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Executive Summary 
This research explores approaches for developing thermal breaks to reduce loss of energy for heating and 

cooling in steel building structures. Structural steel elements that pass through the building envelope 

potentially act as thermal bridges due to their ability to conduct heat, transferring interior heat or cooling to 

the exterior and thus increasing building energy consumption. Condensation and reduced building occupant 

comfort can also result from thermal bridging. The key goal of this project is to explore and validate several 

concepts and develop associated design recommendations for mitigating the loss of energy via thermal 

bridging and other related issues in steel building structures by using a variety of possible solutions. By 

introducing thermal break strategies to various components throughout the detailing in a structure, we 

identify practical solutions geared for gaining acceptance and codification as needed for use within the steel 

construction industry. The scope of this work involves only snug-tight connections. 

 

The scope of this work includes investigation of structural steel shelf angle details to support building 

cladding, structural steel roof posts to support dunnage on building roofs, and cantilevered structural steel 

beams to support light canopies.  Experimental testing, structural analysis, and thermal analyses were 

conducted to explore a variety of solutions including different fiber-reinforced polymer (FRP) shims, FRP 

shapes, and manufactured structural thermal break assemblies (MSTBA).  In addition, a methodology is 

put forward to conduct creep testing on FRP plates loaded in compression through the thickness, and the 

creep properties of FRP plates used as shims is documented.   

 

Thermal modeling described herein demonstrates the efficacy of the proposed thermal break mitigations 

strategies. For continuous cladding elements (i.e., shelf angles), the proposed solutions can reduce the 

thermal conductivity of a system by approximately 50% when compared to an unmitigated broken wall 

segment. When compared to the conductivity of the unbroken wall element, these solutions result in an 

improvement of approximately 75%. For discrete cladding details (i.e., roof posts and canopy beams), the 

improvement is smaller when compared to an unmitigated detail (10-14%, depending on strategy), but more 

significant when compared to unbroken wall and roof details with no penetrations (60-70%). 

 

Experimental and computational studies on the most successful thermal break strategies provide structural 

validation of the proposed solutions. The proposed solutions were often seen to impact the failure mode; 

however, this behavior was not evident until well beyond the design range of the component. In the shelf 

angles, members with FRP shims were seen to have a decrease in strength compared to members with steel 

shims.  However, shelf angles with FRP shims showed no significant decrease in strength compared to shelf 

angles without shims due to beneficial changes in the connection geometry. In roof posts and canopy beams, 

shim mitigation strategies have little to no impact on component behavior. While small differences in 

strength can be observed (~5%) between mitigated details, this difference is typically due to a difference in 

shim material properties, and not a system effect.  

 

This report concludes with possible analysis and design recommendations for including thermal breaks in 

the detailing of shelf angle cladding supports, roof posts, and canopy beams. 
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1 Introduction 
 

This research explores approaches for developing thermal breaks to reduce loss of energy for 

heating and cooling in steel building structures. Structural steel elements that pass through the 

building envelope potentially act as thermal bridges due to their ability to conduct heat, transferring 

interior heat or cooling to the exterior and thus increasing building energy consumption. 

Condensation and reduced building occupant comfort can also result from thermal bridging. The 

key goal of this project is to explore and validate several concepts and develop associated design 

recommendations for mitigating the loss of energy and other related issues in steel building 

structures via thermal bridging by using a variety of possible solutions. By introducing thermal 

break strategies to various components throughout the detailing in a structure, we identify practical 

solutions geared for gaining acceptance and codification as needed for use within the steel 

construction industry. 

 

The scope of this work includes investigation of structural steel shelf angle details to support 

building cladding, structural steel roof posts to support dunnage on building roofs, and cantilevered 

structural steel beams to support light canopies.  A key goal of this work is to document the 

structural performance of solutions that are shown to be viable through thermal modeling.  

Experimental testing, structural analysis, and thermal analyses were conducted to explore a variety 

of solutions including different fiber-reinforced polymer (FRP) shims within the plies of the steel 

connections anchoring the shelf angles, roof posts, and canopy beams, as well as fiber-reinforced 

shapes or manufactured structured thermal break assemblies (MSTBA) that may be used in lieu of 

the steel members in these structures.  In addition, a methodology is put forward to conduct creep 

testing on FRP plate loaded in compression through the thickness, and the creep properties of FRP 

plates used as shims is documented.  This report concludes with possible analysis and design 

recommendations for including thermal breaks in the detailing of shelf angle cladding supports, 

roof posts, and canopy beams. 

 

1.1 Archetypal building 

A prototype structure has been selected for this research to help establish realistic parameters for 

the experimental component of this work and to provide parameters and geometries for parametric 

thermal modeling investigations.  The building system chosen for this research represents a 

standard steel framed three-story building. To examine thermal performance in different climate 

zones, the building is hypothetically located in Miami, FL and Fargo, ND, corresponding to the 

ASHRAE climate zones 1 and 7, respectively. These two climate zones represent the extremes of 

temperature found in the continental U.S. The lateral force resisting system is assumed to be 

comprised of special concentrically braced frames (SCBFs). The plan view and elevation views of 

the archetypal building are shown in Figure 1-1, below.  
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Figure 1-1: Archetypal building design: floor plan view and elevation. The location of the SCBFs is shown in red. 

Composite system refers to concrete floor slab systems. 

 

The structural design for the steel framing was completed in RAM Steel. The completed framing 

plan is shown in Figure 1-2 below. Note that the floor plan includes an opening in the floor to 

accommodate elevators or stairs. Structural design was per ASCE 7-10 (Minimum Design Loads 

for Buildings and Other Structures), and AISC 360-10 (Specification for Structural Steel 

Buildings). 

 
Figure 1-2: Steel framing plan as completed in RAM Steel. 

Configuration: 3x3 bays, 13’ story height

Bay width: 30’ x 30’ and 20’ x 20’

Stories: 3 (high gravity)

Floor system: CIP concrete on metal deck

Systems: composite system w/ shear studs
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1.2 Archetypal cladding details 

From the range of possible cladding details that span the building envelope, four details were 

identified by the project industry advisory panel as particularly susceptible to forming thermal 

bridges. Those are the slab-supported shelf angles to support building cladding, kicker-supported 

shelf angles to support building cladding, canopy beams to support cantilevered canopies, and 

rooftop grillage posts to support rooftop dunnage. The subsections below provide typical details 

for each of these archetypal cladding details. 

1.2.1 Slab-supported shelf angle 

Shelf angles are commonly used to support exterior brick veneer such that the weight of the bricks 

is hung off the floor system of the building. Slab-supported shelf angles refer to angles that are 

connected to the concrete slab floors of a building. As cladding details are installed after the 

structural system is complete and typically have different tolerances, it is necessary for these 

details to be adjustable in the field. Currently, standard practice at bolt-supported shelf angles is to 

cut vertical slotted holes in the shelf angle, such that the shelf angle may be installed on threaded 

studs or erection bolts. After the shelf angle is positioned on the studs and adjusted vertically, the 

bolts are tightened to snug-tight, and field welds are added to resist the shelf angle load. A typical 

slab-supported shelf angle detail, as presented in the AISC Design Guide 22: Façade Attachments 

in Steel Framed Buildings (Parker, 2008), is shown in Figure 1-3. 

 
Figure 1-3: Slab-supported shelf angle, from AISC Design Guide 22 (Parker, 2008). 

 

The designed detail for the archetype building in both climate zones is shown in Figure 1-4 and 

Figure 1-5 below. Sheathing, insulation, and air layers are also illustrated. The 2012 IECC R-value 

requirements result in mineral wool insulation thicknesses of 1.5 inches in Climate Zone 1 and 3.5 

inches in Climate Zone 7. 
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Figure 1-4: Unmitigated slab-supported shelf angle detail, climate zone 1 

 

The brick veneer is detailed as a standard 3 5/8 inches thick. Gypsum drywall sheathing is 5/8 

inches thick. Interior cold-formed steel framed partition walls are fastened to the concrete slab. 

These partition walls contain 3 ½ inches of fiberglass batt insulation. The concrete slab is poured 

on a 3 inch deep steel decking and in total, is 6 inch deep (lightweight concrete is assumed). The 

bent plate pour stop is 3/8 inches thick. Finally, the bent plate is welded to the W21x44 spandrel 

beam. The climate zone 7 detail is shown in Figure 1-5 with 3.5 inches of mineral wool insulation. 

 

 
Figure 1-5: Unmitigated slab-supported shelf angle detail, climate zone 7 

 

To accommodate the increased cavity size, a larger shelf angle must be utilized to support the brick 

veneer, and account for the additional deflections inherent in a longer-legged angle. Both shelf 

angles are connected to the bent plate pour stop via threaded studs at 36 inch intervals. 
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1.2.2 Canopy Beam  

Elements extending from the edge of a building to form canopies or balconies act as simple 

cantilevers often connected to the spandrel beams or columns. Figure 1-6 depicts a typical canopy 

beam detail. 

 

 
Figure 1-6: Canopy beam typical details (from D’Aloisio 2012) 

 

The canopy beam thermal models include the same wall assemblies and insulation thicknesses as 

the shelf angle models. This cladding detail is a candidate for shim mitigation, tube shim 

mitigation, and manufactured thermal break assemblies. These options are discussed later in this 

report. 

1.2.3 Rooftop Dunnage Post 

The rooftop dunnage post, shown in Figure 1-7, involves welding a steel pipe onto a base plate, 

and welding or bolting the ensemble on to a steel beam. The grillage post carries mechanical loads 

axially and is also subjected to axial, shear, and flexural forces under wind or earthquake loads. 
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Figure 1-7: Rooftop grillage post examples (from D’Aloisio, 2012). 

 

Insulation in this detail is relatively simple as compared to the wall assemblies: a layer of 

polyisocyanurate rigid insulation over the deck. The insulation thickness is 3.8 inches for Zone 1 

and 6 inches for Zone 7 in conformance with the 2012 IECC. While shims are a logical detail for 

the roof post (and are explored fully), solutions that span the insulation can also provide thermal 

break mitigation. 

 

1.3 Thermal break mitigation strategies 

The following sections contain the proposed thermal break strategies to be studied in this work for 

various cases in the building envelope, and how they apply to archetypal details considered in this 

study. Three strategies are discussed below: adding a thermally improved shim to the system; 

partial or full replacement of the structural member with a thermally improved member; and 

manufactured thermal break assemblies. 

1.3.1 Post/beam systems 

Post/beam systems include (1) roof posts that project through the roof insulation plane to support 

structures such as mechanical units and photovoltaic panels and (2) beam elements that extend 

through the wall insulation plane to support structures such as canopies and shading devices. 

Proposed mitigation details include the addition of thermally improved shims between the 

post/beam and the interior supports, replacing segments of the post/beams with analogous FRP 

members, and replacing entire post/beams with an analogous FRP members. 

1.3.2 Roof Post Prototype Structures – Mitigation with FRP Shims 

FRP plates and bearing pads are natural candidates for thermally improved shims, where the 

primary load type is compression of the pad; FRP pads can have greater compressive strengths 
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than carbon steel, though have much lower stiffness. Another alternative is the use of steel foam 

shims. Steel foam is a relatively new material, made from either forming molten bubbles with steel 

(hollow sphere foam), or by injecting gas into steel. The thermal conductivity of the material is 

significantly reduced as a result, while the structural properties are largely maintained. 

 

One challenge in using fiber reinforced polymer shims is their performance under elevated 

temperatures (fire conditions). Most polymers have no minimum operating temperature, but are 

limited to the glass transition temperature minus 22 °C. For example, polyurethane has a glass 

transition temperature of 138 °C so the maximum recommended operating temperature of a 

polyurethane shim is 138-22 = 116 °C. Once a resin is heated beyond this temperature, strength 

and stiffness properties are compromised and appropriate reduction factors must be applied for 

design. Detailed assessment of the structural performance of FRP materials at elevated 

temperatures is outside the scope of this work. 

 

Initial thermal modeling using FRP shims up to 3” thick below the steel post base plate showed 

improvements in thermal point transmittance of over 30% for both climate zones. Modeling efforts 

were extended to shims that span the insulation layer. Results of these models are discussed in 

Chapter 3. Unmitigated and mitigated roof post schematics are shown in Figure 1-8 and Figure 1-9 

below. We modeled the steel deck with 1/8” steel plate because software limitations prevented 

using a thinner cross-section. 

 

 

ITEM 

NO. 

DESCRIPTION 

1 W Beam – W14x30 

2 HSS 3x3x3/16 

3 Polyisocyanurate Insulation: 3.8” (Z1), 6” (Z7) 

4 1/8” Steel 

5 W Beam – W14x34 

6 9” x 9” x 1/2” Steel Base Plate 
 

Figure 1-8 - Unmitigated roof post detail 
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ITEM  DESCRIPTION 

1 W Beam – W14x30 

2 HSS 3x3x3/16 

3 Polyisocyanurate Insulation: 3.8” (Zone 

1), 6” (Zone 7) 

4 1/8” Steel 

5 W Beam – W14x34 

6 9” x 9” x 1/2” Steel Base Plate 

7 3/4” Dia. Bolt (Typ.) 

8 Thermally Improved Shim – 1”, 2”, 3” 

FRP or Stainless Steel 
 

Figure 1-9 - Mitigation strategy - thermally improved shim 

 

As insulation layers can be as thick as 6 inches for roof post details, strategies that span the 

insulation layer must be considered. Stacking shims, with options to adhere with structural 

adhesive or epoxy, presents one solution to this problem. Figure 1-10 demonstrates these shim 

strategies. 

 
 

Figure 1-10: Shim mitigation strategies for roof post detail demonstrating single shim and stacked shims 

configurations. 

 

1.3.3 Roof Post Prototype Structures – Replacement with FRP Structural Sections 

In this work, we explore the thermal and structural performance of roof post details mitigated with 

FRP segments and full FRP replacement, such as shown in Figure 1-11 - Mitigation strategy - 

thermally improved postFigure 1-11.    
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ITEM DESCRIPTION 

1 W Beam – W14x30 

2 FRP square tube, 4x4x1/2 

3 Polyisocyanurate Insulation – 3.5” (Zone 

1), 6” (Zone 7) 

4 1/8” Steel 

5 W Beam – W14x34 

6 6” x 7 ½” x ¾” FRP Plate 

 ½” Dia. Bolt (Typ.) 
 

Figure 1-11 - Mitigation strategy - thermally improved post 

 

1.3.4 Canopy beam prototype structure – manufactured structural thermal break assembly 

(MSTBA) solutions 

MSTBA solutions are available that can be used in the design of cantilevered members such as 

those used to support a balcony (an example is shown in Figure 1-12). These solutions often 

involve forces substantially larger than those considered in this study. 

 

 

ITEM DESCRIPTION 

1

  

HSS Cantilevered Beam 

2 Brick Veneer 

3 Mineral Wool Insulation – 1.5” (Z1), 

3.5” (Z7) 

4 6” Cold-Formed Steel Studs with 

3.5” fiberglass batt insulation 

5 HSS 14x6x3/8 

6 M22 bolt 

7 Thermally Improved Shim – FRP or 

Stainless Steel 

8 180 mm x 80 mm plate 
 

Figure 1-12 - Mitigation Strategy - MSTBA Solution 

 

1.3.5 Horizontal Beam Prototype Structure – Substitution with FRP Structural Members 

Options for using FRP structural members as cantilevers are being considered to evaluate their 

effectiveness as a thermal break strategy. 
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ITEM DESCRIPTION 

1

  

FRP Cantilevered Beam – 

4x4x1/2 

2 Brick Veneer 

3 Mineral Wool Insulation – 

1.5” (Z1), 3.5” (Z7) 

4 6” Cold-Formed Steel Studs 

with 3.5” fiberglass batt 

insulation 

5 HSS 14x6x3/8 

6 3/4” Bolt (Typ.) 

7 Thermally Improved Shim – 

FRP or Stainless Steel 

8 ½” Thick Steel Plate (Typ.) 
 

Figure 1-13 - Mitigation Strategy - Substitution with FRP 

 

 

1.3.6 Slab-supported shelf angle 

Slab-supported shelf angle thermal bridges may be mitigated by thermally-improved shims, FRP 

shelf angles, or stainless steel elements. Shim sizes are 3” wide by the length of the shelf angle 

vertical leg (in the case of the study, 4”), with a through-bolt located at the center of the vertical 

leg and shim. Stainless steel elements may require welding to carbon steel in some configurations, 

which requires special welding procedures. Also, any moisture condensing from a dew point 

condition may create galvanic corrosion between the dissimilar metals. Engineers implementing 

this type of strategy should consider these issues. The unmitigated and mitigated configurations 

are shown in Figure 1-14 and Figure 1-15 below. 
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ITEM DESCRIPTION 

1 3/8”  Bent Plate (6x14) 

2 5/8” Dia. Stud @ 30” O.C. 

3 Shelf Angle – L6x4x5/16, 

L7x4x3/8 

4 6” Concrete Slab 

5 Brick Veneer 

6 5/8” Sheathing 

7 5/8” Gypsum Board 

8 Mineral Wool Insulation: 1.5” 

(Z1), 3.5” (Z7) 

9 6” Cold-Formed Steel Studs with 

3.5” fiberglass batt insulation 
 

Figure 1-14 - Unmitigated Detail 

 

 

 

 

ITEM DESCRIPTION 

1 3/8”  Bent Plate (6x14)  

2 5/8” Dia. Stud @ 30” O.C. 

3 Shelf Angle – L6x4x5/16, L7x4x3/8  

4 6” Concrete Slab 

5 Brick Veneer 

6 5/8” Sheathing 

7 5/8” Gypsum Board 

8 Mineral Wool Insulation: 1.5” (Z1), 3.5” 

(Z7) 

9 6” Cold-Formed Steel Studs with 3.5” 

fiberglass batt insulation 

10 Stainless Steel WT4x20 @ 24” O.C. 

 
 

Figure 1-15 - Mitigation Strategy - Stainless Steel WT Section 



12 

 

 

Pultruded FRP sections are available in polyester resins and vinylester resins (phenolic resins, also 

explored in this work, are not typically pultruded into shapes, and are limited to plate). Pultruded 

sections are not isotropic; the material properties change for loading along the orientation of the 

fibers or perpendicular to them. Furthermore, “off-the-shelf” pultruded FRP sections are limited 

in section sizes. When designing FRP shelf angles for the same loading as steel shelf angles, the 

required sections are thicker than those currently being pultruded. One alternative is to adhere FRP 

plate stiffeners to the section to increase the thickness using PliogripTM adhesive, as illustrated in 

Figure 1-16. 

 
Figure 1-16: Illustration of plate stiffeners of angle and tube sections 

 

Hypothetically, FRP plate stiffeners may also be replaced with steel plates using the same 

PliogripTM adhesive. While this approach is more costly, it provides a compromise between 

thermal properties and strength. FRP pultruded sections, however, cannot be welded to steel, and 

must be bolted with structural steel bolts. While steel shelf angles are often installed with bolts in 

slotted holes, they typically depend on field welds for strength. Despite the promise of custom 

stiffened FRP structural shapes, this study is limited to available pultruded shapes. 

 

Adjustability in the field must be considered when using FRP members: since the common 

approach of using slotted holes may not be utilized parallel to the load, adjustability must be 

attained through a different method. Figure 1-17 shows the proposed solution to this challenge: 

the adjustment plate. A stainless steel (or carbon steel) plate with a pre-welded threaded stud is 

welded in the field using procedures specific to stainless-to-carbon steel welding. A shelf angle 

with standard round holes may then be placed accurately on the adjustment plates. 
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Figure 1-17: Original slotted hole adjustment detail and proposed adjustment plate detail. 

 

The adjustment plate detail also facilitates the use of various thermally improved shims, as 

discussed in the shelf angle chapter of this report. Alternatively, slab embeds with vertical 

adjustment can achieve a comparable structural integrity while maintaining field adjustability. 

 

The following details are analyzed computationally for thermal viability and tested experimentally 

for structural viability. These details include using thermally improved members such as FRP or 

stainless tube as a bridge between the relieving angle and the slab, a large FRP shim, and an FRP 

angle. The concept behind FRP and stainless tube shims is illustrated in Figure 1-18. 

 

 

 
Figure 1-18 - Tube shim mitigation illustration, in elevation and plan views 
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ITEM 

NO. 
DESCRIPTION 

1 3/8”  Bent Plate (6x14) 

2 ½” Dia. Stud @ 36” O.C. 

3 Shelf Angle – L6x4x5/16, L7x4x3/8 

4 6” Concrete Slab 

5 Brick Veneer 

6 5/8” Sheathing 

7 5/8” Gypsum Board 

8 Mineral wool insulation 

9 
Cold-Formed Steel Studs with 3.5” fiberglass batt 

insulation 

10 FRP or stainless tube 
 

Figure 1-19 - Mitigation Strategy 1 - Thermally Improved Connecting Element 

 

 

 

ITEM 

NO. 

DESCRIPTION 

1 L8x6x½,  

2 ½” Dia. Stud @ 24” O.C. 

3 Shelf Angle – L6x4x5/16, L7x4x3/8  

4 6” Concrete Slab 

5 Brick Veneer 

6 5/8” Sheathing 

7 5/8” Gypsum Board 

8 Mineral Wool Insulation – 1.5” (Z1), 

3.5” (Z7) 

9 Cold-Formed Steel Studs with 3.5” 

fiberglass batt insulation 

10 Thermally Improved Shim – 1”, 2”, 3” 

FRP or Stainless Steel 
 

Figure 1-20 - Mitigation Strategy - Thermally Improved Shim 
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ITEM 

NO. 

DESCRIPTION 

1 L8x6x½  

2 ½” Dia. Stud @ 24” O.C. 

3 FRP Relieving  Angle – L6x4x1 

4 6” Concrete Slab 

5 Brick Veneer 

6 5/8” Sheathing 

7 5/8” Gypsum Board 

8 Mineral Wool Insulation – 1.5” (Z1), 

3.5” (Z7) 

9 Cold-Formed Steel Studs with 3.5” 

fiberglass batt insulation 
 

Figure 1-21 - Mitigation Strategy 3 - FRP Reliving Angle 

 

 

Throughout this work, several types of FRP material are used.  These include vinylester, 

polyurethane, and phenolic materials. In addition, two proprietary FRP materials were used, 

designated in this report as Proprietary 1 and Proprietary 2.  Their thermal and mechanical 

properties are listed for comparison along with the other FRP materials. 

1.4 Organization of the Report 

Chapter 2 of this report details prior research in thermal break strategies and thermal modeling. 

New thermal break mitigation strategies are analyzed thermally in Chapter 3 to discern the most 

successful solutions and form recommendations based upon heat transfer results. Chapter 4 

contains a formulation of a new testing protocol for the creep response of FRP materials under 

prolonged loading in flatwise compression (shims under creep loads) and presents results and 

design recommendations. The experimental performance of double lap splice connections with 

varying FRP fills is explored in Chapter 5. Chapter 6 examines the performance of unmitigated 

and mitigated shelf angles. Chapter 7 examines the performance of unmitigated and mitigated roof 

posts and canopy beams. Chapter 8 provides conclusions for this research as well as 

recommendations for future research. 
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2 Background 

2.1 Overview 

This section provides a brief summary of recent research on thermal bridging of steel structures. 

Work done by Strachan et al. (1995) presents an overview of the EUROKOBRA thermal bridge 

database, which provides guidance on thermal bridging effects for many common 2D thermal 

bridges. Griffith et al. (1997) examined the significance of bolts in the thermal performance of 

curtain-wall frames and found that steel bolts can reduce thermal resistance when used at close 

intervals. Kosny et al. (1998) reported that small changes in detail configuration can bring 

significant improvements in structure performance. Anzi (1999) detailed the methodology of 

assessing thermal bridging for slab-on-grade floor foundations and shows the capacity of clear 

wall resistances to affect local transmittance. Dowson et al. (2011) demonstrated the efficacy of 

using thermally resistant materials on local thermal breaks in glazed windows to reduce overall 

thermal transmittance. Morrison Hershfield (2008) produced a report examining multiple thermal 

bridging solutions in envelope systems. Schoeck (2015) sponsored a study of their own thermal 

bridging products. Totten and Pazera (2009) demonstrated that thermal bridging is the cause of 

condensation and related problems in steel structures. The Corus Group (2011) published findings 

on several thermal break strategies to be considered for use in steel structures. Huang (2012) 

examined the use of silica aerogel in the building insulation layer and found that a reduction in 

transmittance of up to 50% could be achieved. D’Aloisio et al. (2012) discussed various thermal 

bridging solutions in common structural details. 

 

Of the literature mentioned, three reports published within the last five years stand out as the most 

relevant and comprehensive in scope. These reports are the 2008 Morrison Hershfield report, the 

2011 Corus Group report, and D’Aloisio et al. (2012), as summarized below. 

2.2 Morrison Hershfield (2008) 

In 2008, Morrison Hershfield published a report detailing the results of their study on thermal 

break strategies in steel- and concrete-framed structures. The report examined 40 common building 

envelope details for mid- and high-rise structures to facilitate ease of access to design 

recommendations for designers while maintaining sufficient and accurate results. Three-

dimensional thermal modeling for the project was conducted using FEMAP and Nx along with 

Maya’s TMG thermal solver. Results were calibrated against public domain thermal performance 

data and validated by exercises in ISO standards with well-defined problems. 

 

2.1.1 Relieving Angle Models 

Details 14 and 15 present brick veneer assemblies at a slab intersection with insulation both 

between the steel studs and in the cavity behind the brick veneer. The difference between the two 

assemblies is that Detail 14 utilizes a relieving angle bolted directly to the concrete slab while 

Detail 15 utilizes steel knife plates to offset the angle with intermittent supports, allowing for the 
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cavity insulation to continue between the shelf angle and the slab edge with discontinuities only at 

the knife plates. 

 

The shelf angle and slab edge increase the thermal transmittance in Detail 14 by between 37% and 

70% compared to unbroken “clear wall” values, depending on existing cavity insulation 

transmittance. Detail 15 has a slightly lower effect due to the addition of the knife plates to support 

the shelf angle and the greater continuity of insulation, with thermal transmittance relative to the 

clear wall increased by 30% to 41% for the same insulation values as Detail 14. This represents a 

5% to 17% decrease in linear thermal transmittance by using the knife plate detail. 

 

 
 

Figure 2-1: Detail 14 Overview (Morrison Hershfield 

2008) 

Figure 2-2: Detail 14 Veneer Tie-Back  

(Morrison Hershfield 2008) 
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Table 2-1: Component List for Detail 14 (Morrison Hershfield 2008) 

 
 

 

 

Figure 2-3: Detail 15 Overview (Morrison Hershfield 

2008) 

 

Figure 2-4: Detail 15 Veneer Tie-Back 

 (Morrison Hershfield 2008) 
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Table 2-2: Component List for Detail 15(Morrison Hershfield 2008) 

 

 
 

2.1.2 Cantilever Beam Model 

Detail 12 is a cold-formed steel stud and horizontal Z-girt assembly with split insulation for the 

case where a steel beam protrudes through the exterior insulation and is attached to a steel post 

located within the stud cavity. Given a wall assembly, a single beam penetration increases thermal 

transmittance by 9% and three beam penetrations increase transmittance by 25%. 
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Figure 2-5: Morrison Hershfield Detail 12 Overview (Morrison Hershfield 2008) 

 

 

Table 2-3: Component List for Detail 12(Morrison Hershfield 2008) 

 

2.3 The Corus Group (2011) 

The Corus Group, a United Kingdom based consulting firm, released a document presenting an 

overview of some results in thermal transmittance due to bridging in steel structures. The report 

examined different methods of utilizing thermal breaks in framing systems. Details of beams 

penetrating insulated building envelopes, balcony supports, and brick veneer support systems are 

included. The Corus Group made use of SAP (Standard Assessment Procedure) 2005 and SBEM 
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(Simplified Building Energy Model) in calculating energy performance and linear thermal 

transmittance of assemblies. 

2.1.3 Local Insulation 

In assemblies where a steel member protrudes through the insulated building envelope, local 

insulation may be used around the element in order to lengthen the heat flow path, reducing heat 

transfer. Utilizing this method, internal surface temperatures of the beam were increased from 

50.8% to 55.2% that of internal air temperature assuming a freezing temperature externally. 

 

 
Figure 2-6: Locally Insulated Beam (Corus Group 2011) 

 

2.1.4 Slotted Steel Sections 

In assemblies where the heat flow path travels through the web of a slotted channel member, such 

as in studs, introducing lines of overlapping horizontal lines of slots can increase the thermal 

resistance of the section by up to a factor of 10. This can result in a loss of some structural integrity, 

reducing the compressive and flexural strength of the walls by up to 30%. 
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Figure 2-7: Channel Section with Slotted Web 

 (Corus Group 2011) 

Figure 2-8: Temperature Gradient of a Slotted Channel Section  

(Corus Group 2011) 

 

 

  

 

2.1.5 Lower Conductivity Connections 

Thermal transmittance in steel framing can be reduced by replacing some steel components with 

materials that have a lower thermal conductivity. Examples include stainless steel bolts and screws 

which have a thermal resistance approximately 3 times that of structural carbon steel. However, 

utilizing stainless steel or other more thermally resistant materials increases the risk of bi-metallic 

corrosion, though this can be neglected if moisture is not present or if the amount of the more noble 

metal is significantly lower than that of the less noble metal. 

