

Effective R-Value
(hr ft?°F/BTU)

8.1

Overall Opaque Wall
Thermal Performance

. . Heat Flow | %Total
Transmittance . o Area, Length or .. | Transmittance .
Type Transmittance Description Amount Takeoff Units Value Units (B'EU/ Heat
hr°F) Flow
. Opaque Wall Area 5 BTU/ 0
Clear Field (R13+10 per ASHRAE 90.1) 14267.00 ft 0.055 hr f2 OF 784.7 100%

Opaque U-Value
(BTU/hr ft?°F)

0.055

Case 2 mitigates the clear-field framing thermal bridges within the assembly.

Effective R-Value
(hr ft?°F/BTU)

g\
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Design Example
(3-story office building)

CASE 3: R13+10 with Poor Thermal Bridging Details Included in Analysis (64% of opaque wall heat flow)

2147.8 100%

Overall Opaque

Opaque Wall Area 14257.00 ft2 0.055 ETU/ hr ft2 °F BC Hydra 784.7 3% Wa" Thermal
Performance*

Cpaoque Roof — Opagque Wall Infersection (Parapet) 545.00 ft 0.400 ETU/ hr f1 =F 223 218.4 10%

Opaque U-Value
. (BTU/h ft2 oF) 0.151
Cpagque Wall - Above-grade Floor Intersection 14358.00 ft 0.500 BTU/ hr ft °F 5225 819.0 35% r

Effective R-Value 6.6
(hr ft?°F/BTU) :

Cpagque Wall - Balcony Intersection 197.00 ft 0.600 ETU/ hr ft °F 525 118.2 6%

COpague Wall - Horizontal Fenestration Intersection 1092.00 ft 0.150 BTU/ hr ft =F 5.3.1 207.5 10%

* U-factor and effective R-value of opaque wall area is adjusted to include effect of various

unmitigated linear thermal bridges at wall-to-floor, -fenestration, and -roof assembly intersections "
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Design Example
(3-story office building)

CASE 4: R13+10 with Efficient (Mitigated) Thermal Bridging Details (now only 25% of wall heat flow)

1042.5 100%
Overall Opaque
Wall Thermal
£ 2 o BC Hud .
Opagque Wall Area 14267.00 | 0.055 BTU/ hr ft2 °F po | 7847 ToE Performance*
Cpague Roof — Opague Wall Intersection [Parapet) 545,00 ft 0.150 BTU/ hr £t =F 551 81.9 8% Opaque U-Value 0.073
(BTU/hr ft2°F) )
Opagque Wall - Above-grade Floor Intersection 1633.00 ft 0.020 BTU/ hr ft =F 533 323 3%
Effective R-Value
(hr ft2°F/BTU) 13.7
Opagque Wall - Balcony Intersection 197.00 ft 0.117 BTU/ hr ft °F 5213 23.0 %
Cpagque Wall - Horizontal Fenestration Intersection 1092.00 ft 0.110 BTU/ hr ft =F E.3.5 120.1 12%

* U-factor and effective R-value of opaque wall area is adjusted to include effect of various

mitigated linear thermal bridges at wall-to-floor, -fenestration, and -roof assembly intersections ’.
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Conclusions

= Thermal bridging has generally been ignored and unregulated, except as they occur due to
framing members within assemblies.

= Unaccounted thermal bridging can account for 20-70% of heat flow through the building’s
opaque envelope.

= Reasonable efforts to use improved details to mitigate point and linear thermal bridges with
continuous insulation can significantly improve (e.g., double) building thermal envelope
performance.

= For buildings with significant types or quantities of thermal bridges, it is beneficial to mitigate
thermal bridges, especially when considering increased insulation amounts above minimum
code levels (i.e., “a thicker bucket with holes will still leak water at nearly the same rate”).

=  Several sources of data and design guidance are available to support appropriate consideration

and mitigation of thermal bridges (see Bibliography).

JA\=J &,

= New energy codes and standards have changed to better address thermal bridging effects.




. Morrison Hershfield Ltd. 2016. Building Envelope Thermal Bridging Guide, Version 1.1, Prepared for BC Hydro Power
Smart, Canadian Wood Council, Fortis BC, FPInnovations, Homeowner Protection Office of BC Housing.

. Morrison Hershfield Ltd. 2012. “Thermal Performance of Building Envelope Details for Mid- and High-Rise Buildings.”
ASHRAE Research Project RP-1365. Atlanta, GA: American Society of Heating, Refrigerating, and Air-Conditioning
Engineers (ASHRAE).

. ISO Standard 10211: 2007, Thermal Bridges in Building Construction — heat flows and surface temperature — Detailed
calculations.

. ISO Standard 14683: 2007, Thermal Bridges in Building Construction — Linear thermal transmittance (simplified methods
and default Chi-factors).

. AISC/SEI, Thermal Bridging Solutions: Minimizing Structural Steel’s Impact on Building Envelope Energy Transfer, A
Supplement to Modern Steel Construction, March 2012, American Institute for Steel Construction (AISC) & Structural
Engineering Institute (SEI).

" USACE, “Development of Thermal Bridging Factors for Use in Energy Models,” ERDC/CERL TR-15-10, June 2015, U.S.
Army Corp of Engineers, Engineer Research and Development Center, Construction Engineering Research Laboratory.

" Thermal Performance of Facades, 2012 AIA Upjohn Grant Research Initiative, Payette, Boston, MA, November 2014.

. Repetitive Metal Penetrations in Building Thermal Envelope Assemblies, ABTG Research Report No. 1510-03, Applied
Building Technology Group LLC, 2016

. Attachment of Exterior Wall Coverings Through Foam Plastic Insulating Sheathing (FPIS) to Wood or Steel Wall Framing,
ABTG Research Report No. 1503-02, Applied Building Technology Group LLC, 20109. ’\
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Questions? q

Jay Crandell, P.E.

www.aresconsulting.biz
www.appliedbuildingtech.com

Be sure to visit the www.continuousinsulation.org
website for more information and related technical
support continuousinsulation.org/contact.



http://www.aresconsulting.biz/
http://www.appliedbuildingtech.com/
http://www.continuousinsulation.org/
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