2.1.6 Proprietary Solutions 

The Corus Group also examined a proprietary solution to thermal steel bridging, the Schöck 

Isokorb. In an example model analyzed via a steady state thermal conduction analysis program, 

the Schöck Isokorb system reduced heat loss due to thermal bridging up to 57% compared to an 

unmitigated system. 
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Figure 2-9: Schöck Isokorb Thermal 

Break (Corus Group 2011) 

 

Figure 2-10: Thermal Model (Corus Group 2011) 

 

 

 

 
Figure 2-11: Temperature Gradients Resulting from the Model (Corus Group 2011) 

 

2.4 Schoeck Ltd Thermal Bridging Report (2015) 

Schoeck Ltd., in a collaborative effort with Oxford Brookes University, published a guide to 

thermal bridging utilizing their product, the Schoeck Isokorb, in a series of thermal models. This 

report was published in 2015.  

 

The report begins with a review of thermal bridges, and specifically highlights the difference 

between linear thermal bridges, in which thermal transmittance occurs constantly along the length 
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of the thermal bridge, and point thermal bridges, where thermal transmittance is localized, and 

often lessened. Figure 2-12 and Figure 2-13 demonstrate these differences. While the continuous 

support does continue to transmit energy in the point thermal bridge example, significant transfer 

only occurs at the protrusions into the slab. 

 

 
Figure 2-12: Linear thermal bridge in a balcony connection (Schoeck Ltd 2015) 

 

 
Figure 2-13: Point thermal bridge in a balcony connection (Schoeck Ltd 2015) 

 

While the research report details several types of Schoeck thermal break products used for 

connections to concrete slabs, the focus of the Northeastern University work is on steel canopies 

and the Schoeck S22 Isokorb. Figure 2-14 depicts the S22 module installed in a steel canopy. 
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Figure 2-14: Schematic of Schoeck S22 thermal break installed in a steel canopy (Schoeck Ltd. 2015) 

Thermal modeling results for this configuration, compared to an unmitigated detail, are shown in 

Figure 2-15. The authors report a 66% improvement in point thermal transmission (from 0.77 W/K 

to 0.26 W/K) with the inclusion of the Isokorb module. 

 

 
Figure 2-15: Thermal gradient results for continuous beam model (at left) and mitigated model with Schoeck 

Isokorb product (KST 16 is the European market version of the S22 module) (Schoeck 2015) 

 

Table 2-4: Thermal modeling results for steel canopy detail. (Schoeck 2015) 

 
 

 

2.5 Modern Steel Construction Insert (2012) 

The Structural Engineering Institute (SEI) Thermal Steel Bridging Task Committee in conjunction 

with the Sustainability Committee’s Thermal Bridging Working Group published a supplement to 

AISC’s Modern Steel Construction (MSC) magazine in March 2012. This article examines several 
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typical thermal bridges in steel-framed structures and presents potential solutions to these 

assemblies, complete with a limited study on the energy cost benefits and cost effectiveness of the 

mitigation schemes.  

2.1.7 Roof Grillage Posts 

The assembly presented in this section is representative of steel posts supporting mechanical 

rooftop units or other similar equipment such as photovoltaic arrays. The authors examined a 3.5” 

diameter Schedule 40 steel post assembly spaced at 6’ on center connected to the interior by a 

wide-flange steel beam and to the exterior assemblage by a continuous wide-flange steel grillage 

beam. The improved detail places a thermally resistant shim between the post and the interior 

wide-flange beam. Improvements in thermal transmittance range from 17% to 19% depending on 

climate, although the incremental costs may outweigh the potential savings, according to their 

calculations. 

    
Figure 2-16: Unmitigated rood post (D'Aloisio, et al. 2012) Figure 2-17: Thermal gradient (D'Aloisio, et al. 2012) 

 

 

   
Figure 2-18: Mitigated roof post (D'Aloisio, et al. 2012) Figure 2-19: Thermal gradient (D'Aloisio, et al. 2012) 
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2.1.8 Roof Edge Angle 

The second section of the MSC supplement examines the intersection of roof and wall planes 

which contain continuous steel elements that extend between the interior and the exterior. The 

detail in question utilizes a continuous steel angle along the perimeter of the roof deck connected 

to another continuous angle that extends out through the roof and wall insulation intersection for 

the support of roof edge blocking. The alternative detail replaces the second angle with a 6” long 

angle spaced at 24” on center. The alternate detail improves thermal transmittance by 30% and 

reduces annual costs by a similar margin. 

 
Figure 2-20: Roof Edge Angle, unmitigated (D'Aloisio, et al. 2012) 

 

  
Figure 2-21: Unmitigated gradient (D'Aloisio, et al. 2012)  Figure 2-22: Mitigated gradient (D'Aloisio, et al. 

2012) 

 

2.1.9 Shelf Angle Support 

This detail compares a conventional slab-supported carbon steel relieving angle to a mitigated 

version using stainless steel knife plates spaced at 24” on center. Stainless steel is approximately 

three times as thermally resistant as carbon structural steel. The mitigated detail moves the 
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relieving angle outside of the insulation plane, allowing for more continuous insulation between 

the relieving angle and slab edge. Thermal transmittance can be reduced up to 77% using this 

mitigation strategy, making it an ideal candidate for implementation due to its relatively low 

marginal cost and high savings yield. 

    
Figure 2-23: Shelf angle, Unmitigated (D'Aloisio, et al. 2012)      Figure 2-24: Thermal Gradient (D'Aloisio, et al. 

2012) 

 

 

     
Figure 2-25: Shelf Angle, Mitigated (D'Aloisio, et al. 2012)       Figure 2-26: Thermal Gradient, Mitigated 

(D'Aloisio, et al. 2012) 

 

 

 

2.1.10 Masonry Lintel 

This detail is similar to the standard relieving angle support detail except that it is installed over a 

window opening in the façade. Steel in direct contact with the window frame reduces the 

effectiveness of any potential improved window design. The authors considered a detail with a 2x 

piece of wood to act as a thermal separator between interior and exterior steel members. This 



29 

 

modification results in a 26% reduction in thermal transmittance. Unlike the standard relieving 

angle detail, the potential annual savings do not outweigh the relatively large marginal cost of 

implementing this solution. 

  
Figure 2-27: Masonry Lintel, Unmitigated (D'Aloisio, 

et al. 2012) 

 

Figure 2-28: Thermal Gradient, Unmitigated 

(D'Aloisio, et al. 2012) 

 

 

 

 
Figure 2-29: Masonry Lintel, Mitigated (D'Aloisio, et al. 

2012) 

 

Figure 2-30: Thermal Gradient, Mitigated (D'Aloisio, 

et al. 2012) 
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2.1.11 Cantilever Roof Canopy Beam 

Cantilever elements that extend out from the faces of buildings, while versatile in their use, create 

significant thermal bridges where they intersect the insulation plane. The authors examined a 

prefabricated Manufactured Structural Thermal Break Assembly (MSTBA) for its ability to 

mitigate thermal bridging created by this type of element. They found that thermal transmittance 

can be reduced up to 30%, though the annual cost savings are low compared to the relatively high 

marginal implementation cost, due to the localized nature of this thermal break. 

 

 

Figure 2-31: Cantilever Roof Canopy Beam, Unmitigated and Mitigated 

 (D'Aloisio, et al. 2012) 

 

Figure 2-32: Thermal Gradient, 

Unmitigated (D'Aloisio, et al. 

2012) 

 

 

 

 

 
Figure 2-33: Thermal Gradient, Mitigated (D'Aloisio, et al. 2012) 
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2.6 Kemper Arena Collapse 

The 1979 collapse of the Kemper Arena is frequently, but potentially incorrectly, attributed to a 

fiber reinforced polymer ¼” Micarta plate installed at the base of the connection to the hangers. 

The authors conducted a review of the available literature on the collapse, notably the official 

August 1979 report on the Kemper Arena Collapse by consulting engineer James Stratta (Stratta, 

1979). 

 

Stratta states that failure of the hanger was due to excessive loading (from a combination of wind, 

rain, and ponding, oscillations caused by loading, and aeroelastic flutter of the roof membrane), 

fatigue in the bolts, improper installation of the bolts, and the poor connection between base plate 

and truss top chord due to deformations in the base plate (induced by welding, measured to be 1/8” 

on each side of the base plate) and loose construction tolerances. Furthermore, the Stratta predicts 

that a total of 24,000 oscillations (rocking of the hanger) had occurred during the lifetime of the 

arena, prior to collapse. As the hanger bolts, A490 bolts, are not specified for unloading and 

reloading cycles, these oscillations are speculated to have weakened the bolts significantly. 

According to the report, including factors of safety, the bolts should have carried 600 kips+, and 

were designed for 210 kips (and, according to the report, rated for 320 kips). Note that according 

to Table J3.2 in AISC 360-10, the tensile strength of four 1-3/8” dia. A490 bolts is 670 kips. It is 

not known at what load the pipe hanger bolts failed, but tests at the University of Missouri 

established that the hanger assembly (including the Micarta plate) had an ultimate capacity of 400 

kips. Furthermore, these experiments demonstrated that bending of the base plate did not occur 

until the hanger assembly was loaded with 200 kips, approaching the design load of the pipe hanger 

assembly. 

 

The design strength of the hanger assemblies in the Kemper Arena were approximately 210 kips 

per assembly, while the roof posts examined in the thermal break strategies project have a design 

compressive strength of 20 kips. Bolts in the hanger were A490, while the cladding details in this 

work involve A325 or B8 Class 2 bolts. These bolts in the pipe hanger connection failed in tension, 

and the report on the failure does not attribute this mode to any behavior in the Micarta plate. The 

assemblies included in this study are also limited to cladding details, and not primary structural 

systems. 
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3 Thermal Modeling 
 

Extensive three-dimensional thermal modeling was conducted in this research to evaluate several 

concepts developed for mitigating loss of energy via thermal bridging in steel structures. Thermal 

modeling is utilized to compare the thermal transmittance of proposed thermal bridging design 

solutions.  

 

Three-dimensional thermal modeling of unmitigated and mitigated thermal bridge conditions was 

performed using the HEAT3 Version 7.0 software by Blocon and the Department of Building 

Physics at Chalmers Technical University and Lund University in Sweden (Blomberg, T. 2017). 

The program is validated against the EN ISO 10211 standard. HEAT3 models can be used to 

calculate the effective U-value (i.e., overall heat transfer coefficient or thermal transmittance) of 

the mitigated and unmitigated assemblies. The heat equation is solved with explicit forward finite 

differences using the successive over-relaxation technique in steady-state conduction.  

 

One advantage of HEAT3 is that it accounts for heat transfer in three dimensions and provides 

extensive graphical capabilities in two and three dimensions for geometry, materials, temperature 

field, and boundary conditions. Additionally, HEAT3 includes a database of material properties 

for common building materials that can be edited to include the thermal properties of unique 

building materials. One of the restrictions is that geometric inputs are modeled in a parallelepiped 

mesh (i.e., all boundary surfaces are parallel to one of the Cartesian coordinate planes) and thus 

curved geometries must be approximated as straight line segments. 

 

The following archetypal cladding assemblies were modeled in climate zones 1 and 7: 

1. Roof posts (e.g., dunnage supports) 

2. Slab-supported shelf-angles 

3. Canopy beams  

In order to differentiate each thermal model, an abbreviated nomenclature is employed. This 

nomenclature is summarized below and detailed in the following: the first two characters, either 

RP (roof post) or SA (shelf angle) or CB (canopy beam), correspond to the type of cladding detail; 

the second letter, either U (unmitigated) or M (mitigated) indicates if a model has a mitigation 

strategy or not; following this, the fourth number, either 1 (climate zone 1) or 7 (climate zone 7) 

refers to the thickness of the insulation per code requirements for that climate zone; the fifth 

number details the structural testing model that the thermal model derives from; specimen 

repetitions are denoted by a 1 or 2 at the end of the specimen name; and the capital letter at the end 

of the nomenclature refers to the repetition or variation from the base model. 

 

 

 

 

 

Test Name Nomenclature 

RPU7-1-A = roof post (RP), unmitigated (U), climate zone 7 (7), 

structural testing specimen R1 (1), repetition 1 (A) 
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Figure 3-1: Section view of an unmitigated roof post specimen RPU1-1-B in climate zone 1 (3.8” insulation 

thickness) 

 

 
 

Figure 3-2: Section view of a mitigated roof post specimen RPM1-2-B in climate zone 1 (3.8” insulation thickness) 

with a 3” thick vinylester shim 
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Figure 3-3: Section view of an unmitigated roof post specimen RPU7-1-A in climate zone 7 (6” insulation thickness)  
 

 
 

Figure 3-4: Section view of a mitigated roof post specimen RPM7-2-A in climate zone 7 (6” insulation thickness) 

with a 6” thick vinylester shim 
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Figure 3-5: Section view of an unmitigated slab-supported shelf angle specimen SAU1-1-A in climate zone 1 (2.5” 

cavity width)  
 

 
 

Figure 3-6: Section view of a mitigated slab-supported shelf angle specimen SAM1-8-A in climate zone 1 (2.5” 

cavity width) with a 1.5” thick vinylester shim 
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Figure 3-7: Section view of an unmitigated slab-supported shelf angle specimen SAU7-4-A in climate zone 7 (5” 

cavity width) 

 
Figure 3-8: Section view of an unmitigated slab-supported shelf angle specimen SAM7-14-A in climate zone 1 (5” 

cavity width) with a 3” thick vinylester shim 
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Figure 3-9: Section view of an unmitigated canopy beam specimen CBU1-7-B in climate zone 1 (1.5” insulation 

thickness).  
 

 
Figure 3-10: Section view of a mitigated canopy beam specimen CBM1-2-B in climate zone 1 (1.5” insulation 

thickness) with a 1.5” thick vinylester shim.  
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Figure 3-11: Section view of an unmitigated canopy beam specimen CBU7-7-A in climate zone 7 (3.5” insulation 

thickness).  
 

 
Figure 3-12: Section view of a mitigated canopy beam specimen CBM7-2-A in climate zone 7 (3.5” insulation 

thickness) with a 3” thick vinylester shim.  
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3.1 Motivation and Background 

 

The modeling results will aid in identifying the most thermally-promising configurations for 

structural testing and provide a means of exploring alternative design solutions. The objective of 

this modeling is to analyze the differences in U-value between the different cladding detail 

mitigation strategies proposed, and to provide guidance on which cladding assemblies to test 

structurally. 

 

As part of this project, two separate matrices were developed for each type of cladding detail: the 

structural testing matrix and the thermal modeling matrix (available in Appendix E). The structural 

testing matrix summarizes all properties and components comprising each cladding detail to be 

structurally tested. The thermal modeling matrix reflects similar assemblies that were selected to 

thermally model. For the thermal models, properties and components of the structural testing 

specimens were altered to analyze the effect on thermal conductivity and explore alternative design 

solutions. Appendix E illustrates how the thermal modeling matrix was derived from the structural 

testing matrix.  

 

To minimize the differences between the test assemblies and the thermal models, several 

assumptions were made to thermally analyze the proposed as-constructed version of the structural 

tested specimens.  Specific assumptions for each type of cladding detail, such as the model size, 

spacing of bolts, etc., are described the sections that follow. Assumptions pertaining to each type 

of cladding detail are prescribed below: 

 

• Certain components of the structural test specimens are oversized to control the failure 

mode. In the thermal models, all components are sized appropriately to resist 

design/service loads.   
 

• For thermal modeling in HEAT3, surface areas of all materials must be in contact to 

transmit thermal energy. Thus, all hole diameters are modeled with the same diameter as 

the fasteners to provide surface contact between the plates and the fasteners. As this 

eliminates a potentially beneficial air layer and does not account for contact resistance, this 

is a conservative modeling choice. Because two pieces of material can never be in 100% 

contact (due to porosity and surface roughness), modeling perfect contact between them 

represents a worst case scenario. 
 

• All fasteners in the thermal models are stainless steel or carbon steel. The stainless steel 

fasteners are three times less thermally conductive than the carbon steel fasteners (Baddoo, 

N. R. 2008). Because the archetypal cladding assemblies are intermittently spaced at the 

connection points, the thermal conductivity of the bolts themselves contributes to the 

overall energy transmittance of the system. 
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3.2 Scope of Analysis  

 

To evaluate the differences in U-value between the proposed cladding assembly detail mitigation 

strategies, several parameters in the thermal models were varied. The ranges in various parameters 

are described below: 

 

Unmitigated versus mitigated thermal models: To capture the behavior of the thermal break 

strategies, unmitigated models (i.e., assemblies with no thermal break strategy) and mitigated 

models were developed to compare the differences between the thermal efficiency of each 

mitigation strategy and the unmitigated baseline case. Unbroken wall and roof assemblies without 

thermal bridges through the continuous insulation layer were also modeled to provide a lower 

bound for the heat flow in these sub-systems. The following analysis results are presented: 

 

• Average U-value for the modeled assembly.  

• Linear Thermal Transmittance (ψ) for the shelf angle thermal bridges. 

• Point Thermal Transmittance (χ) for the roof posts and canopy beams. 

 

Linear and point thermal transmittance are calculated using procedures from ASHRAE 1365-RP 

(ASHRAE 2011). These values may be used by energy modelers to calculate overall wall and roof 

U-values that account for the type and frequency of thermal bridges present. 

 

Member size: For each assembly, the size of the component passing through the insulation layer 

was varied. For the roof posts and canopy beams, the member for the thermal modeling specimens 

varies slightly from the structural testing specimens when the FRP member (i.e., FRP HSS and 

sleeve) is used as a mitigation strategy. This is due to physical limitations on pultruded shape 

availability. While it is technically possible for any FRP shape to be customized, the work was 

limited to readily-available shapes. For this report, parameters of Strongwell Structural Shapes 

were used (Strongwell 2013).  

 

For the shelf-angle models, detailing recommendations from the AISC Steel Design Guide 22, 

Façade Attachments to Steel-Framed Buildings (Parker 2008) were followed. FRP shims were the 

same height as the vertical leg of a shelf-angle and 3” wide. Due to this standard, the shelf angle 

horizontal leg (i.e., cross-sectional area of steel going through insulation layer in wall) was 

changed between the unmitigated and mitigated models. This ensures a constant wall cavity 

thickness across proposed solutions. The unmitigated models have longer angle legs (i.e., L6x4 

and L8x4) in comparison to the mitigated models (i.e., L5x5) to meet brick veneer bearing 

guidelines with the added shim thickness. The L5x5 angle size was chosen since L5x4 angle sizes 

are not available in the AISC Steel Construction Manual (AISC 2014). Figure 3-13 below 

demonstrates a constant wall cavity thickness across proposed solutions: 
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Figure 3-13: Section view of two slab-supported shelf angle specimens with constant wall cavity thicknesses   

 

 

Connection material and mitigation strategy: In order to thermally test various types of cladding 

details, different materials were chosen to insert within the cladding assembly or to modify an 

existing material in order to reduce thermal conductivity. Materials were chosen based on their 

thermal performance, and Table 3-1 summarizes each material’s thermal conductivity. Note that 

thermal conductivities for the proprietary products (products specifically designed as thermal 

break pads) are lower than published values for vinylester (Strongwell 2016), phenolic (Strongwell 

2016), and polyurethane (Creative Pultrusions 2016) plate (products used for a large range of 

structural and non-structural applications). 

 

For the roof posts, depending on the climate zone (i.e., climate zone 1 and 7), the code requirement 

for the roof insulation thickness varies: 3.8 inch thickness for climate zone 1, and 6 inch thickness 

for climate zone 7. For each climate zone, various shim materials were selected as mitigation 

strategies (i.e., vinylester, proprietary 1, proprietary 2) and the shim thickness varied to analyze 

the difference in thermal conductivity. Additionally, alternative mitigation strategies were 

explored: FRP post, bushings at steel rods, two vinylester shims.  
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Table 3-1: Summary of thermal modeling materials and thermal properties. Thermal properties for FRP materials 

are taken directly from publicly available material data sheets provided by the manufacturers. Insulation and air 

space properties from ASHRAE 90.1 

 

  
 

Climate zone (1 versus 7): The thermal performance of these assemblies is modeled in two climate 

zones, Zone 1 (primarily cooling climate, i.e., southern Florida) and Zone 7 (primarily heating 

climate, i.e., Alaska) as defined in the 2012 International Energy Conservation Code (IECC). The 

purpose of modeling in these two different climate zones is to bound the thermal performance. 

Each assembly is designed using code insulation values for above-grade metal-framed walls and 

roofs with continuous insulation above the deck. Table 3-2 summarizes the code-prescribed 

Residential Use Group R-values for the above-grade exterior wall and roof assemblies included in 

our study: 

 

Table 3-2: Summary of Code Prescribed R-values for Above-Grade Walls and Roofs (2012 IECC) 

 

 
 

The interior and exterior boundary conditions of each HEAT3 model are based on prescribed 

values in ASHRAE 90.1-2010 and National Fenestration Rating Council (NFRC) 100-2010. Para. 

A9.4.1 of ASHRAE 90.1-2010 specifies R-Values for air films, but does not specify interior and 

exterior boundary condition temperatures. The interior and exterior temperatures are based on the 

NFRC values provided in Para. 4.3.2.D of NFRC 100-2010. The interior and exterior boundary 

conditions are summarized in Table 3-3 below: 

CLIMATE ZONE 1 CLIMATE ZONE 7

ROOFS

Insulation entirely above deck R-20 continuous insulation R-35 continuous insulation

WALLS, ABOVE-GRADE

Metal-framed R-13 + R-5 continuous insulation R-13 + R15.6 continuous insulation
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Table 3-3: Summary of Boundary Conditions 

  

 
 

 

3.2 Roof Posts  

 

3.2.1 Assumptions Made and Differences between Structurally Tested Specimens 

 

 
Figure 3-14: Unmitigated (left) and Mitigated (right) Roof Post Typical Detail  

 

The thermal models reflect actual constructible and efficient structurally-designed cladding details 

as depicted in above in Figure 3-14. The experimental test specimens reflect this, while also 

considering a desired progression of failure. As a result, thermal models differ in some respects 

from the structural experimental test specimens, as follows: 
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• The test specimens are differentiated as ‘designed’ and ‘over-designed.’ The overdesigned 

connections meet a testing objective that the primary failure mode of the cladding assembly 

should not be bolt yielding. For the purpose of thermal modeling, all connections are 

considered ‘designed’. 
 

• Weld geometry was not modeled in HEAT3, and presence of additional material from weld 

metal is not taken into consideration (structural test specimens were fabricated with CJP 

welds).  
 

• All rods are spaced at 6” on center, and in the thermal models are stainless steel with the 

B8 Class 2 specification (i.e., the stainless steel rods have a lower thermal conductivity 

than the carbon steel A307 rods used for most structural testing). 
 

• The roof post is steel for every thermal modeling specimen unless otherwise noted, and the 

beam below the roof insulation is a W14x34, whereas the beam above the roof is a W14x30.  
 

• The structural testing specimens have different sizes of base plates (i.e., 6x9x1/2), cap 

plates (i.e., 10x10x1), and post lengths. However, thermal models have a uniform post 

length of 30 inches and their top plates are the same size as their base plates. The structural 

testing specimens have different post lengths because of the testing configuration 

restrictions. We modeled more uniform sizes for geometric simplicity. We assumed that 

these changes would not affect the U-factor of the thermal models.  
 

• Base plates were modeled as rectangles (as is the commonly accepted configuration in the 

field). For structural test specimens, base plates were tested as square geometries to 

maintain specimen symmetry.   
 

3.2.2 Results 

 

Several mitigation strategies for roof posts are analyzed, with results summarized in this section. 

Proof of concept for the FRP shim thermal break mitigation strategy is provided via three-

dimensional thermal modeling. Three materials are examined: vinylester, proprietary 1 and 

proprietary 2. A 72 inch x 120 inch segment of the roof with a central roof post was modeled. A 

summary of results for roof post cladding details is provided in Appendix E.  

 

A comparison of unmitigated and mitigated thermal models was conducted to identify the 

difference in U-value (i.e., thermal conductivity) due to the addition of the roof post shim 

mitigation material. Mitigated thermal models in climate zone 1 are compared to the unmitigated 

thermal model RPU7-1-B, and similarly models in climate zone 7 are compared to the unmitigated 

model RPU7-1-A. The mitigated U-values are compared to unmitigated thermal models of the 

exact same configuration with the shim material removed (see Appendix E for graphics). Figure 

3-15 depicts the configuration of the 2 vinylester shims where the green represents air space.  
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Figure 3-15: Thermal modeling of roof posts in climate zone 1 (3.8” insulation thickness) with two 1” thick 

vinylester shims  

 

 

Additionally, all thermal models have B8 Class 2 stainless steel rods. However, one thermal model 

in each climate zone was thermally modeled with A307 rods to compare the difference in thermal 

conductivity between rod specification types. Table 3-4 below demonstrates the difference in U-

values between unmitigated and mitigated strategies. The baselines for comparison are roof posts 

that pass through the roof insulation layer with no thermal break (“unmitigated model”). The 

mitigated models include the various thermal break strategies. The models in the gray rows 

represent the field of the roof with beam but no posts. The table reports the percent reduction in 

heat flow for each mitigation strategy as well as how the mitigation strategy compares to a roof 

with no penetrations. This metric is described in more detail below. 
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Table 3-4: Comparison of Unmitigated and Mitigated Roof Post FRP Shim Mitigation Strategy 

 
 

In climate zone 7, thermal modeling using FRP shims below the steel post base plate shows 

reductions in thermal point transmittance relative to the unmitigated roof posts ranging from 27% 

to 65% depending upon thickness and type of shim. While the proprietary products demonstrate 

superior thermal performance, this is directly related to their R-values, as tabulated earlier in this 

chapter. FRP posts are the most effective, with a 95% reduction in point transmittance for the zone 

7 models. Thermal gradients for the zone 7 modeling efforts are shown in Figure 3-16 below with 

% reduction in U-value from the unmitigated case. 

 

 

 

UNMITIGATED MODEL MITIGATED MODEL COMPARISON

Thermal 

Model Name 
U-Value

Thermal 

Model Name 

Mitigation 

Strategy

Shim 

Thick

Insulation 

Thick
U-Value c ∆ U-Value 

%-c 

Improvement

- BTU/h*ft2*°F - - in in BTU/hr ft
2 

°F BTU/hr °F BTU/hr ft
2 

°F %

climate zone 7

RPU7-Unbroken 0.0269 RPU7-1-A none N/A 6 0.0350 0.49 0.0081 -

RPU7-1-A 0.0350 RPM7-2-A Vinylester shim 6 6 0.0318 0.29 0.0032 40%

RPU7-1-A 0.0350 RPM7-2-C Vinylester shim 3 6 0.0325 0.34 0.0025 31%

RPU7-1-A 0.0350 RPM7-11-A
Proprietary 1 

shim
6 6 0.0297 0.17 0.0053 65%

RPU7-1-A 0.0350 RPM7-11-B
Proprietary 1 

shim
3 6 0.0308 0.24 0.0042 52%

RPU7-1-A 0.0350 RPM7-11-C
Proprietary 1 

shim
1 6 0.0325 0.34 0.0025 31%

RPU7-1-A 0.0350 RPM7-12-A
Proprietary 2 

shim
6 6 0.0301 0.20 0.0049 60%

RPU7-1-A 0.0350 RPM7-12-B
Proprietary 2 

shim
3 6 0.0312 0.26 0.0038 47%

RPU7-1-A 0.0350 RPM7-12-C
Proprietary 2 

shim
1 6 0.0328 0.36 0.0022 27%

RPU7-1-A 0.0350 RPM7-1-C
FRP 

HSS3x3x3/8
N/A 6 0.0273 0.03 0.0077 95%

climate zone 1

RPU1-Unbroken 0.0416 RPU1-1-B none N/A 3.8 0.0517 0.61 0.0101 -

RPU1-1-B 0.0517 RPM1-2-B Vinylester shim 3 3.8 0.0482 0.40 0.0035 34%

RPU1-1-B 0.0517 RPM1-2-D Vinylester shim 4 3.8 0.0484 0.41 0.0033 33%

RPU1-1-B 0.0517 RPM1-2-E Vinylester shim 1 3.8 0.0499 0.50 0.0018 18%

RPU1-1-B 0.0517 RPM1-2-F
2 vinylester 

shims
1 3.8 0.0492 0.46 0.0025 25%

RPU1-1-B 0.0517 RPM1-2-G

Vinylester shim 

with bushings at 

steel rods

1 3.8 0.0491 0.45 0.0025 25%

RPU1-1-B 0.0517 RPM1-2-H
Bushings at 

steel rods
N/A 3.8 0.0517 0.61 0.0000 0%

RPU1-1-B 0.0517 RPM1-1-D
FRP 

HSS3x3x3/8
N/A 3.8 0.0422 0.04 0.0095 94%

A307 bolts

RPU7-7-A 0.0350 RPM7-8-A Vinylester shim 6 6 0.0342 0.44 0.0009 10%

RPU1-7-B 0.0517 RPM1-8-B Vinylester shim 3 3.8 0.0501 0.51 0.0016 16%
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Figure 3-16: Thermal modeling of roof posts in climate zone 7 (6” insulation thickness) 2D results and comparisons 

 

Since roof insulation thicknesses vary, and are based on the R-value of the insulation itself, 

modeling efforts were extended to account for numerous insulation and shim thicknesses. These 

results demonstrate that, in particular, thick FRP shims (i.e., 6 inches in thickness) can reduce U-

value for the roof post cladding detail. 

 

Figure 3-17 depicts thermal gradient results for the climate zone 1 models. Again, shim thicknesses 

and materials were varied. As models RPM1-2-D and RPM1-2-B demonstrate, thicker shims do 

not necessarily result in improved thermal performance if they extend beyond the insulation layer, 

as in model RPM1-2-D (4” shims with 3.8” insulation). Two 1” thick vinylester shims were 

analyzed (25% point transmittance reduction) and perform approximately 40% better than the 1” 

thick single vinylester shim (18% point transmittance reduction). Note that when shim thickness 

doubles, the change in thermal transmissibility does not increase linearly, due to the impact of the 

insulation layer. Bushings at the steel rods were modeled with a 1” thick vinylester shim, and yield 
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a higher energy transmission reduction (25% point transmittance reduction) than the 1” thick 

vinylester shim without bushings (18% point transmittance reduction).  

 

 

 

 

 
Figure 3-17: Thermal modeling of roof posts in climate zone 1 (3.8” insulation thickness) 2D results and 

comparisons to unmitigated model performance. 

 

 

In climate zone 7, thermal modeling using 6” thick FRP shims below the steel post base plate with 

A307 rods shows an increase in thermal point transmittance of 48% compared to the model using 

stainless steel rods, while in climate zone 1 using a 3” thick FRP shim the substitution of A307 

rods for stainless steel rods results a point transmittance increase of 28%. Figure 3-18 demonstrates 

the difference in U-values between stainless steel and carbon steel rods for climate zones 1 and 7. 

While FRP shims alone do improve the thermal performance of a roof post system, it is evident 

that stainless bolts in conjunction with shims result in a significantly more thermally-efficient 

system. 
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Figure 3-18: Thermal modeling roof posts with alternative rod specs (note that comparisons in c are to the 

corresponding unmitigated detail). 

 

 

3.3 Slab-Supported Shelf Angle 

3.3.1 Assumptions Made and Differences between Structurally Tested Specimens 

The thermal models reflect actual constructible and efficient structurally-designed cladding details. 

The experimental test specimens reflect this, while also considering a desired progression of 

failure. 
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Figure 3-19: Unmitigated (left) and Mitigated (right) Slab-Supported Shelf Angle Typical Detail 

 

As a result, thermal models differ slightly from the structural experimental test specimens, as 

follows: 

 

• The test specimens are differentiated as ‘designed’ and ‘over-designed.’ The overdesigned 

connections meet a testing objective that the primary failure mode of the cladding assembly 

should not be bolt yielding. For the purpose of thermal modeling, all connections are 

considered ‘designed.’ 
 

• For thermal modeling in HEAT3 (and as discussed for the roof post models), surface areas of 

all materials must be in contact to transmit thermal energy (i.e., there must not be presence of 

spaces between surface areas). Due to the restriction of cavities, all hole diameters are modeled 

as the same diameter as the rods for surface contact between the plates and the rods. 
 

• All rods in the thermal models are classified stainless steel and carbon steel (i.e., A304-SH and 

A325). The stainless steel rods have a lower thermal conductivity than the carbon steel A304-

SH. Because shelf angle bolts are intermittently spaced at the connection points, the thermal 

conductivity of the bolts themselves contribute to the overall energy transmittance of the 

system. 
 

• For the shelf-angle models, recommendations from the AISC Steel Design Guide 22, Façade 

Attachments to Steel-Framed Buildings (Parker 2008), were followed. FRP shims were the 

same height as the vertical leg of a shelf-angle and 3” wide. To keep the shims bearing 

completely on the shelf angle horizontal leg (i.e., cross-sectional area of steel going through 

insulation layer in wall), and to interface with the insulation layer geometries, the shelf angle 

was changed between the unmitigated and mitigated models. This ensures a constant wall 

cavity thickness across proposed solutions. The unmitigated models include angles with longer 

horizontal legs (i.e., L6x4 and L8x4) compared to the mitigated models (i.e., L5x5) so that the 

shelf angle supports at least 2/3 of the brick veneer thickness without extending past the face 

of brick in keeping with industry standards (e.g. Parker 2008). The L5x5 angle size was chosen 

because L5x4 is not a standard angle size in the AISC Steel Construction Manual (AISC 2014).  
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The original shelf angle designs were 1/2” and 3/8” in thickness. When the angle size was changed 

per the assumption above, there was a smaller unsupported horizontal shelf angle leg (i.e., 5” 

versus 7” or 8”). With a smaller angle size and smaller cantilevered leg, we were able to reduce 

the angle thickness to 5/16”. Thinner angles are more thermally-efficient because less steel reduces 

thermal conductivity. See Figure 3-20 for a 5” versus 7” unsupported horizontal shelf angle leg: 
 

 
Figure 3-20: Moment arm on two distinct shelf angles 

 

We assumed a full angle length in the model of 80” to incorporate two shims spaced at 36” on 

center and to account for the wall stud spacing of 16” on center. The full 80” length allows for the 

model to be cut midway between two shims and two wall studs. The height of the model was 72”, 

and included one floor slab. See Figure 3-21 below for the model spacing as shown on the canopy 

beam model; since the shelf angle and canopy beams are both installed on exterior walls, basic 

model geometries were consistent between the two details. 
 

 
Figure 3-21: Plan view of wall cavity (depicted for canopy beam, but as shelf angle spacing is 36” on center, 

geometries are applicable for both cladding details)  
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3.3.2 Results 

 

Several mitigation strategies for slab-supported shelf angles are analyzed, with results summarized 

herein. Proof of concept for the shim thermal break mitigation strategy is provided via three-

dimensional thermal modeling. Three materials are examined (i.e., vinylester, proprietary 1 and 

proprietary 2) and two separate strategies are modeled (i.e., stainless tube shim and FRP angle). 

 

A comparison of unmitigated and mitigated thermal models was conducted to identify the 

difference in U-value (i.e., thermal conductivity) due to the addition of the shelf angle shim 

mitigation material or other assembly. Mitigated thermal models in climate zone 1 are compared 

to the unmitigated thermal model SAU-1-1-A, and similarly models in climate zone 7 are 

compared to the unmitigated model SAU7-4-A. The mitigated U-values are compared to 

unmitigated thermal models of the exact same configuration with the shim material removed (i.e., 

shelf angles connected directly to the slab plate) (see Chapter 6 for experimental test matrices and 

graphics). A summary of results for slab-supported cladding details is provided in Table 3-5 below, 

and in Appendix E. See the discussion for Table 3-4 for further explanation of the result 

presentation. 

 

Table 3-5: Summary of Results for Slab-Supported Shelf Angle Shim Mitigation Strategy 

 

 
 

In every thermal model case, the addition of FRP shims to the slab-supported shelf angles 

improved thermal conductivity by reducing the linear thermal transmittance of the cladding detail 

by 77% to 92%. There are several factors that cause this increased reduction of thermal 

transmittance in comparison to the roof post FRP shim addition. For example, shelf angles are only 

UNMITIGATED MODEL MITIGATED MODEL COMPARISON

Thermal 

Model 

Name 

U-Value Thermal 

Model Name 

Mitigation 

Strategy

Shim 

Thick

Cavity 

Width 

Rod 

Spec
U-Value y ∆ U-Value 

%- y 

Improvement

- BTU/h ft2 °F - - in in - BTU/h ft
2
 °F BTU/hr ft °F BTU/h ft

2
 °F %

climate zone 7

Unbroken 

Wall
0.0373

SAM7-

Unbroken

broken by slab 

edge only
N/A 5 N/A 0.0451 0.047 0.0078 -

SAM7-

Unbroken
0.0451 SAU7-4-A none N/A 5 A325 0.1123 0.403 0.0672 -

SAU7-4-A 0.1123 SAU7-4-B stainless bolts N/A 5 A304-SH 0.1123 0.403 0.0000 0%

SAU7-4-A 0.1123 SAM7-14-A Vinylester shim 3 5 A325 0.0559 0.065 0.0564 84%

SAU7-4-A 0.1123 SAM7-14-B Vinylester shim 3 5 A304-SH 0.0526 0.045 0.0597 89%

SAU7-4-A 0.1123 SAM7-17-A
Proprietary 1 

shim
3 5 A304-SH 0.0506 0.033 0.0617 92%

SAU7-4-A 0.1123 SAM7-18-A
Proprietary 2 

shim
3 5 A304-SH 0.0510 0.035 0.0613 91%

SAU7-4-A 0.1123 SAM7-18-B
Stainless Tube 

(HSS3x3x3/16)
N/A 5 A304-SH 0.0587 0.081 0.0536 80%

climate zone 1

Unbroken 

Wall
0.0562

SAM1-

Unbroken

broken by slab 

edge only
N/A 2.5 N/A 0.0660 0.059 0.0099 -

SAM1-

Unbroken
0.0660 SAU1-1-A none N/A 2.5 A325 0.1381 0.433 0.0721 -

SAU1-1-A 0.1381 SAU1-1-B stainless bolts N/A 2.5 A304-SH 0.1381 0.432 0.0000 0%

SAU1-1-A 0.1381 SAM1-8-A Vinylester shim 1.5 2.5 A325 0.0823 0.098 0.0558 77%

SAU1-1-A 0.1381 SAM1-8-B Vinylester shim 1.5 2.5 A304-SH 0.0794 0.080 0.0587 81%

SAU1-1-A 0.1381 SAM1-19-A FRP L6x4x1/2 N/A 2.5 A304-SH 0.0719 0.035 0.0662 92%
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supported at the location of the shims (i.e., 36” on center) in the mitigated models. Thus, the 

intermittent spacing of shelf angle supports introduces space for insulation between the steel angle 

and the concrete slab pour stop, resulting in a reduction in U-value. Comparison to the unbroken 

system reveal that the mitigation strategies proposed here reach between 58% and 72% of 

maximum possible mitigation.  

 

The effectiveness of the FRP shims for the shelf angles depend on the material of the shelf angle 

and the type of steel rod (i.e., stainless steel or carbon steel). Replacing the shelf angle with a FRP 

angle reduced thermal conductivity by 92% compared to the unbroken shelf angle model, while 

using stainless steel tube shims reduced thermal conductivity by 80%. Effects of changing the bolt 

type in addition to adding a shim may be seen between models SAM7-14-A and SAM7-14-B 

where the A325 bolt type yields a 85% linear thermal transmittance reduction, and the A304-SH 

bolt type yields a 89% reduction. These results may be visualized via Figure 3-22 and Figure 3-23 

below. Note that due to limited variability in FRP angle sizes, FRP angles are only utilized in 

Climate Zone 1 models, where a smaller angle is acceptable. 

 

 
Figure 3-22: Thermal modeling of slab-supported shelf angles in climate zone 1 with a 2.5” cavity width 2D results 

and comparisons: a) Unmitigated, b) Vinylester shim (∆ψ=81%), c) FRP angle (∆ψ=92%) 

 

 
 

Figure 3-23: Thermal modeling of slab-supported shelf angles in climate zone 7 with a 5” cavity width 2D results 

and comparisons: a) Unmitigated, b) Vinylester shim with A325 bolts (∆ψ=84%), c) Vinylester shim with A304-SH 

bolts (∆ψ=89%), d) Proprietary 1 shim (∆ψ=92%), e) Proprietary 2 shim (∆ψ=91%), f) Stainless tube shim 

(∆ψ=80%) 
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3.4 Canopy Beam 

3.4.1 Assumptions Made and Differences between Structurally Tested Specimens 

 

The thermal models reflect actual constructible and efficiently-designed cladding details. The 

experimental test specimens reflect this, while also considering a desired progression of failure. 

As a result, thermal models differ slightly from the structural experimental test specimens, as 

follows: 

 

• The test specimens are differentiated as ‘designed’ and ‘over-designed’ to account for the 

assumption that connections should be overdesigned to assure that the primary failure 

mode of the cladding assembly will not be due to yielding at the connections. For the 

purpose of thermal modeling, all connections are considered ‘designed.’ 
 

• All rods in the thermal models are classified stainless steel or carbon steel (i.e., B8 Class 2 

and A307, respectively).  

 

• Because a 2.5” cavity is too small to use a 1.5” thermal break when accounting for 

connection hardware, the unmitigated and mitigated thermal models were modeled with a 

3" cavity. 

 

• The same assumptions for the shelf angles are applied for the canopy beam due to their 

similarity in the segment of the wall and insulation (i.e., wall studs and shim spacing). The 

main differentiating factor is that the canopy beam models include an HSS support beam 

instead of an angle at the edge of the slab.  
 

• We are assuming this is a sun-shade overhang (i.e., more lightly loaded balcony) permitting 

us to detail a 5’ overhang for the canopy beam.  

 

• The width of the model is 80” and the total wall height captured by the model is 72”. 

 

3.4.2 Results 

 

Several mitigation strategies for canopy beams are analyzed, with results summarized in this 

section. Proof of concept for the shim thermal break mitigation strategy is provided via three-

dimensional thermal modeling. Three materials are examined (i.e., vinylester, proprietary 1 and 

proprietary 2). A summary of results for slab-supported cladding details is provided in Table 3-6 

below, and in Appendix E: 
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Table 3-6: Summary of Results for Canopy Beam Shim Mitigation Strategy 

 

 
 

A comparison of unmitigated and mitigated thermal models was conducted to identify the 

difference in point thermal transmittance (χ) due to the addition of the canopy beam shim 

mitigation material. Mitigated thermal models in climate zone 1 are compared to the unmitigated 

thermal model CBU1-7-B, and similarly models in climate zone 7 are compared to the unmitigated 

model CBU7-7-B. The mitigated models are compared to unmitigated models of the exact same 

configuration with the steel angle directly in contact with the slab plate (no shim) (see Appendix 

E for graphics). Thermal gradients for the canopy beam results are shown in Figure 3-24 below.  

 

 
Figure 3-24: Thermal modeling of canopy beams 2D results and comparisons: a) Unmitigated, b) Vinylester shim 

with 3” thickness (∆χ=8%), c) Vinylester shim with 1” thickness (∆χ=7%), d) Proprietary 1 shim (∆χ=30%), e) 

Proprietary 2 shim (∆χ=25%) 

 

In every Zone 7 thermal model case, the addition of a FRP shim to the canopy beams improved 

thermal conductivity by reducing the thermal transmittance of the cladding detail between 7% to 

30% for shim thicknesses of 3”. As in the previous sections, insulation properties and shim 

MITIGATED MODEL UNMITIGATED MODEL COMPARISON

Thermal 

Model Name 
U-Value

Thermal 

Model Name 

Mitigation 

Strategy

Shim 

Thick

Insulation 

Thick
Rod Spec U-Value c ψ ∆ U-Value 

%-c 

Improvement

- BTU/h*ft2*°F - - in in - BTU/hr ft
2 

°F BTU/hr °F BTU/hr ft °F BTU/hr ft
2 

°F %

climate zone 7

Unbroken 

Wall
0.0366

CB-unbroken-

zone7

broken by 

spandrel 

beam only

- 3 - 0.0415 - 0.029 0.0049 -

CB-unbroken-

zone7
0.0415 CBU7-7-A none - 3 B8 Class 2 0.0666 0.50 - 0.0251 -

CBU7-7-A 0.0666 CBM7-2-A
Vinylester 

shim
3 3 B8 Class 2 0.0647 0.46 - 0.0019 8%

CBU7-7-A 0.0666 CBM7-2-C
Vinylester 

shim
1 3 B8 Class 2 0.0649 0.47 - 0.0017 7%

CBU7-7-A 0.0666 CBM7-11-A
Proprietary 

1 shim
3 3 B8 Class 2 0.0590 0.35 - 0.0076 30%

CBU7-7-A 0.0666 CBM7-12-A
Proprietary 

2 shim
3 3 B8 Class 2 0.0602 0.37 - 0.0064 25%

climate zone 1

Unbroken 

Wall
0.0548

CB-unbroken-

zone1

broken by 

spandrel 

beam only

- 1.5 - 0.0673 - 0.075 0.0125 -

CB-unbroken-

zone1
0.0673 CBU1-7-B none - 1.5 B8 Class 2 0.0918 0.49 - 0.0245 -

CBU1-7-B 0.0918 CBM1-2-B
Vinylester 

shim
1.5 1.5 B8 Class 2 0.0916 0.49 - 0.0002 1%
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materials contribute to the extent of mitigation. However, compared to the unbroken wall model, 

results are encouraging. Proprietary shims can mitigate point thermal transmittance by 25-30%, 

while the vinylester product mitigates point thermal transmittance by 7-8%.  

 

3.5 Conclusions 

 

The mitigation strategies proposed herein have been parametrically analyzed via the HEAT3 three-

dimensional thermal modeling software package. The following parameters were varied across 

cladding details: shim material, shim thickness, structural member size and material, and 

connection material. From these results, several conclusions may be formed: 

 

• Using non-conductive shims is a thermally effective means of mitigating thermal bridges. 

This strategy is especially effective for continuous thermal bridges, where the addition of 

shims transforms continuous structural elements into discretely-connected elements. This 

is evident in the shelf angle results, where 3x4” shims installed at the bolt locations 

significantly reduce the area of steel in direct contact with the concrete slab pour stop. For 

continuous thermal bridging, the improvement in thermal transmittance via shim 

mitigation can reach up to 92% of the unbroken shelf angle model.  

 

• Improvement in thermal transmittance is dependent on the thermal properties of the 

thermally-improved material itself, the insulation layer properties (thickness and R-value) 

and the thickness of shims with respect to the insulation layer thickness. Shims slightly 

thicker than the insulation layer, are not as beneficial as shims slightly thinner than the 

insulation layer. In general, however, thicker shims offer superior thermal performance 

when they span the insulation layer without protruding from it. 

 

• FRP structural members are very effective at thermal bridge mitigation, in continuous and 

discrete cladding details. 

 

• Stainless steel bolts offer significant improvement in thermal transmittance, especially in 

roof posts and canopy beams in which several bolts penetrate the insulations the building 

envelope. 

 

• Thermally-improved bushings installed at bolt locations offer little to no mitigation 

 

•  The results herein justify full-scale structural testing to determine which strategies are 

optimal for thermal and structural performance. 
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4 Flatwise Creep Testing of FRP Materials 
  

This chapter summarizes the results of the experimental tests of FRP materials under flatwise 

compression for prolonged loads (creep). Here, flatwise compression refers to axial compression 

perpendicular to the fiber mats of the specimens. 

 

4.1 Experimental setup and design 

 

So that the testing equipment could attain the forces required to fail the specimens, 1x1x1” cubes 

of FRP plate were machined at the Northeastern University STReSS lab. In the absence of a 

relevant ASTM standard, symmetric specimens were selected, with the goal of limiting the 

strength of the specimens to that of the test rig load cell. Utilizing existing ASTM standards for 

tensile creep of fiber reinforced polymers (ASTM C365) and flatwise compressive rupture of 

polymer matrixes (ASTM D7337), a testing standard for flatwise compressive creep testing of 

fiber reinforced polymers was developed. This proposed test method is provided in Appendix B 

of this report. 

This series of testing was found to be extremely sensitive to slight variations in specimen geometry.  

As such, the specimens were milled to flat and parallel on all six sides. Following machining, 

specimens were measured in each dimension to characterize the geometry of the specimen cube. 

Using the flat plate attachments for the MTS universal testing machine, the specimens were 

compressed under force control in which force was applied at 1 kip/second, and maintained until 

failure of the specimen. Failure of a specimen consisted of crushing of the specimen; typical failure 

modes are shown in Figure 4-1 below. Note that Proprietary 1 and Proprietary 2 specimens failed 

similarly to the polyurethane specimens, with a diagonal rupture. Tight interlocks were set so that 

the machine would automatically shut off once failure had initiated. 

 

 
Figure 4-1: Typical failure modes for (a) vinylester (b) polyurethane, and (c) phenolic resins. 
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Figure 4-2: Photograph of experimental setup at the Northeastern University STReSS laboratory 

 

4.1.1 Test matrix 

The test matrix for creep specimens is based upon the performance of the specimens. Because it is 

necessary to determine the stress ratios such that failure time is spaced in logarithmic decades, 

testing is iterative, and the stress ratios used in subsequent tests may be adjusted based on the 

results of each successful test in which a specimen is tested to failure. Figure 4-3 demonstrates a 

target test matrix for each material and how the test data is used to predict performance at long 

term loads. 
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Figure 4-3: Illustration of utilization of test data to predict long-term performance 

The applied stress ratio, app/max, is based upon the ultimate stress from monotonic flatwise 

compressive testing, which is summarized in Appendix A. To assess the early regions of the creep 

curve, testing was focused at higher stress ratios to produce failure times within seven days. While 

the recommended testing protocol outlined in Appendix B is based upon applied force ratio rather 

than applied stress ratio, slight differences in the geometry of the specimens (due to limitations in 

machining accuracy) are better considered via a stress-based approach. 

The resulting test matrix, including time to failure and applied stress ratios, is shown in Table 4-1. 

 

4.1 Results 

In addition to time to failure and corresponding stress ratio, monotonic strains (0), failure strains 

(f), creep strains (c = f – 0), and slope of the secondary region (m2) are provided in Table 4-1 

below. Monotonic strains are determined from the compressive modulus (determined from 

monotonic testing, and discussed in Appendix A) and corresponding applied stress using Hooke’s 

Law (Horvath 1998). 
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Table 4-1: Tabulated results for creep testing across materials 

 
Creep response curves are typically defined via three distinct regions: the primary, secondary, and 

tertiary regions. The primary region encompasses the load application, and has a slope equal to the 

modulus of elasticity of the material. Once the load has plateaued, the strains also begin to plateau 

and the primary region transitions to the secondary region. In a hypothetical material that does not 

experience creep strains, the slope of this secondary region would be constant and zero. For 

materials that do experience creep strain, the slope of the secondary region is constant and non-

zero, with the magnitude of the slope approaching zero as the applied stress approaches zero. The 

tertiary creep region exists only if failure is imminent and represents the end of the constant slope 

region of the secondary regime. A typical creep response curve is shown in Figure 4-4 below. 

specimen properties & loading tf, time to failure , strains slope

material test app/max Fapp app max E <10
0

>10
0

>10
1

>10
2

0 c f m2

- - ksi/ksi kip ksi ksi ksi hr hr hr hr in/in in/in in/in in/in/hr

vinylester 3c 0.8 21.28 23.78 29.73 470 0.63 - - - 0.051 0.024 0.075 1.53E-02

1c 0.8 20.98 23.78 29.73 470 - 2.79 - - 0.051 0.023 0.074 3.10E-03

2c 0.8 20.93 23.78 29.73 470 - 3.30 - - 0.051 0.026 0.077 2.82E-03

5c 0.758 20.78 22.54 29.73 470 - 6.23 - - 0.048 0.025 0.073 1.27E-03

6c 0.75 20.10 22.30 29.73 470 - - 13.4 - 0.047 0.025 0.072 6.55E-04

4c 0.7 19.11 20.81 29.73 470 - - - 132 0.044 0.025 0.069 6.49E-05

8c* 0.5 14.32 14.87 29.73 470 - - 43+ - 0.032 - - 3.65E-05

7c* 0.4 10.77 11.89 29.73 470 - - - 123+ 0.025 - - 1.65E-05

9c* 0.3 8.26 8.92 29.73 470 - - - 165+ 0.019 - - 8.36E-06

mean - - 0.073

st. dev - - 0.003

polyurethane 1c 0.9 54.68 53.74 59.71 620 0.13 - - - 0.087 0.022 0.109 9.00E-02

2c 0.9 54.45 53.74 59.71 620 0.79 - - - 0.087 0.023 0.110 9.37E-03

3c 0.9 54.01 53.74 59.71 620 - 6.09 - - 0.087 0.017 0.104 9.70E-04

4c 0.8 44.03 47.77 59.71 620 - - 36.9 - 0.077 0.018 0.095 1.46E-04

5c* 0.78 43.46 46.57 59.71 620 - - - 500+ 0.075 - - 5.54E-06

mean - - 0.105

st. dev - - 0.007

phenolic 8c* 0.875 12.85 14.48 16.55 100 - - - 125+ 0.145 - - 2.43E-05

3c 0.85 12.31 14.07 16.55 100 - 1.92 - - 0.141 0.109 0.250 1.01E-02

7c 0.85 12.49 14.07 16.55 100 - 9.63 - - 0.141 0.119 0.260 1.55E-03

5c 0.84 12.58 13.90 16.55 100 - - 73.0 - 0.139 0.114 0.253 1.37E-04

2c 0.8 12.11 13.24 16.55 100 - - - 231 0.132 0.115 0.247 1.30E-04

1c* 0.8 11.86 12.71 16.55 100 - - 25+ - 0.127 - - 2.16E-04

mean - - 0.253

st. dev - - 0.006

proprietary 1 2c 0.85 27.84 33.56 39.48 450 - 3.08 - - 0.075 0.016 0.091 6.19E-03

1c 0.8 28.15 31.58 39.48 450 - - 16.7 - 0.070 0.024 0.094 1.25E-03

3c 0.78 27.16 30.79 39.48 450 - - - 146 0.068 0.024 0.092 1.05E-04

mean - - 0.092

st. dev - - 0.002

proprietary 2 1c 0.8 26.76 31.32 39.15 500 0.21 - - - 0.063 0.030 0.092 4.31E-02

2c 0.7 22.49 27.41 39.15 500 - 2.27 - - 0.055 0.031 0.086 6.71E-03

6c 0.69 21.63 27.01 39.15 500 - 6.68 - - 0.054 0.040 0.094 1.60E-03

5c 0.65 21.13 25.45 39.15 500 - - 85.4 - 0.051 0.041 0.092 1.09E-04

mean - - 0.091

st. dev - - 0.004
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Figure 4-4: standard creep curve with primary, secondary, and tertiary regions illustrated 

 

The failure strain is determined by fitting a straight line to the secondary creep region, and 

determining the intercept with a vertical line drawn in the tertiary creep region. This concept is 

illustrated in Figure 4-5 below. For specimens that did not fail (or experience a tertiary creep 

region), the slope at the time the test was terminated was taken to be the secondary creep region, 

as these tests ran for weeks before termination, and were thus beyond the primary regime. The 

slope was determined using the last point prior to termination, and a point at an interval of 0.1tf 

prior to the termination point. 

 

Creep strains and failure strains are relatively consistent across material type, with typical 

variations due to statistical variance in material properties, signifying consistency across testing 

and stress ratios. The slope in the secondary creep regions also approaches zero as the stress ratio 

decreases; this phenomena will be discussed in greater detail in subsequent sections.  
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Figure 4-5: Determination of failure strains f from strain-time curve 

 

4.2 Creep stress and time to failure analysis 

 

As logarithmically spaced results are desired in creep testing to fully characterize material behavior 

at long time periods, power equations are commonly used to provide a rigorous means of predicting 

behavior beyond the realm of realistic test parameters (Horvath 1998, Findley and Khosla 1956, 

Findley 1960a, Chambers 1984a, Chambers 1984b, Chambers and Mosallam 1994). As such, a 

power curve to predict the creep response of each material was fit to the creep data for each 

material tested in this work. These curves may then be used to predict the creep response of 

materials at times much longer than are typically tested within a creep testing protocol.  For the 

materials tested, stress ratio and time to failure are plotted and fit to an exponential curve. 

Following this, performance at 500 (5x102 = 20.8 days), 1,000 (103 = 41.7 days), 10,000 (104 = 

1.14 years), 100,000 (105 = 11.4 years), and 1,000,000 (106 = 114.2 years) hours are predicted 

(note that these predictions are shown on a logarithmic scale so that data is easily read).  

 

Vinylester data is shown in Figure 4-6, polyurethane in Figure 4-7, phenolic in Figure 4-8, 

proprietary 1 in Figure 4-9, and proprietary 2 in Figure 4-10. Figure 4-11 aggregates this data to 

demonstrate how the exponential curve fits perform across all materials included in this survey. 

The shaded regions in the logarithmically-spaced plots at right represent predicted results, while 

unshaded points are experimental data. Curve fit equations in terms of x and y correspond to time 

to failure tf, and applied stress ratio app/max, respectively. 
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Figure 4-6: Exponential fit to vinylester creep experimental data and predicted failure behavior at long-term loading 

 
Figure 4-7: Exponential fit to polyurethane creep experimental data and predicted failure behavior at long-term loading 

 

 
Figure 4-8: Exponential fit to phenolic creep experimental data and predicted failure behavior at long-term loading 
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Figure 4-9: Exponential fit to proprietary 1 creep experimental data and predicted failure behavior at long-term loading 

 

 
Figure 4-10: Exponential fit to proprietary 2 creep experimental data and predicted failure behavior at long-term 

loading 

 
Figure 4-11: Exponential fit to aggregated creep experimental data and predicted failure behavior at long-term loading 

 

4.3 Creep strain analysis 

 

To further quantify creep performance, time series data of axial strain can be used to define and 

determine behavior. As discussed earlier, in a material that does not experience creep, the slope of 
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the secondary region will be equal to zero. Thus, the slope of this region provides a means of 

quantifying the amount a given material creeps under a stress ratio. For the materials tested, time 

series plots of axial strain are presented, as well as plots of the slope (m2) of the secondary regions 

versus the applied stress ratios. 

 

For this approach, tests that did not fail are useful, as many were tested far enough into the response 

spectrum to be experiencing creep strains, thus permitting calculation of the slope of the secondary 

creep region. These tests are indicated with dashed lines in the subsequent plots. 

 

Vinylester specimens are presented in Figure 4-12 and Figure 4-13. Polyurethane results are shown 

in Figure 4-14 and Figure 4-15. Phenolic testing results are given in Figure 4-16 and Figure 4-17. 

Proprietary 1 results are shown in Figure 4-18 and Figure 4-19, while Proprietary 2 results are 

shown in Figure 4-20 and Figure 4-21. 

 

Results in general are as anticipated. As stress ratio decreases, m2 approaches zero. Phenolic resin 

tests display some inconsistency in the strain results not evident in the stress results, but these 

inconsistences (smaller slopes at higher stress ratios) are conservative. 

 
Figure 4-12: Strain versus time for vinylester creep specimens (note: specimens 7c, 8c, and 9c were not tested to 

failure). 
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Figure 4-13: Stress ratio versus slope of secondary creep region for vinylester specimens. Inset highlights data near 

zero slope. 

 

 
Figure 4-14: Strain versus time for polyurethane creep specimens (note: specimen 5c was not tested to failure). Inset 

details behavior of specimens with failure time < 6 hr. 
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Figure 4-15: Stress ratio versus slope of secondary creep region for polyurethane specimens. 

 

 
Figure 4-16: Strain versus time for phenolic creep specimens (note: specimens 1c and 8c were not tested to failure).  
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Figure 4-17: Stress ratio versus slope of secondary creep region for phenolic specimens. Inset highlights data near 

zero slope. 

 

 
Figure 4-18: Strain versus time for proprietary 1 creep specimens 
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Figure 4-19: Stress ratio versus slope of secondary creep region for proprietary 1 specimens. 

 
Figure 4-20: Strain versus time for proprietary 2 creep specimens. Inset details behavior of specimens with failure 

time < 1 hr. 
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Figure 4-21: Stress ratio versus slope of secondary creep region for proprietary 2 specimens. 

 

4.4 Recommendations for Design 

Two methodologies for determining creep behavior have been presented herein. In the first, the 

applied stress ratio and time to failure were used to predict performance under long-term loads, up 

to 1,000,000 hours (approximately 114 years). With curve fits to the data, it may be seen that if 

the materials studied in this work are loaded at a stress ratio below 0.4 (40% of ultimate capacity), 

there is minimal risk of strain-based failure due to long-term creep within approximately 100 years. 

Figure 4-22 below identifies this limit on the aggregated data. 

 
Figure 4-22: Design regime utilizing aggregated stress ratio vs. time to failure curves (reproduced from Figure 4-11) 
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In the second methodology, time series plots of strain were utilized to determine the slope of the 

secondary creep region. Hypothetically, materials that do not creep will have zero slope in this 

regime. Thus, the slopes of this region were determined for aggregated data and are shown in 

Figure 4-23 below. The proposed stress limit of 0.4 is also shown on the plot, and supports the 

conclusion that the materials studied in this work have little risk of failure due to creep within 

approximately 100 years.  

 
Figure 4-23: Stress ratios and slope of secondary creep region for aggregated data, indicating proposed design regime 

 

While the above discussion identifies how to minimize risk of strain-based failure of the FRP 

materials in through-thickness compression due to combined elastic strain and creep strain, it is 

relevant to also try to document how much strain may occur within a design life if the material is 

loaded at or below a stress ratio of 0.4.  The creep test results were thus interpolated to zero stress 

using the formula shown in Fig. 4-22 for each of the materials to demonstrate the time required to 

reach various stress ratio levels. As shown in Figure 4-24 and Table 4-2, the five materials studied 

would require 1.14x1096 years for a creep failure at low stress levels – beyond any imaginable 

service life. At a stress level of 0.3, it is estimated that it would require at least 1,000,000 years to 

fail in creep.  While the data exists to propose unique stress limits on a per-material basis, the 0.4 

reduction factor recommendation is conservative, with one material failing at around 100 years 

and the others failing in a much longer time frame.  Capping the stress ratio at a value of 0.3 to 

0.35 ensures much longer time frames before failure.   
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Table 4-2: Stress ratio and time to failure, interpolated to zero stress 

 

 
Figure 4-24: Stress ratio and time to failure, interpolated to zero stress 

Using the material-specific equations developed in this Chapter, and the following constitutive 

relationship: 

𝜀0 = 𝜎𝑚𝑎𝑥𝐸 (
𝜎𝑎𝑝𝑝

𝜎𝑚𝑎𝑥
)       (1) 

it is possible to predict the elastic strain for stress ratios unable to be tested to failure. Table 4-3 

presents these elastic strain results. 

Table 4-3: Prediction of elastic strain 0 for low stress ratios using material-specific curve fit equations detailed 

above. 

 

vinylester polyurethane phenolic proprietary 1 proprietary 2

app/max tf 0 tf 0 tf 0 tf 0 tf 0

ksi/ksi hours in/in hours in/in hours in/in hours in/in hours in/in

0.4 1.71E+10 0.025 1.51E+19 0.039 1.64E+20 0.066 7.86E+15 0.035 6.89E+06 0.031

0.3 2.49E+14 0.019 1.32E+26 0.029 3.67E+27 0.050 6.99E+21 0.026 9.15E+09 0.023

0.2 1.85E+20 0.013 8.00E+35 0.019 8.37E+37 0.033 1.70E+30 0.018 2.31E+14 0.016

0.1 2.00E+30 0.006 4.24E+52 0.010 4.27E+55 0.017 3.67E+44 0.009 7.75E+21 0.008
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With these values, plotted at time 0, along with the mean failure strain from Table 4-1, plotted at 

the time to failure from Table 4-2, the secondary and tertiary creep regions may be approximated 

by linear interpolation for a given applied stress ratio, as shown schematically in Figure 4-25 

below.   

 
Figure 4-25: Linear approximation of secondary and tertiary creep regions using elastic strain, failure strain, and 

time to failure. 

This linear interpolation can then be used to estimate the total strain, 100, at a common design time 

span, e.g., 100 years. This in turn provides an estimate for how much the material may creep at a 

given applied stress ratio.  These results are tabulated in Table 4-4, along with proposed creep 

factors, (0 + 100) / 0. 

Table 4-4: Strain at 100 years, 100, and creep factor 100 / 0 

 
Because 100 years is negligible compared to the time at failure for low stress levels (Table 4-3), 

100 is frequently nominally identical to 0. The most notable exception is for Proprietary 2 at the 

0.4 stress ratio. 

  

vinylester polyurethane phenolic proprietary 1 proprietary 2

app/max 100 100/ 0 100 100/ 0 100 100/ 0 100 100/ 0 100 100/ 0

ksi/ksi in/in in/in in/in in/in in/in in/in in/in in/in in/in in/in

0.4 0.025 1 0.039 1 0.066 1 0.035 1 0.039 1.24

0.3 0.019 1 0.029 1 0.050 1 0.026 1 0.023 1

0.2 0.013 1 0.019 1 0.033 1 0.018 1 0.016 1

0.1 0.006 1 0.010 1 0.017 1 0.009 1 0.008 1
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5 Double lap splice bolted steel connections with fiber-reinforced 

polymer fills 
  

To facilitate the development of design recommendations for thick and thin FRP fills (i.e., shims) 

in bolted steel connections, localized testing at the connection-level was conducted to characterize 

the effect of thermal breaks on the shear strength of steel connections. Because these FRP fills 

behave differently from steel, a complete panel of connection-level testing was conducted to 

characterize the behavior in bolted steel connections. 

The performance of steel fillers in steel bolted connections has been investigated in North America 

by Lee and Fisher (1968), Frank and Yura (1981), Dusicka and Lewis (2010). Most recently, 

research by Borello et al. (2009, 2011) and Denavit et al. (2011) led to changes in AISC 360 (2010) 

related to the use of thick and thin steel fills in steel connections. Steel fills in steel bolted 

connections in bearing can reduce the strength of these connections by up to 15%; this reduction 

factor is contingent on the thickness of the steel fills (AISC 2010). The experiments conducted and 

described herein, while in the context of thermal bridging research, aim to build upon the body of 

experimental literature dedicated to double lap splice bolted steel connection testing. 

 

5.1 Experimental setup and design 

5.1.1 Test matrix 

The test matrix is shown in Table 5-1. The bolt sizes included ½” and 5/8” diameter A325 carbon 

steel bolts, as well as 5/8” diameter A304-SH1 strain-hardened stainless steel bolts. Holes were 

specified as standard holes (bolt diameter + 1/16”), with the exception of tests C1O and C16O, 

which were specified as oversized. Fill thickness was varied between ¼” and 1”, and beyond 1”, 

the effect of multiple plies was examined up to 3” of total fill thickness. FRP shims greater than 

1” were not available from most manufacturers, so thicker tests had multiple plies. For most of the 

tests, multiple plies were not bonded together, as it was deemed that it may often be common in 

the field to not bond the plies together.  However, most 1” thick material was delivered as two ½” 

plies bonded at the manufacturing site. Fill material was also varied between three different FRP 

materials, vinylester, phenolic, and polyurethane, and two FRP-based proprietary products. Bolts 

are specified as snug-tight, as that is deemed to be most commonly used in the field for these 

applications, and were installed by a single operator for the extent of testing. 



75 

 

Table 5-1: Experimental test matrix detailing bolt type, fill thickness and material, hole size, and rig size. 

 
Tests C9 and C10 directly explore the effect of bonding plies together, with test C9 comprised of 

two ½” unbonded plies and test C10 identical with the exception of using bonded plies.  

 

5.1.2 Test rig 

Similar to the work of Frank and Yura (1981), the test rig was constructed of a fixed base, 2” splice 

plates, and a 2” thick plate from which tension was applied. The rig was fabricated of welded Gr. 

50 steel plate. The splice plates were connected to the fixed base via four ¾” dia. A325 bolts which 

were installed snug tight along with the specimen bolts. 

Rig Thicknesses

Test Name Shim Type Shim Thickness Bolt Dia. (in) Bolt Spec Hole Size Top Bottom

C1 no shim - 5/8 A325 11/16 4" 4"

C1O no shim - 5/8 A325 13/16 4" 4"

C2 no shim - 5/8 A304 SH1 11/16 4" 4"

C3 no shim - 1/2 A325 9/16 4" 4"

C4 polyurethane 1/4" 5/8 A325 11/16 3.5" 4"

C5 vinylester 1/4" 5/8 A325 11/16 3.5" 4"

C6 phenolic 1/4" 5/8 A325 11/16 3.5" 4"

C7 proprietary 1 1/4" 5/8 A325 11/16 3.5" 4"

C8 proprietary 2 1/4" 5/8 A325 11/16 3.5" 4"

C9 vinylester 2x1/2" multiple plies 5/8 A325 11/16 2" 4"

C10 vinylester 1" 5/8 A325 11/16 2" 4"

C11 vinylester 1" 5/8 A304 SH1 11/16 2" 4"

C12 vinylester 1" 1/2 A325 9/16 2" 4"

C13 vinylester 2x1" multiple plies 5/8 A325 11/16 4" 8"

C14 vinylester 2x1" multiple plies 5/8 A304 SH1 11/16 4" 8"

C15 vinylester 2x1" multiple plies 1/2 A325 9/16 4" 8"

C16 vinylester 3x1" multiple plies 5/8 A325 11/16 2" 8"

C16O vinylester 3x1" multiple plies 5/8 A325 13/16 2" 8"

C17 vinylester 3x1" multiple plies 5/8 A304 SH1 11/16 2" 8"

C18 vinylester 3x1" multiple plies 1/2 A325 9/16 2" 8"
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Figure 5-1: Schematic of test rig and photograph of specimen C16 (3” vinylester shims) installed in universal testing 

machine 

Splice plates were 2” thick for all testing, and were flipped between tests such that each splice 

plate was used for two tests (thus the bearing surface of the splice plate bolt holes was new for 

every test). The top portion of the rig was variable in thickness to accommodate fill thickness 

ranging between ¼” and 3”. Figure 5-2 illustrates the edge distance, grip length, and specimen 

hole spacing for the 2” top portion of the rig.   

 
Figure 5-2: Top of rig, detailing specimen hole spacing and edge distance, consistent across testing 

Edge distance (1.5”) and hole spacing (2” on center) were constant across all specimens. The top 

rig plate was detailed to be a minimum of 2” thick. As shim configurations were varied throughout 

testing, the thickness of the top rig plate also varied to maintain structural integrity. To fit within 

the machine hydraulic grips, however, the gripped portion of the top rig plate could not exceed 2” 
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thick so a welded built-up configuration was used for a portion of the testing. The various rig 

configurations are illustrated in Figure 5-3. For tests utilizing the 8” base, bolts were 13” in length, 

and for tests utilizing the 4” base, bolts were 9” in length. 

 
Figure 5-3: Test configuration for fills of varying thickness 

 

5.1.3 Load protocol and sensors 

Testing was conducted at the Simpson Gumpertz and Heger laboratory in Waltham, MA, using a 

Forney 600 kip universal testing machine. The test was controlled by retaining a constant flow of 

oil to the piston and responded in a manner comparable to a displacement-control test. Specimens 
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were loaded in monotonic tension at a rate of approximately 0.05 in/min. Actuator force and 

crosshead displacement (as measured by a linear variable differential transducer) were recorded 

throughout the tests. 

 

5.2 Results and discussion 

Table 5-2 presents the maximum force, crosshead displacement at maximum force (Fmax) and 

stiffness. The values of Pnt are obtained via shear testing of bolts (the results are compiled and 

discussed in Appendix A). In the table, for bolted connections in shear,  = 0.75, and the bolt shear 

strengths were calculated assuming threads were excluded from the shear plane and two shear 

planes for each of the two bolts in the upper portion of the specimen, using the nominal strength 

specified in AISC (2010): 

 

 Pn = FnvAb        Eq 5-1 

 

For the stainless steel bolts, the nominal tensile strength is 125 ksi per Equation 5-1.  The nominal 

stainless steel bolt bearing strength is calculated using the same reduction factor, 0.563, in stress 

that is taken for the A325 bolts: 

 

 Pn = 0.563Fu
boltAb       Eq. 5-2 

 

The value of the bolt bearing strength from tested values (Pnt) were obtained using the mean of the 

tests done for each heat of bolts as reported in Appendix A. 

Due to initial slack in the test rig and the presence of rig bolts, stiffness was determined after the 

engagement of the specimen bolts. This phenomena can be observed in Figure 5-4, at 

approximately 0.75” of crosshead displacement. 
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Table 5-2: Displacement at maximum force, maximum force, and stiffness across test specimens, compared to 

nominal and tested bolt strengths (shim material nomenclature: VE = vinylester, PU = polyurethane, PH = phenolic, 

P1 = proprietary 1, P2 = proprietary 2). Disaggregated means and standard deviations are given for 5/8” dia. bolts. 

 
 

Figure 5-4 and Table 5-2 demonstrate a range of behaviors, dependent largely on shim thickness, 

as well as on bolt material. Stainless steel bolts, while attaining peak strengths comparable to 

carbon steel bolts, do so at displacements greater than their carbon steel counterparts. Thin shims, 

designated as shims less than 1” thick, contribute to a slight decrease in stiffness by approximately 

20%, and in strength, between 5% and 10%. Tests with 1” shims provided comparable strength of 

the thin shimmed tests, though not the stiffness, which is reduced by approximately 80%. Beyond 

1” shim thicknesses, the reduction in stiffness increases to 82%, although there is no significant 

difference between 2” shims and 3” shims. The decrease in stiffness is accompanied by a modest 

decrease in strength, between 15-30%. The same was observed in Borello et al. (2009), who also 

indicated a strength reduction of 15% when multiple fills (two or more) were included in the 

NOMINAL STRENGTHS TESTED STRENGTHS

Test Shim Bolt Spec Pmax Pmax k Pn Pn Pnt Pnt Pmax/Pnt

in kip kip/in kip kip kip kip -

5/8" diameter bolts

C1 - A325 0.91 116.1 347.6 83.45 62.59 86.06 64.55 1.35

C1O - A325 0.72 137.4 453.0 83.45 62.59 86.06 64.55 1.60

C2 - A304 SH1 1.10 129.3 341.9 86.36 64.77 84.50 63.38 1.53

C4 1/4" PU A325 1.36 119.6 274.9 83.45 62.59 86.06 64.55 1.39

C5 1/4" VE A325 1.37 117.7 280.1 83.45 62.59 86.06 64.55 1.37

C6 1/4" PH A325 1.40 117.1 280.1 83.45 62.59 86.06 64.55 1.36

C7 1/4" P1 A325 1.26 112.8 317.1 83.45 62.59 86.06 64.55 1.31

C8 1/4" P2 A325 1.33 118.7 335.5 83.45 62.59 86.06 64.55 1.38

C9 2x1/2" VE A325 1.66 110.0 78.08 83.45 62.59 86.06 64.55 1.28

C10 1" VE A325 1.38 111.6 84.86 83.45 62.59 86.06 64.55 1.30

C11 1" VE A304 SH1 1.91 122.0 72.81 86.36 64.77 84.50 63.38 1.44

C13 2x1" VE A325 1.56 102.3 77.44 83.45 62.59 84.30 63.23 1.21

C14 2x1" VE A304 SH1 2.02 103.8 66.47 86.36 64.77 85.79 64.34 1.21

C16 3x1" VE A325 2.39 100.1 70.63 83.45 62.59 84.30 63.23 1.19

C16O 3x1" VE A325 1.85 97.3 64.50 83.45 62.59 84.30 63.23 1.15

C17 3x1" VE A304 SH1 2.56 107.2 70.24 86.36 64.77 85.79 64.34 1.25

1/2" diameter bolts

C3 - A325 0.77 74.06 265.2 53.41 40.06 48.26 36.20 1.53

C12 1" VE A325 1.06 70.64 84.28 53.41 40.06 48.26 36.20 1.46

C15 2x1" VE A325 1.38 65.10 62.08 53.41 40.06 56.08 42.06 1.16

C18 3x1" VE A325 1.50 61.53 62.44 53.41 40.06 56.08 42.06 1.10

5/8" dia. Means < 1" fills 1.18 121.09 328.76 83.81 62.86 85.87 64.40 1.41

≥ 1" fills 1.91 106.24 76.25 84.03 63.02 85.30 63.98 1.25

≥ 1" fills A304 2.17 111.00 69.84 86.36 64.77 85.36 64.02 1.30

≥ 1" fills O 1.85 97.27 64.50 83.45 62.59 84.30 63.23 1.15

5/8" dia. Std Dev < 1" fills 0.25 8.13 58.29 1.03 0.77 0.55 0.41 0.10

≥ 1" fills 0.39 6.26 7.78 0.00 0.00 0.96 0.72 0.06

≥ 1" fills A304 0.35 9.68 3.19 0.00 0.00 0.74 0.56 0.13

≥ 1" fills O - - - - - - - -
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connection, and but only a reduction in stiffness of 20%, likely due to the relative properties of 

steel shims compared to FRP. 

 

Table 5-3: Disaggregated stiffness and strength results (based on bolt material and hole size) for 5/8” diameter 

specimens (shim material nomenclature: VE = vinylester, PU = polyurethane, PH = phenolic, P1 = proprietary 1, P2 

= proprietary 2) 

 
Disaggregated results from testing are presented in Table 5-3 and Table 5-4, in which shimmed 

specimens are compared to unshimmed (unmitigated) specimens of identical bolt types. For 

example, test C11, with stainless steel A304-SH1 bolts, is considered with respect to test C2, also 

with A304-SH1 bolts. Percent-reductions in strength and stiffness for specimens with shims larger 

than 1” are approximately 5% larger for stainless bolts than their carbon steel counterparts. 

Insufficient data exists to calculate representative statistics for oversized hole specimens, but the 

two existing tests suggest reductions in stiffness are significant, increasing to 40%. 
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Table 5-4: Disaggregated stiffness and strength results (based on bolt material and hole size) for 1/2” diameter 

specimens (shim material nomenclature: VE = vinylester, PU = polyurethane, PH = phenolic, P1 = proprietary 1, P2 

= proprietary 2) 

 
Examining tests C9 and C10, the difference between bonded and unbonded shims of equivalent 

thicknesses are modest. Bonded shims increased stiffness by 10%, and strength by 1-2%, and 

ultimately fail along the bond line. Unbonded shims permit increased displacements compared to 

the bonded case, as the shims first displace to their fullest extent before the shims ovalize from 

bearing of the bolts. 

There is a difference in performance between shims of different materials, although they are within 

5-10% of each other. Ultimately, additional testing of the polyurethane, phenolic, and proprietary 

products is necessary to accurately quantify these variations. 

 
Figure 5-4: Force-displacement behavior of 5/8” diameter bolt specimens (VE = vinylester, PU = polyurethane, PH 

= phenolic, P1 = proprietary 1, P2 = proprietary 2, SS = stainless steel bolts, O = oversized holes) 

 

Observations from the 5/8” diameter bolt tests are also consistent in the ½”diameter bolt tests, as 

shown in Figure 5-5 below. The trend of decreasing strength and stiffness with increased shim 

thicknesses is consistent across testing. 

Test Shim k km/ku 1 - km/ku Pmax Pm/Pum* 1 - Pm/Pum Pnt Pmax/Pnt

- - kip/in % % kip % % kip -

C3 - 265.2 - - 74.06 - - 48.26 1.53

C12 1" VE 84.28 31.78% 68.22% 70.64 95.38% 4.62% 48.26 1.46

C15 2x1" VE 62.08 23.41% 76.59% 65.1 87.90% 12.10% 56.08 1.16

C18 3x1" VE 62.44 23.54% 76.46% 61.53 83.08% 16.92% 46.08 1.34

Means ≥ 1" fills 26.24% 73.76% 65.76 88.79% 11.21% - 1.32

*Pm = Pmax for mitigated (shimmed) specimens, Pum = Pmax for unmitigated (unshimmed) specimens
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Figure 5-5: Force-displacement behavior of ½” diameter bolt specimens (VE = vinylester, PU = polyurethane, PH = 

phenolic, P1 = proprietary 1, P2 = proprietary 2, SS = stainless steel bolts, O = oversized holes) 

 

Ultimately, two distinct patterns emerge: specimens without shims or with thin shims display a 

shear response, in which the bolts experience shear with finite tension and bending. In the cases 

with thick shims, tension and bending on the bolts dominate the response. These patterns are 

depicted in Figure 5-6 and Figure 5-7 below, evidenced by the unique shapes of the force-

displacement response. 

 
Figure 5-6: Behavior of 5/8” diameter connections tests with thick shims (1” or greater) (VE = vinylester, PU = 

polyurethane, PH = phenolic, P1 = proprietary 1, P2 = proprietary 2, SS = stainless steel bolts, O = oversized holes) 
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Figure 5-7: Behavior of 5/8” diameter connection tests with thin shims (1/4”) and no shims (VE = vinylester, PU = 

polyurethane, PH = phenolic, P1 = proprietary 1, P2 = proprietary 2, SS = stainless steel bolts, O = oversized holes) 

 

Figure 5-8 and Figure 5-9 provide demonstrations of the distinct behavior patterns borne out by 

the data. In the case of thin shims, shear response dominates and the bolt shank deforms little and 

shears cleanly. In the case of thick shims, the bolt deforms significantly in tension and bending 

before fracture. Furthermore, the shims ovalize at the holes due to bearing from the bolt and 

delaminate. While it is ultimately the bolts that dictate failure, the shims influence the overall 

behavior by permitting additional displacement of the system (thereby decreasing the connection 

stiffness). The shim failure modes were consistent across testing. 
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Figure 5-8: Photographs of post-failure specimen bolts from test C1 

 
Figure 5-9: Photograph of post-failure specimens from test C16 
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5.3 Design Recommendations 

 

Figure 5-10 below graphically represents the test-to-predicted ratios vs. shim thickness. As shim 

thicknesses increase, Pmax/Pnt decreases, though remains above the predicted value using measured 

properties for all tests performed.  

 
Figure 5-10: Comparison between test-to-predicted ratios per-shim thickness. 

Differences between shimmed and un-shimmed specimens are also summarized in Table 5-5 

below, which provides an aggregated summary of the results. The mean of test-to-predicted ratio 

is approximately 1.3, with an average stiffness reduction of 60% and an average strength reduction 

of 9% when shims are included in the connection. These values increase slightly for thick shims 

(1” or thicker). 

Table 5-5: Summary of aggregated results 

 
As may be seen from Table 5-2, assemblies with shims 2” thick or thicker have approximately a 

10%-20% strength reduction from the case with no shims for A325 bolts. The reduction depends 

on the type of bolt, although all strength values remain above the ancillary bolt tests for bolts taken 

from the same heat.  Shims thinner than 1” show little reduction in strength.  A possible reduction 

formula may thus include a 20% reduction in bolt shear strength for FRP shims of any material 

that is 1 in. thick or thicker, though it should be noted that all of the data included in this survey 

are well above Pmax/Pnt = 1. However, as bolt overstrength (discussed in Appendix A) is a 

contributing factor to the reported test-to-predicted ratios, the reduction factor is provided, as this 

overstrength is not typical. 
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This reduction factor fits well within the data, as shown in Figure 5-11 below. 

 
Figure 5-11: Recommended reduction factor of 0.8 for fills 1” or greater superimposed on the test data 

 

For bolts in slip critical connections, Borello et al (2009) reported an approximate 20% reduction 

in stiffness for specimens with 3.75” steel fills (refer to Fig C.6 in Borello et al (2009)) and a 

significant increase in connection deformation (approximately 600% of the tests without fills). 

While the stiffness reductions observed in this series of tests is dramatic, only snug tight 

connections were examined, and the FRP shims did fail in bearing and delamination, contributing 

to a loss in stiffness. Ductility was observed to increase by approximately 350%. 
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6 Slab-Supported Shelf Angles 
  

This chapter summarizes the results of the experimental tests and analyses of shelf-angle tests.  

Through these experiments, several different types of thermal break strategies were investigated 

to document their limit states.  These solutions, highlighted in Chapter 1, include using a variety 

of FRP shims in the connection of the shelf angle to its support as well as an FRP section to support 

the cladding. 

 

6.1 Experimental setup and design 

 

6.1.1 Test matrix 

The test matrix for the shelf angle tests is shown in Table 6-1 below. To accommodate for different 

cavity thicknesses in different Climate Zones (dictated by insulation thickness), two configurations 

were tested: 

• Climate Zone 1: L6x4x5/16 shelf angles, 1.5” shims 

• Climate Zone 7: L7x4x3/8 shelf angles, 3” shims 

Bolt size and material were also varied in the testing. Efficiently designed specimens utilize 5/8” 

diameter A325X bolts while over-designed specimens utilize 1” diameter A325X bolts. Strain-

hardened stainless steel bolts were also examined, and were up-sized from the efficiently designed 

case to match strength properties, as the yield strength of the stainless steel bolts was reported as 

10 ksi lower than carbon steel bolts. Bolts on the shelf angles were installed at 36” on-center, and 

the shelf angles were 42” in length. Bolts were installed by a single operator and were specified as 

snug-tight. 

 

While FRP shims were the focus of the survey, three additional strategies were investigated: 

pultruded FRP angle in place of a steel angle; carbon steel shims; and carbon steel tube shims 

(detailed in chapter 3 of this report).  
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Table 6-1: Experimental test matrix 

 
 

6.1.2 Test rig and protocol 

The shelf angle test rig features three main components: the slab plate, to which the specimens are 

fastened; the load beam which connects to the actuator and directly loads the shelf angle horizontal 

leg; and a slider support system on which the load beam operates. These components are shown in 

Figure 6-1 and Figure 6-2 below. The slider system prevents the load beam from rotating out of 

plane, and maintains alignment with the actuator. Colloquially, the load beam acts as a guillotine. 

 

Mitigation Strategy Specimen Information

Test Name Specimen Type Type Material Thick (in) Length Section Bolt/Stud Spec Bolt Dia. (in)*

S1 designed - - - 42 L6x4x5/16 A325 0.625

S2 designed - - - 42 L6x4x5/16 A304-SH 0.75

S3 over-designed - - - 42 L6x4x5/16 A325 1

S4 designed - - - 42 L7x4x3/8 A325 0.625

S5 designed - - - 42 L7x4x3/8 A304-SH 0.75

S6 over-designed - - - 42 L7x4x3/8 A325 1

S7 over-designed shim vinylester 1.5 42 L6x4x5/16 A325 1

S8 designed shim vinylester 1.5 42 L6x4x5/16 A325 0.625

S9 over-designed shim polyurethane 1.5 42 L6x4x5/16 A325 1

S10 over-designed shim phenolic 1.5 42 L6x4x5/16 A325 1

S11 over-designed shim proprietary 1 1.5 42 L6x4x5/16 A325 1

S12 over-designed shim proprietary 2 1.5 42 L6x4x5/16 A325 1

S13 over-designed shim vinylester 3 42 L7x4x3/8 A325 1

S14 designed shim vinylester 3 42 L7x4x3/8 A325 0.625

S15 over-designed shim polyurethane 3 42 L7x4x3/8 A325 1

S16 over-designed shim phenolic 3 42 L7x4x3/8 A325 1

S17 over-designed shim proprietary 1 3 42 L7x4x3/8 A325 1

S18 over-designed shim proprietary 2 3 42 L7x4x3/8 A325 1

S19 over-designed FRP angle vinylester - 42 FRP L6x4x1/2 A325 1

S20 over-designed tube shim carbon steel HSS3x3x3/8 42 L7x4x3/8 A325 1

S21 over-designed steel shim carbon steel 3 42 L7x4x3/8 A325 1

*holes are standard holes (bolt diamter + 1/16 inch)
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Figure 6-1: Test rig with load beam and specimen configuration shown in inset 

While the load beam is of rectangular cross-sections, the load is applied only at the interior corner 

of the shelf angle. As the shelf angle horizontal leg deflects, the load is concentrated along this 

line for the remainder of testing. Because the shelf angle is continuously deflecting, the load beam 

slides along its horizontal leg, though the position of the load beam itself moves only vertically. 

Specimens were whitewashed prior to testing so that the motion of the load beam can be observed 

after the test. Photographs of the whitewashed specimens after the test are shown during the 

discussion of failure modes. 

 

The slab plate is constructed of 2” thick steel, and is supported by two W sections behind the 

specimen so that the plate remains rigid during testing. This configuration was examined using 

finite element analysis and was determined rigid. 

 

All tests were displacement-controlled monotonic tests to failure, at a rate of 0.05 in/min. While 

the design region for these specimens is limited to displacements lower than 0.25”, most tests were 

pushed until 4 or 5” of crosshead displacement to fully-characterize the response. 
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Figure 6-2: Detail views of shelf angle test rig 

 

While the load beam and its location were initially designed to replicate the distance of the concrete 

slab (where the shelf angle is supported) to the brick veneer, the test rig was fabricated such that 

when erected this distance was reduced by 0.75”. Figure 6-3 demonstrates the as-constructed 

condition. Note that these values are measured directly from the specimens in the rig. 
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Figure 6-3: Schematic illustrating critical distances between loaded edge, shelf angle, and slab plate (note: drawings 

not to scale). 

 

6.1.3 Instrumentation plan 

To capture the motion of the shelf angle, position transducers were installed on the heel of the 

shelf angle, measuring in the horizontal and vertical directions. These were mounted on a rigid 

frame offset from the rig, and attached to the specimen via fishing line and strong magnetic hooks. 

Strain gauges were installed on the shelf angle horizontal leg heel at three locations: at the center 

line of the bolts and at the centerline of the angle. 

 

To examine forces in the bolts, custom load cells were constructed and placed on each bolt prior 

to installation. These load cells act like thick washers (0.25” thick), and were sized to mimic the 

washers used for the specified bolts. On the circumference of the load cell were four strain gauges, 

reading compression of the cell. Using the constitutive relationships for the material and the 

geometry of the load cell, these readings are converted to forces later in this chapter. Load cells 

were calibrated using a universal testing machine, and compressed while strains were recorded 

from the gauges. The relation between applied compressive force and measured strain is then used 

to convert readings to force. Figure 6-4 provides a schematic of the instrumentation plan. 
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Figure 6-4: Schematic of sensor layout 

 

A photograph of the position transducers and rigid frame is also shown in Figure 6-5 below. 
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Figure 6-5: Photograph of experimental setup, depicting horizontal position transducers D1-D3 in top row, and 

vertical position transducers D4-D6 in bottom row, both mounted to rigid frame. 

 

6.2 Results and Discussion 

 

This section presents results from the instrumentation data. For a breakdown of all available raw 

data for each test, refer to Appendix C. 

 

6.2.1 Force-displacement results 

Table 6-2 contains force and initial stiffness results across shelf angle testing. While mitigated 

specimens do reach larger forces and have increased initial stiffnesses from the unmitigated 

specimens, this is an artifact of the varying moment-to-shear ratios between specimens, and the 

decision to keep the wall cavity constant across testing. However, it is important to note that shim 

mitigation strategies do not negatively impact performance. 
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Table 6-2: Maximum force and initial stiffness across testing 

 
 

Table 6-3 and Table 6-4, respectively, provide nominal and measured limit state calculations for 

the shelf angle specimens. Shelf angle bending, shelf angle shear, shim compression, bolt tension, 

bolt bending, and bolt shear are considered. Equations for these limit states are presented using the 

design equations outlined in Section 6.4. In this presentation of the results, the maximum force 

from the experiment is used in place of required strengths to compare to the strengths in each limit 

state using either nominal or measured material properties.  Measured properties include results 

reported in Appendix A from tensile coupon tests of the shelf angle and bolt materials, and 

through-thickness compression tests for FRP materials. The design of shelf angle components is 

typically governed by deflection limits that are breached well below the strengths of these 

subassemblies; the forces at which the deflections are breached are small, equivalent to the weight 

of one story of brick cladding, which for the systems considered herein is approximately 1.7 kips 

(factored) in the prototype structure. In the results tables, test-to-predicted values higher than 1.0 

indicate that the maximum experimental load exceeds the limit state, while values lower than 1 

indicate that at the maximum load, the limit state was not exceeded. The latter typically 

corresponds to limit states that were overdesigned for these specimens.  As an example, even the 

smaller bolts in these tests were designed to have conservative values for bolt shear relative to the 

experimental loads, so as to exercise the limit states on the shelf angle, FRP components, bolt 

Mitigation Strategy

Test Name Type Thick Angle Bolt Spec Bolt Dia. Fmax ki

in. in. kip kip/in

climate zone 1 specimens

S1 - - L6x4x5/16 A325 0.625 28.1 35.6

S2 - - L6x4x5/16 A304-SH 0.75 21.2 38.1

S3 - - L6x4x5/16 A325 1 23.4 45.4

S7 vinylester 1.5 L6x4x5/16 A325 1 40.0 106

S8 vinylester 1.5 L6x4x5/16 A325 0.625 29.6 76.0

S9 polyurethane 1.5 L6x4x5/16 A325 1 29.6 94.4

S10 phenolic 1.5 L6x4x5/16 A325 1 33.5 77.7

S11 proprietary 1 1.5 L6x4x5/16 A325 1 35.9 86.5

S12 proprietary 2 1.5 L6x4x5/16 A325 1 36.6 100

S19 vinylester - FRP L6x4x1/2 A325 1 2.76 12.7

climate zone 7 specimens

S4 - - L7x4x3/8 A325 0.625 24.6 31.9

S5 - - L7x4x3/8 A304-SH 0.75 26.0 37.7

S6 - - L7x4x3/8 A325 1 28.6 26.7

S13 vinylester 3 L7x4x3/8 A325 1 67.2 81.2

S14 vinylester 3 L7x4x3/8 A325 0.625 26.2 64.9

S15 polyurethane 3 L7x4x3/8 A325 1 83.3 84.6

S16 phenolic 3 L7x4x3/8 A325 1 51.2 51.9

S17 proprietary 1 3 L7x4x3/8 A325 1 64.0 75.6

S18 proprietary 2 3 L7x4x3/8 A325 1 65.9 88.2

S20 carbon steel HSS3x3x3/8 L7x4x3/8 A325 1 55.6 105

S21 carbon steel 3 L7x4x3/8 A325 1 89.8 134
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tension, and bolt bending, rather than being governed by bolt shear. Values presented are for the 

entire subassembly system (considering two bolts, for example). 

 

As such, because these systems are governed by serviceability limit states, strength limit states aid 

in describing behavior but are typically engaged at loads well beyond the deflection limits. During 

the testing, shelf angles were observed to bend and buckle in the vertical leg and rotate about the 

angle heel. Consistent across testing, the first drops in load relate to shim failure, typically due to 

delamination along the bond line, if present, of shims made up of multiple layers bonded together. 

As shown in Figure 6-6 for tests representing Climate Zone 7, drops in force after the peak force 

are due primarily to compression failure of the shims at the heel of the shelf angle. As the shelf 

angle has rotated and deformed significantly at this point in the response, the shelf angle bears 

exclusively on the bottom edge of the shims. Thus, shim compression limit states based on the use 

of the complete area of the shim do not accurately describe this failure mode, since the bearing 

area of the shelf angle on the shim changes as the test progresses, and ultimately is reduced to a 

small portion of the total shim area. Furthermore, compression of the shim base creates 

interlaminar tension between fiber mat layers on the top half of the shim and results in delamination 

of the shim.  

 
Figure 6-7: Force-displacement results for climate zone 7 specimens, indicating progression of failure for FRP shims. 

 

Bolts were observed to deform significantly during testing, due to bolt bending induced by the 

eccentric applied force. This bending moment is amplified with the addition of thicker shims. Bolt 

bending and shelf angle bending were the controlling limit states for the climate zone 1 specimens, 

which involved a thinner shelf angle than in the climate zone 7 specimens. As the thinner shelf 

angle is more susceptible to bending and shear, the maximum forces attained were ultimately less 
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than those of the climate zone 7 specimens, which in turn lessened compression of the shims as 

well as the bolt limit states for these configurations. The thicker angle increased the strength of the 

system and the failure modes transitioned to include shim compression and bolt bending. 

 

Ultimately, at extreme deformations all shelf angles experienced fracture near the angle heel on 

the vertical leg of the angle, indicating the participation of shelf angle bending in the overall 

response of the specimen. Bolt shear was not a dominant limit state as the bolts were not in pure 

shear, but rather a combination of shear, tension (exacerbated via the buckling of the vertical shelf 

angle leg, which pulled on the bolt), and bending (from the rotation of the shelf angle due to the 

applied loads). The maximum experimental forces were thus dictated primarily by shelf angle 

slenderness and bolt size.  

 

Table 6-3: Limit states and test-to-predicted ratios across testing using nominal properties (detailed in Section 6.3) 

 

NOMINAL PROPERTIES MEASURED PROPERTIES
SHELF ANGLE BENDING SHELF ANGLE SHEAR SHIM COMP. BOLT TENSION BOLT BENDING BOLT SHEAR

Mu Mn Mu/Mn fv Fv fv/Fv fbu fbu/Fv Tbu Tbn Tbu/Tbn Mbu Mbn Mbu/Mbn Vn Vb/Vn

kip-in kip-in - ksi ksi - ksi - kip kip - kip-in kip-in - kip -

climate zone 1 specimens

S1 42.16 7.03 6.00 165.30 21.60 7.65 - - - 55.22 - - 4.31 - 41.72 0.67

S2 31.73 7.03 4.51 124.46 21.60 5.76 - - - 68.92 - - 8.28 - 41.53 0.51

S3 35.14 7.03 5.00 137.97 21.60 6.39 - - - 141.37 - - 17.67 - 106.81 0.22

S7 29.99 7.47 4.01 127.19 21.60 5.89 43.32 2.01 43.71 141.37 0.62 59.98 17.67 3.39 106.81 0.37

S8 22.22 7.47 2.97 94.00 21.60 4.35 33.53 1.55 31.32 55.22 1.13 44.44 4.31 10.30 41.72 0.71

S9 22.22 7.47 2.97 94.24 21.60 4.36 32.10 1.49 32.38 141.37 0.46 44.44 17.67 2.51 106.81 0.28

S10 25.10 7.47 3.36 106.44 21.60 4.93 36.25 1.68 36.58 141.37 0.52 50.19 17.67 2.84 106.81 0.31

S11 26.90 7.47 3.60 114.11 21.60 5.28 38.87 1.80 39.21 141.37 0.55 53.81 17.67 3.04 106.81 0.34

S12 27.48 7.47 3.68 116.55 21.60 5.40 39.70 1.84 40.05 141.37 0.57 54.96 17.67 3.11 106.81 0.34

S19 2.07 7.47 0.28 8.78 21.60 0.41 - 141.37 - - 17.67 - 106.81 0.03

climate zone 7 specimens

S4 107.77 14.40 7.49 157.55 21.60 7.29 - - - 55.22 - - 4.31 - 41.72 0.59

S5 113.84 14.40 7.91 166.52 21.60 7.71 - - - 68.92 - - 8.28 - 41.53 0.63

S6 125.09 14.40 8.69 183.19 21.60 8.48 - - - 141.37 - - 17.67 - 106.81 0.27

S13 84.06 10.44 8.05 119.13 21.60 5.52 103.22 4.78 104.14 141.37 1.47 201.74 17.67 11.42 106.81 0.63

S14 32.74 10.44 3.14 46.15 21.60 2.14 42.00 1.94 39.23 55.22 1.42 78.58 4.31 18.21 41.72 0.63

S15 104.10 10.44 9.97 147.54 21.60 6.83 127.83 5.92 128.97 141.37 1.82 249.85 17.67 14.14 106.81 0.78

S16 64.03 10.44 6.13 90.75 21.60 4.20 78.63 3.64 79.32 141.37 1.12 153.67 17.67 8.70 106.81 0.48

S17 80.01 10.44 7.66 113.40 21.60 5.25 98.25 4.55 99.12 141.37 1.40 192.03 17.67 10.87 106.81 0.60

S18 82.36 10.44 7.89 116.73 21.60 5.40 101.14 4.68 102.03 141.37 1.44 197.67 17.67 11.19 106.81 0.62

S20 69.49 10.44 6.66 98.49 21.60 4.56 85.33 3.95 86.09 141.37 1.22 166.78 17.67 9.44 106.81 0.52

S21 112.19 10.44 10.74 159.00 21.60 7.36 137.76 6.38 138.98 141.37 1.97 269.25 17.67 15.24 106.81 0.84
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Table 6-4: Limit states and test-to-predicted ratios across testing using measured properties (detailed in Section 6.3) 

 
 

Figure 6-8 depicts actuator force versus crosshead displacement for Climate Zone 7 specimens 

(L7x4 angles and 3” shims where applicable). As shelf angles are typically stiffness-controlled 

details, the region of interest for design purposes (displacements <0.25”) is also shown in the inset. 

The unmitigated specimens (S4, S5, S6) demonstrate similar performance despite utilizing 

different bolt sizes, materials, and diameters. While solutions with steel shims or tube shims 

represent the stiffest and strongest strategies, the FRP shimmed specimens fall within the lower 

bound defined by the unmitigated strategies and the upper bound defined by the steel shims and 

tube shims (as shown in Figure 6-8 below). This is due to the assumption that wall cavity thickness 

must remain constant despite thermal break mitigation, and that shelf angle sizes must also change 

to accommodate shims. This results in a shorter angle leg, and thus a more favorable moment-to-

shear ratio than in the unmitigated details. Drops in load from failure of the shims do not begin to 

occur until well beyond the elastic region of the response, and beyond 1” of crosshead 

displacement. 

 

Ultimately, the shelf angles fractured near the angle heel, experienced significant buckling 

deformations at the midspan, and exhibited local deformations around the bolts. Compression on 

the base of the shims (where the angle heel comes into contact with the shim) caused both crushing 

at the base and delamination of the layers at the top. 

 

Specimens with the Proprietary 1, Proprietary 2, and vinylester shims all achieved peak strengths 

within 5% of each other. The phenolic and polyurethane shims were respectively 30% weaker and 

30% stronger than the vinylester shims. These strength variations correspond to the flatwise 

MEASURED PROPERTIES
SHELF ANGLE BENDING SHELF ANGLE SHEAR SHIM COMP. BOLT TENSION BOLT BENDING BOLT SHEAR

Mu Mn Mu/Mn fv Fv fv/Fv fbu fbu/Fv Tbu Tbn Tbu/Tbn Mbu Mbn Mbu/Mbn Vn Vb/Vn

kip-in kip-in - ksi ksi - - ksi ksi - kip-in kip-in - kip -

S1 42.16 9.84 4.28 165.30 30.24 5.47 - - - 66.88 - - 5.23 - 41.34 0.68

S2 31.73 9.84 3.22 124.46 30.24 4.12 - - - 81.18 - - 7.61 - 58.40 0.36

S3 35.14 9.84 3.57 137.97 30.24 4.56 - - - 181.32 - - 22.67 - 110.92 0.21

S7 29.99 10.46 2.87 127.19 30.24 4.21 43.32 2.01 87.71 181.32 0.48 59.98 22.67 2.65 110.92 0.36

S8 22.22 10.46 2.12 94.00 30.24 3.11 33.53 1.55 63.04 66.88 0.94 44.44 5.23 8.50 41.34 0.72

S9 22.22 10.46 2.12 94.24 30.24 3.12 32.10 1.49 64.53 181.32 0.36 44.44 22.67 1.96 110.92 0.27

S10 25.10 10.46 2.40 106.44 30.24 3.52 36.25 1.68 74.84 181.32 0.41 50.19 22.67 2.21 110.92 0.30

S11 26.90 10.46 2.57 114.11 30.24 3.77 38.87 1.80 78.76 181.32 0.43 53.81 22.67 2.37 110.92 0.32

S12 27.48 10.46 2.63 116.55 30.24 3.85 39.70 1.84 80.26 181.32 0.44 54.96 22.67 2.42 110.92 0.33

S19 2.07 10.46 0.20 8.78 30.24 0.29 - - - 181.32 22.67 110.92 0.02

S4 107.77 21.67 4.97 157.55 32.52 4.84 - - - 33.44 - - 5.23 - 41.34 0.60

S5 113.84 21.67 5.25 166.52 32.52 5.12 - - - 81.18 - - 7.61 - 58.40 0.45

S6 125.09 21.67 5.77 183.19 32.52 5.63 - - - 181.32 - - 22.67 - 110.92 0.26

S13 84.06 15.72 5.35 119.13 32.52 3.66 103.22 4.78 209.11 181.32 1.15 201.74 22.67 8.90 110.92 0.61

S14 32.74 15.72 2.08 46.15 32.52 1.42 42.00 1.94 79.06 66.88 1.18 78.58 5.23 15.04 41.34 0.63

S15 104.10 15.72 6.62 147.54 32.52 4.54 127.83 5.92 257.21 181.32 1.42 249.85 22.67 11.02 110.92 0.75

S16 64.03 15.72 4.07 90.75 32.52 2.79 78.63 3.64 162.34 181.32 0.90 153.67 22.67 6.78 110.92 0.46

S17 80.01 15.72 5.09 113.40 32.52 3.49 98.25 4.55 199.23 181.32 1.10 192.03 22.67 8.47 110.92 0.58

S18 82.36 15.72 5.24 116.73 32.52 3.59 101.14 4.68 204.60 181.32 1.13 197.67 22.67 8.72 110.92 0.59

S20 69.49 15.72 4.42 98.49 32.52 3.03 85.33 3.95 137.02 181.32 0.76 166.78 22.67 7.36 110.92 0.50

S21 112.19 15.72 7.14 159.00 32.52 4.89 137.76 6.38 221.22 181.32 1.22 269.25 22.67 11.88 110.92 0.81
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compressive strengths of the FRP materials themselves, and suggest that shim behavior does 

impact specimen behavior at extreme loads. 

 
Figure 6-8: Actuator force versus crosshead displacement for Climate Zone 7 (3” shim, L7x4x3/8 angles) 

specimens, with design region shown in inset. 

 

Similarly, for the Climate Zone 1 specimens, the unmitigated details again provide a lower bound 

for the force-displacement results. Differences between shim materials are small: while 

polyurethane shims result in the maximum force, the five various shim materials result in responses 

within 20% of each other (note that the material properties of the shims themselves vary more than 

20%). 
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Figure 6-9: Actuator force versus crosshead displacement for Climate Zone 1 (1.5” shim, L6x4x5/16 angles) 

specimens, with design region shown in inset. 

 

Failure modes resembled those of the Climate Zone 7 specimens, though in most cases shim 

delamination was less pronounced and due to the thinner shelf angle, since angle deformation 

dominated the response. Shims failed along the bond line if present, and at varying layers within 

the cross section if shims were unbonded. Photographs of these modes across all testing are shown 

in Figure 6-10 below.  

 
Figure 6-10: Typical failure modes observed during testing 
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As shown in Figure 6-10, bolts also deformed during testing, though this mode was not critical 

and likely did not influence performance until the post-peak regime. 

 

The pultruded FRP angle did not perform as well in this series of testing. Prior to testing, it was 

established that the available pultruded angles were not manufactured thick enough to adequately 

satisfy design checks. However, as custom pultrusions may be cost-prohibitive, the thickest “off-

the-shelf” angle was tested as a part of this program. As Figure 6-9 shows, this angle was 

significantly less stiff in the design region, and attained a maximum force of approximately 10% 

of the unmitigated details. The FRP angle delaminated throughout testing and ultimately fractured 

at the angle heel. 

 

6.2.2 Shelf angle strain results 

 

Data from the strain gauges installed along the heel of the horizontal angle leg, S1, S2, and S3 

(shown in Figure 6-4 above) provide a measure of the stresses in the angle, and how the various 

mitigation strategies impact system performance. This data for Climate Zone 7 specimens is shown 

in Figure 6-11 below. 

 
Figure 6-11: Shelf angle strain gauges versus crosshead displacement for Climate Zone 7 (3” shim, L7x4x3/8 

angles) specimens 

Gauge S2, installed on the center line of the angle consistently demonstrates that the center of the 

angle is rotating rigidly in the vertical leg, thus resulting in translation of the horizontal leg about 

the heel (and negligible strain). Gauges S1 and S3 are installed on the centerlines of the bolts and 

theoretically should be equivalent. Differences in bolt pre-tension likely account for the variation 

between the two sensors. 

 

Specimen S6, with 5/8” diameter bolts, does not experience significant strain in the angle because 

forces are concentrated on the bolts, which are the limiting factor for the designed case. As bolts 
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are increased to ¾” and 1” diameters (specimens S5 and S6), strains in the angle increase, as the 

bolts can resist higher forces. In specimens with shims, the response varies. In general, specimens 

with steel mitigation strategies (S20 and S21) experience larger strains in the shelf angle, while 

those with FRP mitigation strategies experience less, most likely due to the relative deformability 

of FRP compared to steel (allowing the shims to compress rather than straining the angle). 

 
Figure 6-12: Shelf angle strain gauges versus crosshead displacement for Climate Zone 1 (1.5” shim, L6x4x5/16 

angles) specimens 

The same is not true for the Climate Zone 1 specimens, shown in Figure 6-12. In these tests, the 

angle size is decreased to L6x4x5/16, and the thinner angle begins to dominate the response, rather 

than the bolt sizing as in the Climate Zone 7 specimens. This is evident from not only the increased 

strains, but the slope of the displacement-strain curves, which are significantly greater than those 

in the Climate Zone 7 results. 

 

As in the Climate Zone 7 specimens, the addition of a mitigation strategy requires pushing the 

shelf angle further from the support to accommodate the shim while maintaining the wall cavity 

size. This change alters the moment-to-shear ratios between mitigated and unmitigated details. 

With thicker angles, bolts and shims dominate response before angle deformation becomes 

relevant, while for thinner angles, angle deformation occurs before any bolt or shim failure mode. 

 

6.2.3 Load cell results 

Using the load cells installed on the bolts, two important quantities can be estimated: the force and 

variation of the force in the bolts prior to testing, and the variation of the bolt force throughout the 

test. The strains from the gauges installed at the top and bottom of each load cell are averaged to 

capture bolt behavior throughout the test. 

 

Figure 6-13 plots the load cell strains (induced by bolts in tension compressing the load cells) as 

the test progresses for the Climate Zone 7 specimens. For the purpose of this comparative analysis, 

load cell strains are zeroed at the initiation of the displacement protocol. In specimens with FRP 
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shims, the shims likely assume some of the pre-tension forces and distribute force away from the 

bolt. After the initial loading region, forces in the bolt remain relatively constant through the 

remainder of the test. 

 

Shim failures impact load cell strains, and result in a temporary relaxation of the bolt forces, which 

equilibrate after force redistribution. 

 
Figure 6-13: Load cell strain readings for Climate Zone 7 (3” shim, L7x4x3/8 angles) specimens 

 

Similar trends are evident in the Climate Zone 1 specimens (Figure 6-14) below. Strain in the load 

cell (caused by bending and tension from the bolt head) increases in the initial 0.5” of loading, in 

which the shelf angle vertical leg begins to buckle and pull on the bolts, and typically plateaus for 

the remainder of the test. While the shelf angle continues to bend and induce bolt bending and 

tensile modes, the bolt forces remain relatively constant throughout the remainder of the test. This 

is true whether the specimens have shims or are unmitigated details. Test S8 represents an 

exception to this rule, as the configuration had 5/8” bolts in consort with 1.5” shims. Increased 

eccentricity from the shims loads the bolts more severely and bolt forces do not plateau 

immediately, spiking first before plateauing. 
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Figure 6-14: Load cell strain readings for Climate Zone 1 (1.5” shim, 6x4x5/16 angles) specimens 

 

6.3 Finite element validation studies 

The finite element analyses (FEA) for this research were performed using ABAQUS 6.14-1 

(ABAQUS 2014), using the standard analysis solvers. 

 

For each model a mesh with eight node 3D elements with reduced integration were used to improve 

the convergence rate.  Because these elements use a reduced integration, hourglass enhanced 

section controls were implemented to avoid zero-energy modes due to hourglassing. To accurately 

portray bending stress, all members in flexure had a minimum of four elements through the cross-

section thickness, and the surface mesh was such that the elements through the cross-section had 

an aspect ratio no larger than 4:1 to reduce the risk of the elements favoring stress along just one 

of the axes.  The largest mesh size dimension used in these models is approximately 0.25 in. 

Through parametric analysis, it was determined that results are not mesh-dependent. 

 

The components of the models are portrayed in the assembly as a representation of the original 

component, also known as an instance.  Once these instances are in their respective places the 

surfaces in contact with each other must be defined.  This was accomplished by defining master 

and slave surfaces to interact with each other using surface-to-surface contact.  The contact 

interaction properties used is hard contact in the normal direction of all surfaces and penalty 

friction, with a coefficient of friction of 0.25, in the tangential direction of all surfaces.  Contact in 

ABAQUS/Standard can cause issues with the start of the analysis because of instantaneous 
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instabilities between the nodes.  The nodes require an extremely small time step to stabilize 

themselves before the analysis can continue forward.  To accomplish this, a dampening factor was 

instated to absorb some energy from the initiation of the model.  This factor is small enough to 

stabilize the initiation while not affecting the behavior of the model. 

 

The bolts were restrained as if they were within a rigid plate using boundary conditions.  This 

allowed for the bolts to react as expected without the added computational time required for 

contact.  All other surfaces that would typically bear upon a rigid support had the bearing contact 

represented with compression-only gap elements.  These elements were used to restrain the 

elements from translating along a single direction on the referenced axis. 

 

Various shelf angle models were created to simulate and verify the results of experimental data.  

The experimental setup being represented is a steel shelf angle manufactured from ASTM A36 

structural steel attached to a steel backing plate with either ASTM A325, ASTM A304-SH1, or 

ASTM A307 bolts.  Some assemblies have fiberglass reinforced polymer shims within the 

connections acting as a thermal break. The thicknesses and combination of thicknesses of the FRP 

vary to match the experiments.  Measured properties include results reported in Appendix A from 

tensile coupon tests of the shelf angle and bolt materials, and through-thickness compression tests 

for FRP materials.  The loading is assumed to apply continuously increasing pressure evenly across 

the outstanding leg of the angles. 

 

A comparison between the ABAQUS analyses and the experimental data is presented below. Force 

and deflection from the models are taken at the same points on the specimen and load frame as 

they were recorded in the experimental work. Across all testing, models are in excellent agreement 

with force-displacement results. Shelf angle bending and shear are accurately captured, as are bolt 

failure modes and shim compression. One behavior the ABAQUS results fail to capture is shim 

delamination following compression of the bottom edge of the shim. This delamination causes 

load drops in the first 1-2 inches of displacement (as seen in S8 and S13 force-displacement 

responses). 
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Assembly S1 - L6x4x5/16, 5/8 in bolts, no shims 

• Angle: L6x4x5/16 – A36 structural steel 

• Bolts: 5/8in diameter – A325 structural steel 

• Shims: None 

 

 
Figure 6-15 Assembly S1 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-16 Assembly S1 – von Mises stress contour – ISO view 
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Assembly S7 - L6x4x5/16, 1 in bolts, ½ in + 1 in shims 

• Angle: L6x4x5/16 – A36 structural steel 

• Bolts: 1in diameter – A325 structural steel 

• Shims: 1/2in + 1in Vinylester FRP 

 

 
Figure 6-17 Assembly S7 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-18 Assembly S7 – von Mises stress contour – ISO view 
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Assembly S8 - L6x4x5/16, 5/8 in bolts, ½ in + 1 in shims 

• Angle: L6x4x5/16 – A36 structural steel 

• Bolts: 5/8in diameter – A325 structural steel 

• Shims: 1/2in + 1in Vinylester FRP 

 

 
Figure 6-19 Assembly S8 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-20 Assembly S8 – von Mises stress contour – ISO view 
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Assembly S9 - L6x4x5/16, 1 in bolts, ½ in + 1 in shims 

• Angle: L6x4x5/16 – A36 structural steel 

• Bolts: 1in diameter – A325 structural steel 

• Shims: 1/2in + 1in Polyurethane FRP 

 

 
Figure 6-21 Assembly S9 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 6-22 Assembly S9 – von Mises stress contour – ISO view 
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Assembly S10 - L6x4x5/16, 1 in bolts, ½ in +1 in shims 

• Angle: L6x4x5/16 – A36 structural steel 

• Bolts: 1in diameter – A325 structural steel 

• Shims: 1/2in + 1in Phenolic FRP 

 

 
Figure 6-23 Assembly S10 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-24 Assembly S10 – von Mises stress contour – ISO view 
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Assembly S11 - L6x4x5/16, 1 in bolts, ½ in + 1 in shims 

• Angle: L6x4x5/16 – A36 structural steel 

• Bolts: 1in diameter – A325 structural steel 

• Shims: 1/2in + 1in Proprietary 1 FRP 

 

 
Figure 6-25 Assembly S11 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 6-26 Assembly S11 – von Mises stress contour – ISO view 
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Assembly S12 - L6x4x5/16, 1 in bolts, ½ in + 1 in shims 

• Angle: L6x4x5/16 – A36 structural steel 

• Bolts: 1in diameter – A325 structural steel 

• Shims: 1/2in + 1in Proprietary 2 FRP 

 

 
Figure 6-27 Assembly S12 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-28 Assembly S12 – von Mises stress contour – ISO view 
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Assembly S13 - L7x4x3/8, 1 in bolts, 3 x 1 in shims 

• Angle: L7x4x3/8 – A36 structural steel 

• Bolts: 1in diameter – A325 structural steel 

• Shims: 3x 1in Vinylester FRP 

 

 
Figure 6-29 Assembly S13 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-30 Assembly S13 – von Mises stress contour – ISO view 
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Assembly S14 - L7x4x3/8, 5/8 in bolts, 3 x 1 in shims 

• Angle: L7x4x3/8 – A36 structural steel 

• Bolts: 5/8in diameter – A325 structural steel 

• Shims: 3x 1in Vinylester FRP 

 

 

 
Figure 6-31 Assembly S14 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-32 Assembly S14 – von Mises stress contour – ISO view 
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Assembly S15 - L7x4x3/8, 1 in bolts, 3 x 1 in shims 

• Angle: L7x4x3/8 – A36 structural steel 

• Bolts: 1in diameter – A325 structural steel 

• Shims: 3x 1in Polyurethane FRP 

 

 

 
Figure 6-33 Assembly S15 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-34 Assembly 15 – von Mises stress contour – ISO view 
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Assembly S16 - L7x4x3/8, 1 in bolts, 3 x 1 in shims 

• Angle: L7x4x3/8 – A36 structural steel 

• Bolts: 1in diameter – A325 structural steel 

• Shims: 3x 1in Phenolic FRP 

 

 
Figure 6-35 Assembly S16 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-36 Assembly S16 – von Mises stress contour – ISO view 
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Assembly S17 - L7x4x3/8, 1 in bolts, 3 x 1 in shims 

• Angle: L7x4x3/8 – A36 structural steel 

• Bolts: 1in diameter – A325 structural steel 

• Shims: 3x 1in Proprietary 1 FRP 

 

 
Figure 6-37 Assembly S17 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-38 Assembly S17 – von Mises stress contour – ISO view 
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Assembly S18 - L7x4x3/8, 1 in bolts, 3 x 1 in shims 

• Angle: L7x4x3/8 – A36 structural steel 

• Bolts: 1in diameter – A325 structural steel 

• Shims: 3x 1in Proprietary 2 FRP 

 

 
Figure 6-39 Assembly S18 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 6-40 Assembly S18 – von Mises stress contour – ISO view 
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Figure 6-41 the ABAQUS results of assembly S1, S8, and S14.  These assemblies are similar to 

each other as they all have 5/8 in diameter A325X structural steel bolts.  The figure demonstrates 

the performance differences as the FRP shim thickness changes.  This shows that an assembly with 

no shims will deflect more with less load then an assembly with shims included.  This is due to the 

fact the assembly with no shims has continuous bearing against the wall surface.  The other two 

assemblies only have bearing at the shim locations and thus the bending mechanics here include 

more of the shelf angle as well as the bolts.  The minor differences between the two curves with 

shims is due to the fact that the curve with 3 in. thick shims is a L7x4x3/8, while the curve with 

1.5 in. thick shims is a L6x4x5/16. 

 
Figure 6-41 Comparison of force-displacement results generated by ABAQUS for shelf angles with 5/8 in bolts 

 

The six curves shown in Figure 6-42 are created from the same geometric model with 1.5 in. thick 

shims and 1 in. A325X bolts.  The only difference is the material properties of the FRP shims 

within the connection.  The figure shows that all the materials are very similar with the exception 

of phenolic, which has lower strength than the others.   
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Figure 6-42 Comparison of force-displacement results generated by ABAQUS for shelf angles with 1in + 1/2in 

shims and 1in bolts 

The six curves shown in Figure 6-43 are created from the same geometric model with 3 in. thick 

shims and 1 in. A325X bolts.  The only difference is the material properties of the FRP shims 

within the connection.  The figure shows that all the materials are very similar with the exception 

of Phenolic which has less strength and stiffness than the others. 

 
Figure 6-43: Comparison of force-displacement results generated by ABAQUS for shelf angles with 3x 1in shims 

and 1in bolts 
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6.4 Design Recommendations 

We propose adapting the design procedure developed by Tide and Krogstad (1993) for use with 

shelf angles incorporating shim-type thermal breaks.  

 

The procedure of Tide and Krogstad (1993) breaks the masonry loads into distributed loads and 

concentrated loads. The distributed loads account for the weight of the bottom courses of masonry 

when the mortar is still plastic, allowing the brick veneer to deflect as it loads the supporting shelf 

angle. The concentrated loads account for the wall stiffness after the mortar in the bottom courses 

has hardened, allowing the veneer to arch from shelf angle support to support. The methodology 

accounts for shelf angle displacements and stresses due to bending, shear, and torsion. 

 

To calibrate the methodology to the load tests, we made the following alterations to the procedure: 

 

• Because the test specimens were loaded by a rigid beam, we treated the entire load as 

concentrated at the support bolts. 

• Tide and Krogstad (1993) suggest using the benefit of friction between the masonry and 

the shelf angle to help resist the imposed loads. We find that neglecting this friction results 

in closer correlation with the test results. 

• Tide and Krogstad (1993) suggest including the width of the shims when calculating the 

effective length of the angle horizontal leg for bending and torsional effects. We find that 

neglecting the shim width results in closer correlation with the test results for both FRP 

and steel shims. 

• We simplified the equations for torsional effects due to the concentrated loads. 

• To account for the shim effects, we treated the bolts as bending in single curvature and 

calculated bending effects of the combined shim/bolt system using a linear-elastic 

composite cross-section bending formulation. 

6.4.1 Deflections 

Total deflections of the test specimens are the sum of the following five deflection components. 

We calculate deflection of the angle directly below the corner of the loading beam closest to the 

angle support. The methodology described below will require modification for continuous 

constructed shelf angles supporting brick veneer and for calculation of shelf-angle deflection at 

mid-span between bolts. If the shelf angles are supported by bolts in standard holes, we also 

recommend adding 1/16 in. to the calculated deflections to account for the hole diameter.  The five 

deflection components considered are: 

1. Bending of the horizontal leg of the shelf angle (∆𝑑). 

2. Torsion on the shelf angle (∆𝑡). 

3. Bending of the shims (∆𝑠ℎ). 

4. Bolt bending (∆𝑏). 

5. Bolt shear (∆𝑣). 
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Deflection due to bending of the horizontal leg of the shelf angle: 

  𝑍 = 𝑑𝑎 + 𝑒 + 𝑙𝑜   

 𝐼𝑎 = 𝑍𝑡3/12    

 ∆𝑑= 𝑉𝑏𝑒3/3𝐸𝐼𝑎   

where: 

 𝑍 = effective width of shelf angle 

 𝑑𝑎 = depth of vertical leg of shelf angle 

 𝑒 = eccentricity between line of load application and support plane of shelf angle 

 𝑙𝑜 = distance from bolt to end of shelf angle specimen 

 𝐼𝑎 = moment of inertia of the horizontal leg of the shelf angle 

 𝑡 = thickness of shelf angle 

 𝑉𝑏 = vertical load on bolt 

 𝐸 = modulus of elasticity of shelf angle 

 

Deflection due to torsion on shelf angle: 

 ∆𝑡=  𝑉𝑏𝑒2 (
𝑍

2𝐺𝐽
) 

where: 

 𝐺 = shear modulus of shelf angle 

 𝐽 = polar moment of inertia of shelf angle 

 

Deflection due to bending of the shims: 

 𝑝 = 𝐴𝑏/(𝑏𝑠ℎ𝑑) 

 𝑛 = 𝐸𝑏/𝐸𝑠ℎ 

 𝑘 = √2𝑝𝑛 + (𝑝𝑛)2 − 𝑝𝑛 

 𝜃𝑠ℎ =
𝑡𝑠ℎ

2
(

𝑉𝑏(2𝑒+𝑡𝑠ℎ)

𝐴𝑏𝑑2𝐸𝑠ℎ(1−𝑘)(1−𝑘
3⁄ )

) 

 ∆𝑠ℎ=
𝑉𝑏𝑡𝑠ℎ

2

𝐴𝑏𝑑2𝐸𝑠ℎ(1−𝑘)(1−𝑘
3⁄ )

(
𝑒

2
+

𝑡𝑠ℎ

3
) 

 

 

where: 

 𝐴𝑏 = area of bolt  

 𝑏𝑠ℎ = width of shim 

 𝑑 = distance from bottom of shelf angle to bolt 

 𝐸𝑏 = modulus of elasticity of bolt 

 𝐸𝑠ℎ = modulus of elasticity of shim 

 𝑡𝑠ℎ = thickness of shim  

 𝜃𝑠ℎ = rotation of shim at shelf angle interface 
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Deflection due to bolt bending: 

 ∆𝑏= 𝑉𝑏𝑡𝑠ℎ
3/(3𝐸𝑏𝐼𝑏) 

where: 

 𝐼𝑏 = moment of inertia of bolt 

 

Deflection due to bolt shear: 

 ∆𝑣= 𝑉𝑏𝑡𝑠ℎ 0.9𝐺𝑏𝐴𝑏⁄  

where: 

 Gb = shear modulus of bolt 

 

This approach results in good to excellent correlation for the majority of the test results as shown 

in Table 6-5. Test stiffness is computed using measured actuator loads and displacements in the 

elastic loading range. The methodology consistently under-predicts stiffness for specimens with 

phenolic shims, possibly due to variations in material properties of the shims, and the general 

compressive rupture behavior of phenolic shims (characterized by pulverizing and extensive 

delamination). The methodology under-predicts the combination of thick shims and small-

diameter bolt (test S14). While the 5/8” bolt does increase deflection due to bolt bending, it is 

possible that the other components of the subassembly mitigate this flexibility. 

Table 6-5: Comparison of shelf angle test stiffness and computed stiffness.  

 

Test ID Shim Material

Shim 

Thickness 

(in)

Bolt 

Diameter 

(in)

Test 

Stiffness 

(lb/in)

Calculated 

Stiffness 

(lb/in)

Ratio of 

Calculated to 

Measured 

Stiffness

S7 vinylester 1.5 1 108,000 103,400 0.96

S8 vinylester 1.5 0.625 74,200 82,000 1.11

S9 polyurethane 1.5 1 92,000 107,000 1.16

S10 phenolic 1.5 1 83,600 68,300 0.82

S11 proprietary 1 1.5 1 87,800 102,800 1.17

S12 proprietary 2 1.5 1 105,600 104,300 0.99

S13 vinylester 3 1 84,300 82,700 0.98

S14 vinylester 3 0.625 58,400 32,700 0.56

S15 polyurethane 3 1 83,200 91 1.09

S16 phenolic 3 1 56,700 34,700 0.61

S17 proprietary 1 3 1 73,700 81,300 1.10

S18 proprietary 2 3 1 83,600 84,600 1.01

S21 carbon steel 3 1 149,000 132,800 0.89 
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6.4.2 Stresses 

Stress checks due to concentrated loads at bolts may be completed using a similar methodology 

(and are performed for the maximum experimental force in Table 6-3 Table 6-4 above). The 

methodology described below will require modification for continuous shelf angles. See Tide and 

Krogstad (1993) for additional stress checks due to uniform load on shelf angle.  In the equations 

below, a load factor of 1.4 corresponding to dead load is regularly used in the calculations.   

 

Bending stress in horizontal leg of the shelf angle 

 𝑀𝑢 = 1.4𝑉𝑏𝑒 

 𝑍𝑥 = 𝑍𝑡2/4  

 ∅𝑴𝒏 = 𝟎. 𝟗𝒁𝒙𝑭𝒚 

 

Shear stress in shelf angle 

 𝑉𝑢 = 1.4𝑉𝑏 (
𝑍−𝑙𝑜

𝑍
)  

 𝑓𝑣𝑏 =
1.5𝑉𝑢

(𝑑𝑎−(𝑑𝑏+1
16⁄ ))𝑡

 

 𝑓𝑣𝑡 = 𝑉𝑢𝑒𝑡/𝐽 

 𝑓𝑣 = 𝑓𝑣𝑏 + 𝑓𝑣𝑡 

 ∅𝑭𝒗 = 𝟎. 𝟗(𝟎. 𝟔)𝑭𝒚 

where: 

 𝑉𝑢 = factored vertical shear in shelf angle at bolt 

 𝑓𝑣𝑏 = factored beam shear stress in vertical leg of angle 

 𝑓𝑣𝑡 = factored torsional shear stress in angle 

 𝑓𝑣 = total factored shear stress in angle 

 𝑑𝑏 = bolt diameter 

 𝑍𝑥 = section modulus 

 

 

Shim factored compressive stress 

 𝑓𝑏𝑢 = 1.4 [
2𝑉𝑏(𝑒+𝑡𝑠ℎ)

(1−𝑘
3⁄ )𝑘𝑏𝑑2

] 

 

Bolt tension and bending stress 

 𝑇𝑏𝑢 =
1.4𝑉𝑏(𝑒𝑎 + 𝑡𝑠ℎ)

(1 − 𝑘
3⁄ )𝑑

⁄  

 ∅𝑻𝒃𝒏 = 𝟎. 𝟕𝟓𝑨𝒃𝑭𝒏𝒕 

 

 𝑀𝑏𝑢 = 1.4𝑉𝑏𝑡𝑠ℎ 

 ∅𝑴𝒃𝒏 = 𝟎. 𝟕𝟓𝒁𝒃𝑭𝒏𝒕 
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where: 

 𝑍𝑏 = section modulus of the bolt 

 𝐹𝑛𝑡 = tensile strength from table J3.2 of AISC 360 

 𝐹𝑛𝑣 = shear strength from table J3.2 of AISC 360 

The combined effects of bolt tension and bending may be calculated using Equation H2-1in the 

AISC Specification (AISC 2010). 

 

Bolt shear stress 

 𝑉𝑏𝑢 = 1.4𝑉𝑏 

 ∅𝑽𝒃𝒏 = 𝟎. 𝟕𝟓𝑨𝒃𝑭𝒏𝒗 
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7 Roof Posts and Canopy Beams 
  

This chapter summarizes the results of the experimental tests and analyses of roof posts and canopy 

beams. Two thermal break strategies were investigated to document their limit states and behavior. 

Chapter 1 details these solutions, including solutions utilizing FRP materials as shims, as well 

solutions using partial replacement of the structural member under consideration.  

 

7.1 Experimental setup and design 

 

7.1.1 Test matrix 

 

The test matrix for roof posts and canopy beams is presented in Table 7-1 below. Across specimen 

types, two configurations were considered: overdesigned specimens in which the bolts, welds, and 

base plates are increased in size to prevent premature failure and to focus potential failure in the 

shims and the member, and efficiently-designed specimens in which connections and base plates 

were designed to factored loads. Shim thickness was varied between 1, 3, and 6 inches. Roof post 

FRP sleeves were also employed to examine partial member replacement as a potential structural 

assembly (this detail is discussed in the following paragraphs). 

 

Roof posts were designed to be 2.5 ft in height while canopy beams were designed to be 5.5 ft in 

length, both representing common construction configurations for their respective cladding details. 

Base plates were designed as square to maintain symmetry in the experimental testing. Each plate 

was designed using the recommendations in the AISC Base Plate Design Guide (AISC 2006). It 

should be noted, however, that to explore a range of potential responses in the base conditions, the 

base plates for efficiently-designed specimens were thinner than the common industry standard, 

which is typically ¾”. 

 

Bolts were placed on the base plate at 6” on center, and were both efficiently designed with 

stainless steel B8 bolts, and overdesigned with 1” dia. A307 bolts (in accordance with industry 

practices). Bolts were installed by a single operator and were specified as snug-tight. Holes were 

specified as standard holes. 
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Figure 7-1: Roof post (left) and canopy beam (right) specimen schematics 

 

Roof posts were designed as HSS 3x3x3/16 while canopy beams were designed as HSS 4x4x1/2 

(all HSS were specified as ASTM A500, Grade B (46 ksi)). Posts and beams were of constant 

cross-section throughout the configurations tested. Welds between the post or beam and its base 

plate typically had the potential to be the critical limit state in these details, and as such, were 

detailed as complete joint penetration welds to ensure they did not impact response in the design 

regime. 
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Table 7-1: Roof post and canopy beam test matrices 

 
 

A schematic of the roof post FRP sleeve detail is shown in Figure 7-2 below, as well as an as-

tested photograph of the specimen. Threaded rods that were 0.5” in diameter connect one side of 

the sleeve to the other, and run though the steel post. The post is broken in the middle to lessen the 

transfer of heat from interior to exterior. Rod spacings were designed in accordance with AISC 

360 (2010) and the LRFD pre-standard for FRP structural members. Availability of pultruded 

square shapes limited the sleeve to a 4x4x1/2” FRP sleeve, which created slack between the sleeve 

and post (HSS 3x3x3/16). In an actual structure, this slack could be eliminated via bonding FRP 

shims to the inside of the sleeve to ensure fit-up. 
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Figure 7-2: Roof post FRP sleeve configuration and photograph of as-tested specimen 

 

7.1.2 Test rig and protocol 

The roof post/canopy beam test rig is comprised of two actuators, one lateral and one vertical, a 

load transfer block, the base (connecting specimen to the strong floor), and the reaction frame. 

These components are illustrated in Figure 7-3 below. 

 

Roof posts are loaded with a 10 kip axial load to replicate the weight of typical dunnage on the 

post. After the axial load is applied via the vertical actuator (in load control), the horizontal actuator 

loads the specimen in displacement control. Canopy beams are intended to be pure cantilevers with 

zero axial force. To achieve this condition, the vertical actuator counteracts the weight of the load 

transfer block and half of the horizontal actuator so that the total axial force on the specimen is 

zero. In both the roof post and canopy beam test setups, the load transfer block is allowed to rotate 

to simulate a cantilever boundary condition, and is only restrained in the out-of-plane dimension.   
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Figure 7-3: Specimen (in red) positioned in the test rig at the Northeastern University STReSS Lab 

 

Load is applied to the top of the specimen (connected to a 1” end plate via a CJP weld) via a load 

transfer block, which connects the two actuators to the top of the specimen via 1” dia. bolts. The 

load transfer block is assumed to be rigid and is built up of 1” steel plate (shown in Figure 7-4 

below). The horizontal actuator can move vertically up or down as needed, as can the vertical 

actuator. 
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Figure 7-4: Load block detail drawings, interfacing actuator heads with specimen top plates. 

 

Monotonic tests were displacement-controlled for the horizontal actuator, at a rate of 0.18% drift 

per minute. The vertical actuator was force-controlled throughout testing. Cyclic tests were 

displacement-controlled for the horizontal actuator, loading at a rate of 2.1% drift per minute, 

while the vertical actuator remained in load-control. Load rates were taken from the work of 

Gomez (2010), in which steel posts with base plates were tested cyclically and monotonically. The 

SAC protocol was used for the cyclic protocol, and was scaled to the exact height of each specimen 

(which varied due to differing shim thicknesses) such that the load rate and drift targets were 

consistent across testing. Figure 7-5 presents this protocol for the roof posts, depicting the scaling 

of the protocol for three different configurations. 

 

 
Figure 7-5: SAC protocol scaled for various roof posts height such that load rate (2.1% drift/min) is constant 

throughout testing 
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7.1.3 Instrumentation plan 

 

To capture lateral movement of the base plate, LVDTs were installed on the West face of the base 

plate (cardinal directions and specimen orientation are shown in Figure 7-6 below). They were 

mounted to strong magnetic frames installed on the base of the rig. Quintuplet LVDTs on the south 

and east sides of the base plate were oriented vertically to record the buckling of the base plate 

along its face on these two sides of the member. These quintuplet sensors recorded base plate 

deformed shapes up until approximately 2% drift, when they typically became misaligned with the 

base plate due to large deformations, and were removed from the specimen. These quintuples were 

also mounted via strong magnetic mounting frames affixed to the base of the rig. 

 

Using small LVDTs installed along the vertical dimension of the post/beam, it is possible to 

calculate the curvature of the post. Two LVDTs were installed along the east and west faces of the 

HSS specimens. The LVDTs overlap such that their gage lengths were staggered. They were 

mounted to the HSS itself via aluminum brackets that were glued to the specimen. 

 

Strain gauges were also installed on each specimen. A strain gage was installed on the south and 

east faces of the base plate, 1” away from the weld to the post. Strain gauges at 2” and 4” up from 

the base plate were installed on the post/beam on the west and east sides of the specimen. These 

gauges were intended to provide curvature readings at ranges smaller than what the post/beam 

LVDTs can reliably record. 

 

Figure 7-6 provides an illustration of the instrumentation plan. Figure 7-7 depicts the sensors as-

installed on a test specimen. 



132 

 

 
Figure 7-6: Sensor configuration for roof post and canopy beam specimens, with views from each direction 

 
Figure 7-7: Photographs of instrumentation plan from top, North to South, West to East, and East (east view is on a 

deformed specimen, demonstrating how LVDT sensors are able to read vertical deformations of base plate) 
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7.2 Results and Discussion 

 

Roof post results are presented in Table 7-2 for nominal test-to-predicted ratios, and Table 7-3 for 

measured test-to-predicted ratios using measured properties. Measured properties include results 

reported in Appendix A from tensile coupon tests of the roof posts and canopy beam base plates 

and bolt materials, and through-thickness compression tests for FRP materials. The roof post and 

canopy beam base metal was not tested as the tensile coupons were deformed during 

manufacturing due to residual stresses in the HSS sections; as such, values from mill reports were 

used for the measured properties. Maximum experimental loads and moments are included, as well 

as base plate, post bending, shim compression, bolt tension, bolt shear, and bolt bending limit 

states (equations for these limit states are presented in Chapter 6). To determine the experimental 

maximum moment, a reduction factor is applied to the height of the specimen (from top of base 

plate to base of load transfer block) to account for test rig influence on inflection point. These 

reduction factors are explained in detail in the finite element modeling portion of this chapter. 

Moment is calculated by multiplying Pmax by specimen height and the inflection point reduction 

factor Rf. Results are presented for the system, i.e., four bolts are considered for shear and bending 

calculations. In the case of bolt tension, two bolts are considered under uplift only (caused by 

bending of the post). Nominal and measured results calculations are not available for all limit states 

(shim compression, for example).  

 

Base plate yielding is characterized by yield line diagrams, and relationships for the yield load on 

the plate are determined from the diagram geometry. Given that all of the base plates tested in the 

study deformed significantly and buckled, this method is thought to be overly conservative, with 

test-to-predicted ratios well below 1. The equations developed for these yield forces are shown in 

Figure 7-8 below. 

 

 
Figure 7-8: Yield line diagram for base plates and post/beams, based on observed deformed shapes 

 

Shim compression for roof posts is determined via a combination of the applied axial force (10 

kips) and the compression due to bending moment at the base plate at the maximum force. For 

canopy beams, which do not have applied axial load, shim compression is based solely on the 

compressive stresses from bending of the beam. 
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Based on the tabulated test-to-predicted ratios, bolt bending governs, and is magnified with shims 

of increasing thickness. However, it should be noted that required strengths for roof posts are 

approximately 5 kip-ft (60 kip-inches, unfactored, and based upon common design loads 

recommended by the Industry Advisory Board) during which the specimen responses are still 

elastic, so all specimens resisted loads well in excess of the factored design loads. 

Table 7-2: Roof post results and nominal strength-to-predicted ratios 

 

ROOF POSTS - NOMINAL

STRENGTH RESULTS BASE PLATE YIELDING POST BENDING

Test Pmax Rf h Mu Pn Pu Pu/Pn Mn Mu/Mn

Name kip - in kip-in kip kip - kip-in -

R1 5.334 0.85 21 95.21 15.40 5.33 0.35 90.84 1.05

R2 8.339 0.85 21 148.85 27.38 8.34 0.30 90.84 1.64

R3 4.39 1 21 92.19 15.40 4.39 0.29 90.84 1.01

R4 5.567 0.85 21 99.37 15.40 5.57 0.36 90.84 1.09

R5 8.69 0.85 15 110.80 27.38 8.69 0.32 90.84 1.22

R6 5.88 1 15 88.20 15.40 5.88 0.38 90.84 0.97

R7 6.88 0.95 21 137.26 27.38 6.88 0.25 90.84 1.51

R8 9.29 0.95 15 132.38 27.38 9.30 0.34 90.84 1.46

R9 6.438 0.95 15 91.74 27.38 6.44 0.24 90.84 1.01

R10 9.44 0.95 15 134.52 27.38 9.44 0.34 90.84 1.48

R11 9.285 0.95 15 132.31 27.38 9.29 0.34 90.84 1.46

R12 9.041 0.95 15 128.83 27.38 9.04 0.33 90.84 1.42

R13 9.31 0.95 15 132.67 27.38 9.31 0.34 90.84 1.46

R14 8.69 0.95 15 123.83 27.38 8.69 0.32 90.84 1.36

BOLT TENSION BOLT SHEAR BOLT BENDING

Test Tbn Tuplift Tuplift/Tbn Tn Fact Fact/Tn Mbn Mbu Mbu/Mbn

Name kip kip - kip kip - kip-in kip-in -

R1 30.63 15.87 0.52 36.91 5.33 0.14 1.91 - -

R2 30.63 24.81 0.81 36.91 8.34 0.23 1.91 25.02 13.07

R3 30.63 15.37 0.50 36.91 4.39 0.12 1.91 - -

R4 30.63 16.56 0.54 36.91 5.57 0.15 1.91 - -

R5 30.63 18.47 0.60 36.91 8.69 0.24 1.91 26.07 13.62

R6 30.63 14.70 0.48 36.91 5.88 0.16 1.91 - -

R7 39.76 22.88 0.58 47.71 6.88 0.14 3.73 - -

R8 39.76 22.08 0.56 47.71 9.30 0.19 3.73 27.89 7.48

R9 39.76 15.29 0.38 47.71 6.44 0.13 3.73 19.31 5.18

R10 39.76 22.42 0.56 47.71 9.44 0.20 3.73 28.32 7.60

R11 39.76 22.05 0.55 47.71 9.29 0.19 3.73 27.86 7.47

R12 39.76 21.47 0.54 47.71 9.04 0.19 3.73 27.12 7.28

R13 39.76 22.11 0.56 47.71 9.31 0.20 3.73 9.31 2.50

R14 39.76 20.64 0.52 47.71 8.69 0.18 3.73 52.14 13.99
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Table 7-3: Roof post results and as-measured test-to-predicted ratios 

 
 

Roof posts were observed to bend significantly at the base plate, regardless of plate slenderness. 

The deformation of the plate allowed the post to rotate about the base plate. As such, stresses were 

concentrated on the CJP weld, and failure in all specimens ultimately occurred in the heat-affected 

zone of the weld. In typical roof post details, the base plate is selected based upon economy and 

rules of thumb, and is significantly over-designed for the detail. Thus, the weld between the post 

and the base plate may be the limiting factor in a typical design, as it was in the specimen design. 

However, the weld limit states did not engage in the specimen behavior until beyond 10% drift. 

 

Shims were lightly exercised by the loading, as evidenced by the test-to-predicted ratios. As shims 

should match the base plate area for maximum thermal performance, shims are large, and forces 

are evenly distributed across the shim. Shims were not observed to rack back and forth during 

testing, except in the final stages of lateral loading, when bolt bearing on the shims caused the 

shims to rub against one another. 

ROOF POSTS - MEASURED

STRENGTH RESULTS BASE PLATE YIELDING SHIM COMPRESSION

Test Pmax Rf h Mu Pn Pu Pu/Pn Pn PuB PuA PuB + PnA (PuB + PnA)/Pn

Name kip - in kip-in kip kip - kip kip kip kip -

R1 5.334 0.85 21 95.21 17.58 5.33 0.30 - 15.87 10 25.87 -

R2 8.339 0.85 21 148.85 46.92 8.34 0.18 2315 24.81 10 34.81 0.02

R3 4.39 1 21 92.19 17.58 4.39 0.25 - 15.37 10 25.37 -

R4 5.567 0.85 21 99.37 17.58 5.57 0.32 - 16.56 10 26.56 -

R5 8.69 0.85 15 110.80 46.92 8.69 0.19 2315 18.47 10 28.47 0.01

R6 5.88 1 15 88.20 17.58 5.88 0.33 - 14.70 10 24.70 -

R7 6.88 0.95 21 137.26 46.92 6.88 0.15 - 22.88 10 32.88 -

R8 9.29 0.95 15 132.38 46.92 9.30 0.20 2315 22.08 10 32.08 0.01

R9 6.438 0.95 15 91.74 46.92 6.44 0.14 1289 15.29 10 25.29 0.02

R10 9.44 0.95 15 134.52 46.92 9.44 0.20 4649 22.42 10 32.42 0.01

R11 9.285 0.95 15 132.31 46.92 9.29 0.20 3074 22.05 10 32.05 0.01

R12 9.041 0.95 15 128.83 46.92 9.04 0.19 3048 21.47 10 31.47 0.01

R13 9.31 0.95 15 132.67 46.92 9.31 0.20 2315 22.11 10 32.11 0.01

R14 8.69 0.95 15 123.83 46.92 8.69 0.19 2315 20.64 10 30.64 0.01

BOLT TENSION BOLT SHEAR BOLT BENDING

Test Tbn Tuplift Tuplift/Tbn Tn Fact Fact/Tn Mbu Mbn Mbu/Mbn

Name kip kip - kip kip - kip-in kip-in -

R1 39.92 15.87 0.40 47.90 5.33 0.11 - 2.49

R2 39.92 24.81 0.62 47.90 8.34 0.17 25.02 2.49 10.03

R3 39.92 15.37 0.38 47.90 4.39 0.09 - 2.49 -

R4 39.92 16.56 0.41 47.90 5.57 0.12 - 2.49 -

R5 39.92 18.47 0.46 47.90 8.69 0.18 26.07 2.49 10.45

R6 39.92 14.70 0.37 47.90 5.88 0.12 - 2.49 -

R7 63.83 22.88 0.36 76.60 6.88 0.09 - 5.98 -

R8 63.83 22.08 0.35 76.60 9.30 0.12 27.89 5.98 4.66

R9 63.83 15.29 0.24 76.60 6.44 0.08 19.31 5.98 3.23

R10 63.83 22.42 0.35 76.60 9.44 0.12 28.32 5.98 4.73

R11 63.83 22.05 0.35 76.60 9.29 0.12 27.86 5.98 4.65

R12 63.83 21.47 0.34 76.60 9.04 0.12 27.12 5.98 4.53

R13 63.83 22.11 0.35 76.60 9.31 0.12 9.31 5.98 1.56

R14 63.83 20.64 0.32 76.60 8.69 0.11 52.14 5.98 8.71
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Results and nominal test-to-predicted ratios for the canopy beams are presented in Table 7-4 

below. Limit states and strength results are determined in the same manner as in the roof post result 

tables. Results with measured properties are presented in Table 7-5. 

Table 7-4: Canopy beam results and nominal strength-to-predicted ratios 

 
 

Canopy beams, despite representing an entirely different structural detail from the roof posts, 

behave similarly. Bolt bending governs but increased bolt sizes mitigate this limit state more so 

than in the roof post testing. Canopy beam base plates also deformed significantly during testing, 

and the yield line methodology is again considered an over-estimate of the strength of these base 

plates. 

 

CANOPY BEAMS - NOMINAL

STRENGTH RESULTS BASE PLATE YIELDING POST BENDING

Test Pmax Rf h Mu Pn Pu Pu/Pn Mn Mu/Mn

Name kip - in kip-in kip kip - kip-in -

C1 4.887 0.8 57 222.85 13.92 4.89 0.35 354.60 0.63

C2 5.807 0.8 51 236.93 13.92 5.81 0.42 354.60 0.67

C4 4.539 0.8 57 206.98 13.92 4.54 0.33 354.60 0.58

C5 4.858 0.8 51 198.21 13.92 4.86 0.35 354.60 0.56

C7 6.213 0.95 57 336.43 24.75 6.21 0.25 354.60 0.95

C8 7.04 0.95 51 341.09 24.75 7.04 0.28 354.60 0.96

C9 6.752 0.95 51 327.13 24.75 6.75 0.27 354.60 0.92

C10 7.236 0.95 51 350.58 24.75 7.24 0.29 354.60 0.99

C11 6.962 0.95 51 337.31 24.75 6.96 0.28 354.60 0.95

C12 7.176 0.95 51 347.68 24.75 7.18 0.29 354.60 0.98

C13 7.032 0.95 51 340.70 24.75 7.03 0.28 354.60 0.96

C15 6.804 0.95 51 329.65 24.75 6.80 0.27 354.60 0.93

BOLT TENSION BOLT SHEAR BOLT BENDING

Test Tbn Tuplift Tuplift/Tbn Tn Fact Fact/Tn Mbn Mbu Mbu/Mbn

Name kip kip - kip kip - kip-in kip-in -

C1 68.92 37.14 0.54 83.06 4.89 0.06 6.46 - -

C2 68.92 39.49 0.57 83.06 5.81 0.07 6.46 17.42 2.70

C4 68.92 34.50 0.50 83.06 4.54 0.05 6.46 - -

C5 68.92 33.03 0.48 83.06 4.86 0.06 6.46 14.57 2.26

C7 70.69 56.07 0.79 84.82 6.21 0.07 8.84 - -

C8 70.69 56.85 0.80 84.82 7.04 0.08 8.84 21.12 2.39

C9 70.69 54.52 0.77 84.82 6.75 0.08 8.84 20.26 2.29

C10 70.69 58.43 0.83 84.82 7.24 0.09 8.84 21.71 2.46

C11 70.69 56.22 0.80 84.82 6.96 0.08 8.84 20.89 2.36

C12 70.69 57.95 0.82 84.82 7.18 0.08 8.84 21.53 2.44

C13 70.69 56.78 0.80 84.82 7.03 0.08 8.84 7.03 0.80

C15 70.69 54.94 0.78 84.82 6.80 0.08 8.84 40.82 4.62
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Table 7-5: Canopy beam results and as-measured test-to-predicted ratios 

 
 

Figure 7-9 and Figure 7-10 depict force-drift results using the force from the lateral actuator, and 

backbone curves from the cyclic testing. Notably, shim material does not have a significant impact 

on peak force. Roof posts are more variable in response than canopy beams, but in both sub-

assemblies, nominally identical specimens (save for shim material and thickness) varied by no 

more than 15%. As shims were not loaded near their maximum capacity, this is anticipated for 

canopy beams. Roof post testing exercised the shims with an additional 10 kips of axial load, so 

variability in the force results up to 5% drift may be attributed to compression of the shims (though 

not failure). Performance is striated based upon shim compressive strength. Polyurethane shims 

are consistently the strongest shim material, and phenolic the weakest. 

 

Figure 7-11 and Figure 7-12 depict moment-drift results for roof posts and canopy beams, 

respectively. Moment is reduced via the Rf factors discussed above. Across testing, bolt size and 

base plate thickness dictate behavior more than bolt material, shim material, and shim thickness. 

FRP sleeve specimens (roof posts only) attained comparable peak strengths, but were less stiff 

than unmitigated specimens, or specimens with shims. 

CANOPY BEAMS - MEASURED

STRENGTH RESULTS BASE PLATE YIELDING SHIM COMPRESSION

Test Pmax Rf h Mu Pn Pu Pu/Pn Pn PuB PuA PuB + PnA (PuB + PnA)/Pn

Name kip - in kip-in kip kip - kip kip kip kip -

C1 4.887 0.8 57 222.85 15.89 4.89 0.31 0 37.14 0 37.14 -

C2 5.807 0.8 51 236.93 15.89 5.81 0.37 2315 39.49 0 39.49 0.02

C4 4.539 0.8 57 206.98 15.89 4.54 0.29 0 34.50 0 34.50 -

C5 4.858 0.8 51 198.21 15.89 4.86 0.31 2315 33.03 0 33.03 0.01

C7 6.213 0.95 57 336.43 42.42 6.21 0.15 0 56.07 0 56.07 -

C8 7.04 0.95 51 341.09 42.42 7.04 0.17 2315 56.85 0 56.85 0.02

C9 6.752 0.95 51 327.13 42.42 6.75 0.16 1289 54.52 0 54.52 0.04

C10 7.236 0.95 51 350.58 42.42 7.24 0.17 4649 58.43 0 58.43 0.01

C11 6.962 0.95 51 337.31 42.42 6.96 0.16 3074 56.22 0 56.22 0.02

C12 7.176 0.95 51 347.68 42.42 7.18 0.17 3048 57.95 0 57.95 0.02

C13 7.032 0.95 51 340.70 42.42 7.03 0.17 2315 56.78 0 56.78 0.02

C15 6.804 0.95 51 329.65 42.42 6.80 0.16 2315 54.94 0 54.94 0.02

BOLT TENSION BOLT SHEAR BOLT BENDING

Test Tbn Tuplift Tuplift/Tbn Tn Fact Fact/Tn Mbu Mbn Mbu/Mbn

Name kip kip - kip kip - kip-in kip-in -

C1 89.81 37.14 0.41 107.78 4.89 0.05 - 8.42 -

C2 89.81 39.49 0.44 107.78 5.81 0.05 17.42 8.42 2.07

C4 89.81 34.50 0.38 107.78 4.54 0.04 - 8.42 -

C5 89.81 33.03 0.37 107.78 4.86 0.05 14.57 8.42 1.73

C7 113.47 56.07 0.49 136.17 6.21 0.05 - 14.18 -

C8 113.47 56.85 0.50 136.17 7.04 0.05 21.12 14.18 1.49

C9 113.47 54.52 0.48 136.17 6.75 0.05 20.26 14.18 1.43

C10 113.47 58.43 0.51 136.17 7.24 0.05 21.71 14.18 1.53

C11 113.47 56.22 0.50 136.17 6.96 0.05 20.89 14.18 1.47

C12 113.47 57.95 0.51 136.17 7.18 0.05 21.53 14.18 1.52

C13 113.47 56.78 0.50 136.17 7.03 0.05 7.03 14.18 0.50

C15 113.47 54.94 0.48 136.17 6.80 0.05 40.82 14.18 2.88
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Figure 7-9: Cyclic backbone and monotonic force-drift results for roof post specimens 

 
Figure 7-10: Cyclic backbone and monotonic force-drift results for canopy beam specimens 
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Figure 7-11: Cyclic backbone and monotonic moment-drift results for roof post specimens 

 
Figure 7-12: Cyclic backbone and monotonic moment-drift results for canopy beam specimens 
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Representative cyclic plots are shown in Figure 7-13 below for tests C7 and C10, demonstrating 

the range in behavior between an unmitigated specimen and a specimen with 3” shims. As 

anticipated, due to the shorter beam height, the shimmed specimen reaches higher moments. Both 

specimens demonstrate slight pinching, and this behavior is visible in all of the roof posts and 

canopy beams tested. Pinching in the reverse cycle can be attributed to a stability plate buckling 

mode as the base plate moves from buckling from loaded edge to loaded edge. Bolt elongation and 

base plate deformation contribute to damage in the specimen, which reduces its energy dissipating 

capacity. Force-displacement curves for all tests are shown in Appendix D to this report. 

 

 
Figure 7-13: Hysteretic curves and backbones for tests C7 (no shim) and C10 (3” polyurethane shim) 

 

Base plate strains (as measured by a strain gauge installed on the east side of the base plate) are 

shown for unmitigated posts and beams and posts and beams mitigated with vinylester shims 

(shown in Figure 7-14 and Figure 7-15 respectively). For canopy beams, the elongated specimen 

size increases strains on the base plate in specimens with thicker plates (C7-15). Shims of 

increasing thickness contribute to larger strains in the base plate for canopy beams only, in part 
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due to the longer length of the total specimen with the addition of thick shims. Results for all tests 

may be found in Appendix D of this report. 

 
Figure 7-14: East side (loaded side) base plate strains for unmitigated canopy beams and assemblies with vinylester 

shims of varying thickness 

 

In the roof posts tests, where axial load is applied prior to lateral loading, posts with thinner base 

plates experience greater base plate strains than those specimens with thicker plates. Shim 

thickness has no discernible effect on the base plate strains. 

 
Figure 7-15: East side (loaded side) base plate strains for unmitigated roof posts and assemblies with vinylester 

shims of varying thickness 
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Base plate vertical LVDTs (quintuplet sensors) installed on the south and east faces of the base 

plate capture base plate deformed shapes as the test progresses. While the sensors were removed 

just beyond 2% drift to prevent damage to the sensors, they capture behavior in the design region 

for these cladding details. Figure 7-16 presents representative plots of these deformed shapes for 

tests R7 and R10, which are nominally identical with the exception of the 3” shim in R10. The 

plotted deformed shape is with respect to the base plate, and does not capture global movement of 

the base plate (and therefore any shim compression). While R10 does experience larger 

deformations on the east base plate, the two deformed shapes are within 10% of each other. These 

plots are provided for every test in Appendix D of this report. 

 

 
Figure 7-16: Base plate vertical LVDT sensors at design drift levels for R7 and R10 (no shims and 3” shims, 

respectively) on the south and east faces of the base plate. Specimens are otherwise nominally identical.  

 

Load cell strains on the south load cells are shown for roof posts and canopy beams in Figure 7-17 

and Figure 7-18 respectively. Load cell strain gauges (four per gauge) are averaged to produce one 

measurement per load cell (per rod). Load cells were pre-tensioned while data was recorded, and 
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then zeroed immediately before application of load. Examining the progression of peaks in load 

cell strain from cyclic data, it is clear that these peaks plateau, despite the progressing load 

protocol. Thus, after initial loading cycles, tension in the rods remains approximately constant 

throughout the test. 

 
Figure 7-17: Average load cell strain in South load cells for unmitigated roof posts and roof posts with vinylester 

shims 
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Figure 7-18: Average load cell strain in South load cells for unmitigated canopy beams and canopy beams with 

vinylester shims 

 

Strains from the load cells may be converted to axial force in the bolts via the load cell calibration 

curves for each load cell, shown for two of the 1” diameter load cells in the figure below. This 

calibration was performed in a MTS universal testing machine prior to testing. Load cells were 

compressed and readings from the load cell strain gauges were recorded at 10 force levels. Applied 

compression did not exceed or approach the yield stress of the load cells. A linear curve fit is 

performed on the data, yielding the relationship between stress and applied force as shown in the 

figure, where the variable y is defined as strain and x is defined as force (see Figure 7-19). 
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Rearranging terms, anchor force = 20,000 * strain. Using this relationship, it is possible to estimate 

the force in the load cells and also the compression in the shims at the anchor rod location. 

 

 
Figure 7-19: At left, load cell calibration curve, with curve fit, at right, detail of Fig. 7-18 demonstrating design 

regime and installation pretension on bolt. 

Figure 7-19 examines test C8. In the design regime (up to 7 kip-ft of moment) average load cell 

strain consistently remains below 0.001 in/in. Using this overly conservative value and the load 

cell calibration curves, the force in the anchor rod is estimated to be 20 kips. Assuming that this 

anchor force is transmitted to the shims via the washers, which, for 1” bolt have an area of 2.25 

in2, the stress in the shims under the washers is 20 kips/2.25 in2 = 8.89 ksi. This simple calculation 

assumes all stress is concentrated in the washer area and is not distributed to the remainder of the 

shim. For vinylester shims, as in test C8, 8.89 ksi represents less than 30% of ultimate stress (29.73 

ksi, from Appendix A). It is noted that strains from the roof post testing were significantly lower 

than those recorded in the canopy beam testing and the example presented here represents a 

conservative scenario. 

 

Photographs of typical failure modes are shown in Figure 7-20 below. The shims remained 

unaffected by the loading, save for rubbing of the paint finish from the surface of the shim. Holes 

were not ovalized, and there were no delaminations or failures at the bond line. Fracture of the 

specimen occurred either in the post/beam above the weld, or in the base plate, below the weld. 

Fractures universally occurred within the heat-effected zone of the weld (HAZ). Base plate 

bending was pervasive, and began at the initiation of lateral load. While base plate deformations 
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were significant across all base plate thicknesses, they were magnified for thinner base plates 

(pictured). 

 

 
Figure 7-20: Photographs of typical failure modes for roof posts and canopy beams 
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7.3 Finite element validation 

This section summarizes the computational simulations of the roof post and canopy beam 

specimens.  The ABAQUS (2014) models were analyzed using the standard analysis solvers in 

this work.  As the roof post and canopy beam specimens represent relatively light secondary 

peripheral structures that, compared to base building structures, fail at relatively low loads, the test 

rig (specifically the actuators and top loading block) was also modeled in ABAQUS to discern any 

possible influence of the boundary conditions on the experimental results.  

 

Modeling of the specimens: The components of the roof post and canopy beam assemblies are 

hollow structural sections (HSS), base plates, bolts, and shims.  Because of the complexity of the 

testing setup, representative actuators and a loading block were modeled in these assemblies to 

capture residual behavior due to internal resistance of the actuator pins and any eccentricities of 

the loading as the deformations progressed.  Each model consisted of 8-node 3D continuum 

elements (bricks) with reduced integration points and 3D beam elements.  The base plate, bolts, 

and the bottom 12 in. of the HSS are modeled using the brick elements whereas the remainder of 

the HSS, the loading block, and the actuators are modeled using beam elements.  The beam 

elements are used in portions of the assembly that are expected to remain elastic. 

 

The continuity of the HSS member was kept intact throughout the transition between the brick 

elements and the beam elements by using kinematic coupling constraints.  This restrains the 

degrees-of-freedom of the top surface of the brick elements to the bottom node of the beam 

elements.  Since the brick elements use reduced integration, hourglass enhanced section controls 

were implemented to avoid zero-energy modes due to hourglassing (ABAQUS 2014).  This section 

control increases the accuracy by using an advanced strain algorithm that controls hourglassing 

(ABAQUS 2014).  To accurately portray bending stress, all members in flexure had a minimum 

of four elements through the cross-section thickness, and the surface mesh was such that the mesh 

through the cross-section had a ratio of 4:1 to reduce the risk of the elements favoring stress along 

just one of the axes.  The largest mesh size used in these models is 0.25 in. Parametric analysis of 

mesh sizes determined that results were not mesh dependent. 

 

The 3D beam elements that are used in these models are box, pipe, and rectangle.  The box and 

pipe beam elements have hollow cross-sections while the rectangular beam element has a solid 

cross-section.  All of these elements allow for numerical integration along the section to capture 

any nonlinear material response.  The box beam element is used to model the HSS specimen and 

differed between the canopy beams and roof posts.  For the canopy beam this is a 4 in. x 4 in. box 

section with a wall thickness of 0.465 in. and for the roof post this is a 3 in. x 3 in. box section 

with a wall thickness of 0.174 in.  The pipe beam element is used to represent the actuators from 

the testing setup and was used to capture any lateral deformations the actuators may have 

experienced through the loading process.  These were modeled with an outside diameter of 5 in 

and a wall thickness of 0.312 in.  The rectangle beam element is used to represent the loading 
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block from the testing setup and was used to capture the increased rigidity created within the 

experimental setup.  This was modeled with a 6 in. x 6 in. cross section. 

 

All models have contact that needs to be defined between the base plate and the bolts and many 

have additional contact between shims, shims and bolts, and shims and base plate.  This was 

accomplished by defining master and slave surfaces to interact with each other using surface-to-

surface contact.  The contact interaction properties used is hard contact in the normal direction of 

all surfaces and penalty friction, with a coefficient of friction of 0.25, in the tangential direction of 

all surfaces.  Contact in ABAQUS/Standard can cause issues with the start of the analysis because 

of instantaneous instabilities between the nodes.  The nodes require an extremely small time step 

to stabilize themselves before the analysis can continue forward.  To accomplish this, a dampening 

factor was instated to absorb some energy from the initiation of the model.  This factor is small 

enough to stabilize the initiation while not effecting the behavior of the model, if it was stable [3].  

A tie constraint was also used to attach the HSS posts to the base plates. 

 

The bolts were restrained as if they were within a rigid plate using boundary conditions.  This 

allowed for the bolts to react as expected without the added computational time required for 

contact.  All other surfaces that would typically bear upon a rigid support had the bearing contact 

represented with compression only gap elements.  These elements were used to restrain the 

elements from translating along a single direction on the referenced axis. 

 

Various roof post and canopy beam models were created to simulate and verify the results of 

experimental data.  The experimental setup being represented is a steel hollow structural section 

(HSS) manufactured from ASTM A500 Gr.50 structural steel attached to a steel backing plate with 

bolts manufactured from either ASTM A304-SH1 or ASTM A307 structural steel.  Some 

assemblies may have fiberglass reinforced polymer (FRP) shims within the connections acting as 

a thermal break.  With each application, the thicknesses and combination of thicknesses of the FRP 

vary.  Measured properties include results reported in Appendix A from tensile coupon tests of the 

bolt materials, and through-thickness compression tests for FRP materials. The roof post and 

canopy beam base metal was not tested as the tensile coupons were deformed during 

manufacturing due to residual stresses in the HSS sections; as such, values from mill reports were 

used for the measured properties. In the roof post tests, a vertical actuator is used to apply the axial 

force to the member, and that load is held constant.  A horizontal actuator is used to apply a 

continuously increasing lateral load at the top of the specimen.  The loading application is 

discussed in more detail below. 

 

Modeling of the test rig: The actuators are attached to the loading block and support nodes using 

a hinge connection with an internal nonlinear spring.  The support nodes have all degrees-of-

freedom restrained except the degree of freedom allowing the node to translate in a direction that 

is parallel to the longitudinal axis of the actuator.  The concentrated loads applied to the system 

were applied at the end of actuators to have them transfer through the actuator and to the specimen 
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in a way that is similar to the experimental setup.  The hinge connectors joined the actuator to the 

support nodes and to the loading block by providing a revolute constraint between the rotational 

degrees of freedom.  The nonlinear spring within the hinge connector is representative to the 

internal resistance of the pins on the experimental actuators.  They are defined with a rotational 

stiffness of 200,000 kip-in/rad and a peak moment resistance of 45 kip-in on each hinge connector 

of the horizontal actuator and 10 kip-in on each hinge connector of the vertical actuator.  The 

hinges were calibrated using an iterative process comparing the force-displacement results of the 

ABAQUS models to the experimental data and increasing or decreasing peak moment as required.  

Once a working set of values was decided upon, they were applied to other models and the force-

displacement results were compared to their respective experimental results for validation. 

 

The models had a concentrated load applied to the far side of the horizontal actuator that translated 

through the actuator to the loading block causing lateral deformation and rotation.  The load was 

applied monotonically.  In the case of the roof posts, an additional concentrated load of 10 kips 

was first applied to the top end of the vertical actuator that also translated to the loading block.  

This load was held constant during application of the horizontal load. 

 

Since the hinges of the actuators are not truly pinned, they cause reverse moment at the top portion 

of the HSS specimen.  The following figures display the model setup and hinge numbers.  Figure 

7-21 shows the increased stress at the top of the specimen at the start of loading and the relief of 

stress further along in the loading application on the canopy beams and roof posts. It should also 

be noted that the inflection point of the specimen rises as the stress at the top of the specimen is 

relieved. 

 

The following summarizes the modeling results by providing force-displacement comparisons to 

experimental data, as well as plots of the inflection points of the specimen as the test progresses. 
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Figure 7-21: (left) System assembly key, (right) Hinge reference numbers 

 

 
Figure 7-22: (left) Low inflection point, (right) High inflection point 
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Assembly C1 - HSS4x4x1/2, 3/4in bolts, 3/8in base plate, no shims 

• Tube: HSS4x4x1/2 – A500 Gr.50 structural steel 

• Bolts: 3/4in diameter – A304-SH1 structural steel 

• Base Plate: 3/8in thick – A36 structural steel 

• Shims: None 

 

 
Figure 7-23: Assembly C1 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 7-24: Assembly C1 –Inflection Height 
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Assembly C2 - HSS4x4x1/2, 3/4in bolts, 3/8in base plate, 3in vinylester shims 

• Tube: HSS4x4x1/2 – A500 Gr.50 structural steel 

• Bolts: 3/4in diameter – A304-SH1 structural steel 

• Base Plate: 3/8in thick – A36 structural steel 

• Shims: 3in vinylester 

 
Figure 7-25: Assembly C2 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 7-26: Assembly C2 –Inflection Height 
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Assembly C7 - HSS4x4x1/2, 1in bolts, 1/2in base plate, no shims 

• Tube: HSS4x4x1/2 – A500 Gr.50 structural steel 

• Bolts: 1in diameter – A307 structural steel 

• Base Plate: 1/2in thick – A36 structural steel 

• Shims: None 

 
Figure 7-27: Assembly C7 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 7-28: Assembly C7 –Inflection Height 
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Assembly C8 - HSS4x4x1/2, 1in bolts, 1/2in base plate, 3in vinylester shims 

• Tube: HSS4x4x1/2 – A500 Gr.50 structural steel 

• Bolts: 1in diameter – A307 structural steel 

• Base Plate: 1/2in thick – A36 structural steel 

• Shims: 3in vinylester 

 

 
Figure 7-29: Assembly C8 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 7-30: Assembly C8 –Inflection Height 
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Assembly C13 - HSS4x4x1/2, 1in bolts, 1/2in base plate, 1in vinylester shims 

• Tube: HSS4x4x1/2 – A500 Gr.50 structural steel 

• Bolts: 1in diameter – A307 structural steel 

• Base Plate: 1/2in thick – A36 structural steel 

• Shims: 1in vinylester  

 
Figure 7-31: Assembly C13 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 7-32: Assembly C13 –Inflection Height 
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Assembly C15 - HSS4x4x1/2, 1in bolts, 1/2in base plate, 6in vinylester shims 

• Tube: HSS4x4x1/2 – A500 Gr.50 structural steel 

• Bolts: 1in diameter – A307 structural steel 

• Base Plate: 1/2in thick – A36 structural steel 

• Shims: 6in vinylester  

 

 
Figure 7-33: Assembly C15 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 7-34 Assembly C15 –Inflection Height 
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Assembly R1 – HSS3x3x3/16, 1/2in bolts, 3/8in base plate, no shims 

• Tube: HSS3x3x3/16 – A500 Gr.50 structural steel 

• Bolts: 1/2in diameter – A304-SH1 structural steel 

• Base Plate: 3/8in thick – A36 structural steel 

• Shims: None 

 
Figure 7-35: Assembly R1 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 7-36: Assembly R1 –Inflection Height 
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Assembly R2 - HSS3x3x3/16, 1/2in bolts, 1/2in base plate, 3in vinylester shims 

• Tube: HSS3x3x3/16 – A500 Gr.50 structural steel 

• Bolts: 1/2in diameter – A304-SH1 structural steel 

• Base Plate: 1/2in thick – A36 structural steel 

• Shims: 3in vinylester 

 
Figure 7-37: Assembly R2 – Force-Displacement, ABAQUS vs. Experimental 

 
Figure 7-38: Assembly R2 –Inflection Height 
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Assembly R7 - HSS3x3x3/16, 3/4in bolts, 1/2in base plate, no shims 

• Tube: HSS3x3x3/16 – A500 Gr.50 structural steel 

• Bolts: 3/4in diameter – A307 structural steel 

• Base Plate: 1/2in thick – A36 structural steel 

• Shims: None 

 
Figure 7-39: Assembly R7 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 7-40: Assembly R7 –Inflection Height 
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Assembly R8 - HSS3x3x3/16, 3/4in bolts, 1/2in base plate, 3in vinylester shims 

• Tube: HSS3x3x3/16 – A500 Gr.50 structural steel 

• Bolts: 3/4in diameter – A307 structural steel 

• Base Plate: 1/2in thick – A36 structural steel 

• Shims: 3in vinylester 

 
Figure 7-41 Assembly R8 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 7-42 Assembly R8 –Inflection Height 
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Assembly R13 - HSS3x3x3/16, 3/4in bolts, 1/2in base plate, 1in vinylester shims 

• Tube: HSS3x3x3/16 – A500 Gr.50 structural steel 

• Bolts: 3/4in diameter – A307 structural steel 

• Base Plate: 1/2in thick – A36 structural steel 

• Shims: 1in vinylester  

 
Figure 7-43: Assembly R13 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 7-44: Assembly R13 –Inflection Height 
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Assembly R14 - HSS3x3x3/16, 3/4in bolts, 1/2in base plate, 6in vinylester shims 

• Tube: HSS3x3x3/16 – A500 Gr.50 structural steel 

• Bolts: 3/4in diameter – A307 structural steel 

• Base Plate: 1/2in thick – A36 structural steel 

• Shims: 6in vinylester  

 

 
Figure 7-45: Assembly R14 – Force-Displacement, ABAQUS vs. Experimental 

 

 
Figure 7-46: Assembly R14 –Inflection Height 
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Figure 7-47 and Figure 7-48 show the deflected shapes of canopy beams and roof posts, 

respectively.  They show examples of assemblies without shims and with 3 in. and 6 in. thick 

shim assemblies.  The beam stress distribution is similar to each other. 

 

 
Figure 7-47: Canopy Beam Deflected Shapes: (left) No Shims, (center) 3in Shims, (right) 6in Shims 

 

 
Figure 7-48: Roof Post Deflected Shapes: (left) No Shims, (center) 3in Shims, (right) 6in Shims 

 

 

Figure 7-49 shows the behavior of the inflection point of all the specimens normalized to the 

height of the specimen.    
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Figure 7-49: Normalized Inflection Comparison 

 

The specimens are organized in four bands of behavior: overdesigned roof posts, efficiently 

designed roof posts, overdesigned canopy beams, and efficiently design canopy beams. As the 

normalized inflection point approaches 1, the specimen behaves like a pure cantilever. Strength 

reduction factors to account for normalized inflection points that do not immediately reach 1 are 

presented to adjust the experimental data. Table 7-6 presents these reduction factors for all tests, 

with shaded entries indicating results taken directly from modeled configurations (other reduction 

factors are interpolated based upon similarities to specimen geometries). In general, bolt size 

governs the normalized inflection point location, where specimens with overdesigned bolts attain 

pure cantilever behavior experimentally, and with more immediacy than specimens with smaller 

base plate anchor bolts. 
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Table 7-6: Reduction factors, Rf, 

 
 

 

7.4 Design Recommendations 

 

Canopy beams and roof posts with shims between the base plate and the support structure may be 

designed using typical industry practices modified to account for the shims. This approach assumes 

that the shim sizes match the base plate size. 

  

The roof post and base plate may be designed using typical industry practice. The shims and anchor 

bolts may be designed using an approach similar to the approach described above for shelf angles: 

  

• Determine the compression stress in the shims and the tensile force in the anchor bolts 

using elastic “plane-sections-remain-plane” analysis. For roof posts with axial load, an 

iterative solution is required to find the neutral axis. This approach may also be used to 

estimate the contribution of the shims to bending deflection. 

 

• Neglect the shims when designing for shear below the base plate. Rely on single-curvature 

bolt bending to resist shear forces. Combine the bolt tensile and bending effects in 

accordance with AISC combined force equations. This approach may also be used to 

estimate the contribution of the shims to shear deflection. 

 

  

ROOF POSTS CANOPY BEAMS

Test # Rf Test # Rf

R1 0.85 C1 0.80

R2 0.85 C2 0.80

R3 - C4 0.80

R4 0.85 C5 0.80

R5 0.85 C7 0.95

R6 - C8 0.95

R7 0.95 C9 0.95

R8 0.95 C10 0.95

R9 0.95 C11 0.95

R10 0.95 C12 0.95

R11 0.95 C13 0.95

R12 0.95 C15 0.95

R13 0.95

R14 0.95 from model
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8 Conclusions and Future Work 
 

The work detailed herein aims to design, validate, and recommend thermal break strategies for use in 

steel structures. This was accomplished via computational modeling and experimental testing, 

including material testing, connection testing, and subassembly testing. Three-dimensional energy 

transfer thermal modeling explored viable solutions for thermal breaks. Following this, successful 

thermal solutions were tested as subassemblies. FRP shim mitigation strategies proved both thermally 

effective and readily constructible.  Additional creep and double lap-splice connection testing further 

documented the behavior. From these efforts, the following is proposed: 

 

• FRP shims are an effective both thermally and structurally at mitigating thermal bridges in steel 

cladding systems. Solutions for shelf angles, roof posts, and canopy beams involving thick and thin 

shims consistently performed adequately when compared to unmitigated systems. Strength-based 

comparisons yielded only minor (5-10%) reductions in shim-mitigated systems, which may be 

addressed in design. 

 

• Stainless steel shims, while not as thermally beneficial as fiber reinforced polymer shims, can also 

serve to prevent thermal energy transfer, with no tradeoffs in strength or stiffness compared to 

using steel shims. 

 

• FRP members demonstrate promise as substitutions for steel structural members, but are not 

currently pultruded in shapes and thicknesses adequate for structural steel construction. Although 

the use of custom-pultruded profiles is possible, they were outside the scope of this work because 

of anticipated cost in pratice.  The members tested in this work represented readily available sizes 

and showed strengths and stiffnesses that were below those of comparable steel members. Thicker 

profiles, e.g., 1 inch in thickness or more, may be adequate to meet strength and serviceability limit 

states comparable to steel shapes that are currently used.   

 

• Bolted connections with FRP shims must be snug-tight; slip critical connections and pretensioned 

bolted connections were not explored in this work, and are not presently recommended. 

 

• While thick FRP fills do decrease strength and stiffness in bolted steel connections, the reductions 

are within those accepted and codified for steel fills. A reduction factor of 0.8 is proposed for fills 

greater than or equal to 1 inch thick for bolt shear. The results do not justify a reduction factor for 

FRP shims less than 1 inch thick. 

 

• FRP materials do creep under higher stress ratios. However, FRP materials do not yield and 

maintain linear stress strain relationships until failure.  In addition, their creep behavior was 

predicted well in through-thickness compression using a testing protocol established in this work.  

The creep testing data shows that if an applied compressive stress is maintained below 30% to 35% 

of the monotonic failure stress of the FRP material when loaded in the through-thickness direction, 

creep is estimated to be negligibly small over a period of 100 years. The combination of 

compression in the shims due to snug tightening of the bolts combined with applied loading was 
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typically seen to be below this value at factored design loads in this work.  This was verified 

through experimental data in the canopy beam and roof post tests in this work, for example.  

 

• Stiffness-based design approaches are effective for shelf angle shim design. Design equations 

presented in this work successfully match experimental stiffness values, all of which are validated 

via computational modeling. As shelf angles are primarily governed by deflection limits, stiffness 

alone can characterize the design space for these subassemblies. 

 

• Stainless steel bolts are recommended for building envelope details, and if strain-hardened stainless 

steel bolts (with strengths approximate to A325 carbon steel bolts) are specified, stainless bolts 

may be substituted 1:1 for carbon steel bolts. 

 

• Shim mitigation strategies rarely impacted behavior in the design region. Connecting elements 

(bolts) typically dictated performance in the subassemblies tested. This may be due to several 

factors, including the choice of lightly loaded cladding details, but for those examined herein, the 

presence of shims did not alter behavior significantly. 

 

• Innovative details such as an FRP sleeve on roof posts and canopy beams are thermally-sound, and 

demonstrate promise if specifically designed and constructed for this purpose. Slack in the sleeve 

contributed to the premature failure of this system, which could be mitigated with a custom 

pultrusion or a built-up section of FRP shapes and plates. 

 

• Adhering plies to create thicker FRP plates is a common practice in the pultrusion industry.  

However, failure often occurs along the bond line. While this failure occurs beyond the design 

region, the impact on response should be recognized. 

 

• Guidelines for design with and use of stainless steel bolts are necessary for their continued 

adoption, as nomenclature, material properties, and specification recommendations are 

decentralized and difficult to source. 

 

• Through the range of typical factored loads, the bolts are shown to retain their bolt tension and 

strength adequately to be used reliably. 

 

Additional creep testing at low stress ratios is warranted to further justify the design regime proposed 

herein. Details considered in this report were typical of lightly loaded configurations seen in practice. 

To provide a more comprehensive suite of design recommendations, testing and modeling efforts could 

be extended to moderately or heavily loaded scenarios. Tests involving custom-pultruded FRP 

members are also desired, as those tested in this work, representing the largest members available, did 

not have sufficient strength and stiffness compared to use of steel members with FRP shims in the 

connections. The performance of FRP materials under elevated temperatures remains an issue that 

should be addressed in future studies. 
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Appendix A: Ancillary Test Data 
  

This appendix presents the ancillary test data reporting material properties of the specimens tested 

in this research.  These measured properties are used to document predicted behavior of the 

specimens and to calibrate the constitutive relations used in analyses of the specimens. 

 

This appendix contains results and tabulated properties for three different ancillary test programs: 

 

1. Base metal tensile coupon tests of shelf angles, roof post base plates, canopy beam base 

plates, and specimen bolts.  

2. Through-thickness compression testing and tensile coupon testing of FRP materials.  

 

3. Shear and tensile testing of bolts. Testing was performed in the structures laboratory at the 

University of Cincinnati. 

 

A.1 Shelf Angle Base Metal Tensile Tests 

 

Base metal tensile testing was performed in a 110 kip MTS universal testing machine located in 

the STReSS Laboratory at Northeastern University. The specimens were clamped with hydraulic 

grips and data was collected that included the the load on the specimen from the machine load cell, 

the cross-head displacement, and the displacement from an extensometer installed on the coupon 

gage length. The test rig and test configuration are shown in Figure A-50. 
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Figure A-50: Universal testing machine used for tensile and compressive testing at the STReSS Lab 

There were two shelf angles tested as part of the shelf angle cladding system testing: L6x4x5/16 

and L7x4x3/8.  All angles of the same size were made from the same heat.  Both angles were 

manufactured from ASTM A36 structural steel. Three coupons were machined from a single angle 

of each size. Specimens were cut from the midspan of the angle, and were divided amongst the 

two angle legs. 

 

The specimens were fabricated using a milling machine.  The neck was machined to a width of 

0.500 in. with a gage length of 2 in. (with an overall specimen length of 8 inches), in accordance 

with the specimen geometry outlined in ASTM E8 (Figure A-51), and as photographed in Figure 

A-52 below.  The thickness of the coupons was retained as the thickness of the angles. 
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Figure A-51: Test specimen geometry for sheet-type specimens [ASTM E8-16 (2016)]. 

 

 
Figure A-52: Photographs of shelf angle coupon specimens 

Digital calipers were used to measure the thickness and width within the gage length at five 

different locations, as recorded in the tables below. 

 

Table A-7: L6x4x5/16 coupon gage length measurements and cross-sectional area 

 
 

 

L6x4x5/16 BASE METAL TENSILE TESTING

sample 1 sample 2 sample 3

measurement # thickness width thickness width thickness width

- in in in in in in

1 0.311 0.474 0.314 0.499 0.316 0.497

2 0.313 0.478 0.315 0.496 0.318 0.492

3 0.314 0.481 0.315 0.493 0.318 0.488

4 0.311 0.48 0.314 0.49 0.318 0.496

5 0.312 0.475 0.314 0.487 0.317 0.484

mean 0.312 0.478 0.314 0.493 0.317 0.491

area [in
2
] 0.149 0.155 0.156
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Table A-8: L7x4x3/8 coupon gage length measurements and cross-sectional area 

 
 

 

A.1.1 Shelf angle base metal tensile testing results 

Photographs of failed tensile specimens are shown in the figure below for both shelf angle 

specimens. With the exception of sample 3 for the L7x4x3/8 angles, failure occurred within the 

gauge length.  

 

 
Figure A-53: Shelf angle specimens post-test 

Force-displacement and stress-strain results are produced in Figure A-54 and Figure A-55 below, 

for the L6x4x5/16 and L7x4x3/8 angles, respectively. 

 

L7x4x3/8 BASE METAL TENSILE TESTING

sample 1 sample 2 sample 3

measurement # thickness width thickness width thickness width

- in in in in in in

1 0.39 0.496 0.39 0.497 0.388 0.496

2 0.388 0.495 0.388 0.492 0.386 0.492

3 0.388 0.492 0.388 0.493 0.386 0.486

4 0.39 0.485 0.389 0.487 0.386 0.484

5 0.389 0.483 0.389 0.485 0.386 0.491

mean 0.389 0.49 0.389 0.491 0.386 0.49

area [in
2
] 0.191 0.191 0.189
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Figure A-54: Force-displacement and stress-strain results for base metal tensile tests of L6x4x5/16 specimen angles 
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Figure A-55: Force-displacement and stress-strain results for base metal tensile tests of L7x4x3/8 specimen angles 

A summary of the material properties as determined from the stress-strain results is shown in Table 

A-8 below. Modulus of elasticity, static yield stress, dynamic yield stress, and ultimate stress are 

calculated, as well as the means across samples. Testing demonstrates significantly higher yield 

stresses than the minimum specified for A36 steel but are not outside typical values for this 

material. Agreement across samples is within 5%, and within 2% in most cases. 
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Table A-9: Summary of modulus of elasticity (E), static yield stress (ys), dynamic yield stress (yd), and ultimate 

stress (u) across angle base metal tensile testing 
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A.2 Roof Post and Canopy Beam Base Plate Base Metal Tensile Tests 

 

There were two base plates tested, a 3/8 in. thick base plate and a 1/2 in. thick base plate, from the 

roof post and canopy beam specimens.  Base plates were ordered and fabricated with the roof post 

and canopy beam specimens. Specimens were chosen from one base plate, away from edges to 

avoid residual stresses formed in manufacturing. All specimens of one plate thickness were 

sampled from the same base plate. Both of these baseplates were manufactured from ASTM A36 

structural steel and were machined into dogbone specimens in accordance with ASTM E8, as in 

the shelf angle coupons. Figure A-56 depicts these coupons. 

 

 
Figure A-56: Photographs of base plate coupon specimens 

 

A.2.1 Test Setup and Methods 

The specimens were fabricated and measured using the same procedure as described for the shelf 

angle base metal testing.  Measured geometries and cross-sectional areas for the two base plate 

thicknesses are shown in the tables below. 

 

 Table A-10: 3/8” base plate coupon gage length measurements and cross-sectional area  

 
 

 

3/8" BASE PLATE BASE METAL TENSILE TESTING

sample 1 sample 2 sample 3

measurement # thickness width thickness width thickness width

- in in in in in in

1 0.366 0.5 0.366 0.496 0.367 0.496

2 0.367 0.51 0.365 0.493 0.366 0.493

3 0.373 0.503 0.366 0.494 0.366 0.5

4 0.369 0.499 0.366 0.497 0.368 0.493

5 0.37 0.495 0.366 0.498 0.367 0.497

mean 0.369 0.501 0.366 0.496 0.367 0.496

area [in
2
] 0.185 0.181 0.182
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Table A-11: 3/8” base plate coupon gage length measurements and cross-sectional area  

 
 

 

A.2.2 Base plate base metal tensile testing results 

Figure A-57 depicts the base plate base metal specimens post-test. All of the specimens failed 

within the gauge length. 

 

 
Figure A-57: Base plate specimens post-test 

Figure A-58 and Figure A-59 depict the force-displacement and stress-strain curves for the three 

samples cut from the 3/8” base plates and ½” base plates, respectively. Note that sample 3 for the 

½” base plate specimen is significantly higher in strength that the other two samples, increasing 

the average values for yield stress, as shown in Table A-15. 

1/2" BASE PLATE BASE METAL TENSILE TESTING

sample 1 sample 2 sample 3

measurement # thickness width thickness width thickness width

- in in in in in in

1 0.499 0.497 0.5 0.497 0.499 0.502

2 0.499 0.492 0.5 0.492 0.498 0.498

3 0.499 0.487 0.5 0.484 0.499 0.497

4 0.5 0.491 0.5 0.49 0.5 0.495

5 0.499 0.496 0.499 0.496 0.499 0.5

mean 0.499 0.493 0.5 0.492 0.499 0.498

area [in
2
] 0.246 0.246 0.249
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Figure A-58: Force-displacement and stress-strain results for base metal tensile tests of 3/8” base plate specimens 
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Figure A-59: Force-displacement and stress-strain results for base metal tensile tests of 1/2” base plate specimens 

Table A-33: Summary of modulus of elasticity (E), static yield stress (ys), dynamic yield stress (yd), and ultimate 

stress (u) across base plate base metal tensile testing 

 
 

 

 

3/8" BASE PLATE BASE METAL TENSILE TESTING 1/2" BASE PLATE BASE METAL TENSILE TESTING

E ys yd u E ys yd u

ksi ksi ksi ksi ksi ksi ksi ksi

sample 1 33801 40.10 45.60 65.10 sample 1 32669 51.10 55.65 74.30

sample 2 31661 43.00 48.30 67.50 sample 2 34564 50.80 54.40 74.10

sample 3 31717 40.23 45.60 65.20 sample 3 35095 83.20 87.70 106.70

mean 32393 41.11 46.50 65.93 mean 34109 61.70 65.92 85.03
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A.3 Bolt Base Metal Tensile Testing 

 

There were three bolt materials tested, A307 rod, A325 bolt, and A304 SH-1 bolt, at varying 

lengths representing the range of possible specimen bolts.  For performing tensile coupon tests, all 

of the bolts and rods were machined to a smaller diameter in accordance to ASTM F606.  There 

were four samples of the A325 bolts, two samples of the A304 SH-1 bolts, and one sample of the 

A307 rod, corresponding to different lots of bolts based on the different lengths used in the 

specimens. Bolts were also tested in shear and tension, results of which are presented later in this 

Appendix. 

 

A.3.1.Test Setup and Methods 

 

The specimens were fabricated using a lathe.  The neck of the bolts were machined to a diameter 

of approximately ½ in. with a gage length of 2 in.  Digital calipers were used to measure the 

thickness and width within the gage length at five different locations.   

 

Table A-34: Specimen measurements and cross-sectional areas for base metal bolt testing 

 
 

Photographs of the specimens prior to testing are shown in Figure A-60. Threaded regions were 

kept intact to minimize reduction of the cross-section in the gripped region. 

 

 
Figure A-60: Photograph of A325 (#3 and #4) and A304-SH1 (#1 and #2) specimens prior to testing 
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A.3.2 Base metal bolt tensile testing results 

Photographs of the tested specimens are shown in Figure A-61 below. Failure consistently 

occurred within the gauge lengths across testing. 

 

 
Figure A-61: Photographs of A325 and A304-SH1 specimens after testing 

 

Figure A-62 and Figure A-63 depict the force-displacement results and stress-strain results, 

respectively, for the A325 bolt base metal testing. Behavior is consistent across the samples tested, 

with failure occurring at 17% strain. 

 

Force-displacement and stress-strain results for the A304-SH1 base metal tensile testing (strain 

hardened stainless steel bolts) are presented in Figure A-64.  
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Figure A-62: Force-displacement results for A325 bolt base metal testing 
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Figure A-63: Stress-strain results for A325 bolt base metal testing 
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Figure A-64: Force-displacement and stress-strain relationships for A304-SH1 base metal bolt testing 

Force-displacement and stress-strain results for the A307 base metal tensile testing (strain 

hardened stainless steel bolts) are presented in Figure A-65. Note that there was only one available 
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sample for base metal testing, but the behavior of the bolt is fully characterized in the subsequent 

section. 

 

 

 
Figure A-65: Force-displacement and stress-strain relationships for A307 base metal bolt testing 

Results across all base metal bolt testing are shown in Table A-35 below. Modulus of elasticity, 

static yield stress, dynamic yield stress, and ultimate stress are reported. 

 



189 

 

Table A-35: Summary of modulus of elasticity (E), static yield stress (ys), dynamic yield stress (yd), and ultimate 

stress (u) across bolt base metal tensile testing 

 
 

Summary of Results 

 

Table A-15 presents a concise summary of material properties across base metal tests described in 

this section. 

 

Table A-15: Summary of specimen material properties across testing (modulus of elasticity (E), static yield stress 

(ys), dynamic yield stress (yd), ultimate stress (u)) 

 
 

 

  

E ys yd u

ksi ksi ksi ksi

L6x4x5/16 angle 31370 50.37 53.53 79.47

L7x4x3/8 angle 32316 54.20 59.65 78.70

3/8" base plate 32393 41.11 46.50 65.93

1/2" base plate 34109 61.70 65.92 85.03

A325 bolt 31179 125.98 131.10 147.67

A304 SH-1 bolt 22780 123.40 130.60 135.53

A307 rod 30439 - 70.30 96.32
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Bolt Testing in Shear and Tension 
 

Testing of specimen bolts in shear and in tension was performed at the University of Cincinnati. 

Testing was in accordance with the standards outlined in ASTM F606-16. Five nominally identical 

specimens for each bolt or rod type (material and diameter) and length were tested in tension, and 

five were tested in shear. 

 

A.4 Bolt tensile testing 

The tensile test setup designated in ASTM F606 and replicated at the University of Cincinnati is 

shown in Figure A-66 below. 

 
Figure A-66: Typical setup for bolt tensile testing (ASTM F606, 2016) 

Force-displacement results for ½” diameter bolts and rods are shown in Figure A-67 below. While 

the stainless steel rods (B8 Class 2) achieve similar strengths to the carbon steel bolts, the force-

displacement relationship is markedly different, featuring a long plateau after the proportional limit 

is reached. 
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Figure A-67: Force-displacement results for ½” diameter bolt and rod tensile testing 
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The maximum force achieved for each sample is given in Table A-37 below, as well as the means 

per specimen type. Variation is small among samples. For all result tables within this section, L is 

the total bolt length, LS is the shank length, and LT is the threaded length. Pn is the nominal tensile 

strength of the bolt while Pu is the ultimate tested tensile strength. Pitch (measured in threads-per-

inch, TPI) and diameter are also given. 

 

Table A-37: Maximum force for 1/2” dia. bolts and rods tested in tension 

 
 

Force-displacement results for 5/8” diameter bolt tensile testing are shown in Figure A-68 below. 

Change in behavior for the 3.5” long A325 bolts is likely related to the shortness of the specimen 

compared to the other bolts tested. 

Dia. Pitch L LS LT Grade Pn Bolt # Pu

in TPI in in in - kips - kips

1 21.96

2 22.00

1/2 13 9 8 1 A325 20.58 3 21.83

4 22.10

5 21.99

mean 21.98

1 19.72

2 22.03

1/2 13 13 12 1 A325 20.58 3 21.50

4 21.84

5 21.63

mean 21.34

1 19.75

2 19.61

1/2 13 5 0 5 B8 CI.2 20.58 3 19.65

4 19.66

5 19.82

mean 19.70
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Figure A-68: Force-displacement results for 5/8” diameter bolt tensile testing 

 

Results for each tested sample are given in Table A-38 below. While the shortest bolt tested, 

samples of 3.5” long A325 bolts, did not reach the same ultimate strength as longer bolt, the 

ultimate strength is consistent amongst the other bolts. 
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Table A-38: Maximum force for 5/8” dia. bolts and rods tested in tension 

 
 

Force-displacement results for ¾” diameter bolts and rods are shown in Figure A-69 below and 

capacities are tabulated in Table A-39 below. 

Dia. Pitch L LS LT Grade Pn Bolt # Pu

in TPI in in in - kips - kips

1 30.62

2 30.33

5/8 11 3 1/2 2 1/4 1 1/4 A325 32.77 3 30.61

4 31.09

5 30.94

mean 30.72

1 33.57

2 34.09

5/8 11 5 3 3/4 1 1/4 A325 32.77 3 33.99

4 34.34

5 34.33

mean 34.06

1 33.57

2 33.60

5/8 11 6 1/2 5 1/4 1 1/4 A325 32.77 3 33.77

4 33.70

5 33.58

mean 33.64

1 34.42

2 34.71

5/8 11 9 7 3/4 1 1/4 A325 32.77 3 34.08

4 34.52

5 34.29

mean 34.40

1 33.49

2 34.47

5/8 11 13 11 3/4 1 1/4 A325 32.77 3 34.62

4 34.77

5 34.48

mean 34.37
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Figure A-69: Force-displacement results for ¾” diameter bolt and rod tensile testing 
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Table A-39: Maximum force for 3/4” dia. bolts and rods tested in tension 

 
 

Results for 1” diameter bolts and rods are shown in Figure A-70 and capacities tabulated in Table 

A-40. 

 

Dia. Pitch L LS LT Grade Pn Bolt # Pu

in TPI in in in - kips - kips

1 32.08

2 32.46

3/4 10 5 1/2 0 5 1/2 A307 33.45 3 30.59

4 32.08

5 31.71

mean 31.78

1 31.09

2 30.27

3/4 10 11 1/2 0 11 1/2 A307 33.45 3 30.84

4 32.11

5 31.04

mean 31.07

1 50.95

2 51.01

3/4 10 10 8 5/8 1 3/8 A325 48.50 3 51.16

4 51.20

5 51.22

mean 51.11

1 51.05

2 51.10

3/4 10 14 12 5/8 1 3/8 A325 48.50 3 51.08

4 50.96

5 51.13

mean 51.06

1 44.74

2 44.90

3/4 10 5 1/2 0 5 1/2 B8 CI.2 48.50 3 44.58

4 45.15

5 45.41

mean 44.96

1 36.25

2 36.38

3/4 10 3 1/2 2 1/8 1 3/8 A307 33.45 3 35.86

4 36.92

5 35.72

mean 36.23
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Figure A-70: Force-displacement results for 1” diameter bolt and rod tensile testing 



198 

 

Table A-40: Maximum force for 1” dia. bolts and rods tested in tension 

 
 

 

Dia. Pitch L LS LT Grade Pn Bolt # Pu

in TPI in in in - kips - kips

1 52.51

2 51.84

1 8 6 0 6 A307 60.57 3 51.95

4 52.35

5 53.05

mean 52.34

1 85.68

2 85.64

1 8 3 1/2 1 3/4 1 3/4 A325 87.83 3 85.7

4 85.7

5 83.99

mean 85.34

1 92.63

2 92.39

1 8 4 2 1/4 1 3/4 A325 87.83 3 92.76

4 92.16

5 91.76

mean 92.34

1 89.15

2 89.91

1 8 5 1/2 3 3/4 1 3/4 A325 87.83 3 89.42

4 89.75

5 90.43

mean 89.73

1 92.56

2 92.49

1 8 7 5 1/4 1 3/4 A325 87.83 3 92.08

4 92.73

5 92.83

mean 92.54

1 93.84

2 93.40

1 8 8 6 1/4 1 3/4 A325 87.83 3 93.39

4 93.19

5 92.83

mean 93.33

1 52.03

2 52.40

3 55.80

4 52.69

5 51.42

mean 52.87

60.571 8 13 0 13 A307
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A.5 Bolt shear testing 

The tensile test setup designated in ASTM F606 and replicated at the University of Cincinnati is 

shown in Figure A-71 below. The setup is identical for bolts and threaded rods, where threads are 

included in the shear plane. 

 

 

 
Figure A-71: Typical setup for bolt shear testing (ASTM F606, 2016) 

 

Force-displacement results for ½” diameter bolts and rods are shown in Figure A-72 below. With 

the exception of significant over-strength in one of the 13” A325 samples, results are consistent 

across testing. 
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Figure A-72: Force-displacement results for ½” diameter bolt and rod shear testing 
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Bolt shear strengths are given across all ½” diameter samples in Table A-41 below. 

 

Table A-41: Maximum force for 1/2” dia. bolts and rods tested in shear 

 
 

Figure A-73 depicts force-displacement results for 5/8” diameter bolts. Behavior is consistent 

throughout the range of bolt lengths, and variability is low. Table A-42 provides strengths per 

sample and the means across specimen types. 

 

Dia. Pitch L LS LT Grade Pn Bolt # Pu

in TPI in in in - kips - kips

1 11.95

2 12.45

1/2 13 9 8 1 A325 12.77 3 11.96

4 10.94

5 13.02

mean 12.06

1 18.28

2 14.30

1/2 13 13 12 1 A325 12.77 3 13.47

4 12.14

5 11.91

mean 14.02

1 14.55

2 13.43

1/2 13 5 0 5 B8 CI.2 12.77 3 14.42

4 14.60

5 14.32

mean 14.26
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Figure A-73: Force-displacement results for 5/8” diameter bolt and rod shear testing 
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Table A-42: Maximum force for 5/8” dia. bolts and rods tested in shear 

 
 

Force-displacement results for ¾” diameter bolts and threaded rods are shown in Figure A-74 

below. 

Dia. Pitch L LS LT Grade Pn Bolt # Pu

in TPI in in in - kips - kips

1 19.54

2 20.01

5/8 11 3 1/2 2 1/4 1 1/4 A325 20.34 3 19.08

4 20.30

5 19.98

mean 19.78

1 19.28

2 20.52

5/8 11 5 3 3/4 1 1/4 A325 20.34 3 19.61

4 19.26

5 20.32

mean 19.80

1 21.21

2 21.90

5/8 11 6 1/2 5 1/4 1 1/4 A325 20.34 3 19.55

4 22.59

5 20.77

mean 21.20

1 20.49

2 21.60

3 22.92

4 22.01

5 20.55

mean 21.51

1 22.65

2 21.00

3 20.72

4 20.19

5 20.82

mean 21.08

20.345/8 11 13 11 3/4 1 1/4 A325

5/8 11 9 7 3/4 1 1/4 A325 20.34
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Figure A-74: Force-displacement results for 3/4” diameter bolt and rod shear testing 

Table A-43 summarizes the shear testing results for 3/4” diameter bolts. 



205 

 

Table A-43: Maximum force for 3/4” dia. bolts and rods tested in shear 

 
 

The shear behavior of 1” diameter bolts and rods is shown in Figure A-75 while maximum values 

are recorded in Table A-44. 

 

 

Dia. Pitch L LS LT Grade Pn Bolt # Pu

in TPI in in in - kips - kips

1 21.10

2 19.54

3 20.27

4 19.62

5 20.13

mean 20.13

1 20.49

2 21.20

3 20.02

4 19.53

5 20.36

mean 20.32

1 31.47

2 31.54

3 31.29

4 31.65

5 29.34

mean 31.06

1 32.79

2 30.86

3 29.39

4 29.39

5 29.91

mean 30.47

1 26.90

2 25.71

3 27.80

4 27.55

5 26.17

mean 26.83

1 32.70

2 31.15

3 30.64

4 31.86

5 31.40

mean 31.55

3/4 10 5 1/2 0 5 1/2 B8 CI.2 30.10

30.103/4 10 3 1/2 0 3 1/2 B8 Cl. 2

1 3/8 A325 30.10

3/4 10 14 12 5/8 1 3/8 A325 30.10

A307 20.90

3/4 10 11 1/2 0 11 1/2 A307 20.90

3/4 10 5 1/2 0 5 1/2

3/4 10 10 8 5/8
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Figure A-75: Force-displacement results for 1” diameter bolt and rod shear testing 



207 

 

Table A-44: Maximum force for 1” dia. bolts and rods tested in shear 

 
 

 

 

 

Dia. Pitch L LS LT Grade Pn Bolt # Pu

in TPI in in in - kips - kips

1 34.50

2 33.95

3 32.41

4 32.29

5 36.63

mean 33.96

1 34.36

2 33.47

3 34.58

4 32.78

5 30.64

mean 33.17

1 56.13

2 54.38

3 52.79

4 54.78

5 53.97

mean 54.41

1 53.81

2 52.40

3 54.29

4 55.03

5 54.27

mean 53.96

1 54.49

2 56.74

3 56.16

4 56.77

5 56.86

mean 56.20

1 54.69

2 54.95

3 54.90

4 56.33

5 54.46

mean 55.07

1 58.04

2 58.17

3 61.17

4 54.60

5 56.25

mean 57.65

54.521 8 8 6 1/4 1 3/4 A325

54.52

1 8 7 5 1/4 1 3/4 A325 54.52

1 8 5 1/2 3 3/4 1 3/4 A325

1 3/4 A325 54.52

1 8 4 2 1/4 1 3/4 A325 54.52

A307 37.86

1 8 13 0 13 A307 37.86

1 8 6 0 6

1 8 3 1/2 1 3/4
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A.5.1 Summary of Bolt Tensile and Shear Testing Results 

Table A-45 presents a summary of results across all tensile and shear bolt testing performed at the 

University of Cincinnati. The table presents averages across bolt lengths as well as test-to-

predicted ratios. Note that because stainless steel bolts are not currently included in AISC 360, 

nominal values for A325 bolts are used for comparison as the mechanical properties match well 

with the strain hardened stainless steel bolts and rods. 

 

Table A-45: Summary of tensile and shear testing of specimen bolts 

 
 

  

TENSION SHEAR

Dia. Grade Pn Pu Pu/Pn Dia. Grade Pn Pu Pu/Pn

in - kips kips - in - kips kips -

1/2 A325 20.58 21.66 1.05 1/2 A325 12.77 13.04 1.02

1/2 B8 Cl. 2 20.58 19.70 0.96 1/2 B8 Cl. 2 12.77 14.26 1.12

5/8 A325 32.77 33.44 1.02 5/8 A325 20.34 20.67 1.02

3/4 A307 33.45 33.03 0.99 3/4 A307 20.90 20.23 0.97

3/4 A325 48.50 51.09 1.05 3/4 A325 30.10 30.76 1.02

3/4 B8 Cl. 2 48.50 40.59 0.84 3/4 B8 Cl. 2 30.10 29.19 0.97

1 A307 60.57 52.60 0.87 1 A307 37.86 33.56 0.89

1 A325 87.83 90.66 1.03 1 A325 54.52 55.46 1.02
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A.6 Compression of Fiber Reinforced Polymer Materials 

 

Compression testing of FRP materials utilized in sub-system testing was performed to characterize 

the performance under shim-type loading, termed flatwise compression. Currently, no ASTM 

standard exists for the strength testing of these materials perpendicular to the plane of the fibers. 

Standards do exist for testing parallel to the plane of the fibers, but those were deemed inapplicable. 

 

As failure of the FRP specimens was desired, specimens were designed so that, even with potential 

over-strength, the MTS universal testing machine was able to supply enough force to the specimen. 

The limiting factor was not the load cell itself, but the hydraulic grips, which have a compressive 

capacity of 83.5 kips before the grips begin to slip. With this limit in mind, specimens were cut to 

1”x1”x1” cubes (specimens were cut from 1” thick pultruded plate). In early stages of testing, it 

was discovered that results were sensitive to slight variations in specimen geometry, most notably 

lack of parallel surfaces in the plane of the fibers. To reduce variability, specimens were machined 

to flat and parallel with a milling machine. 

 

Photographs of the test setup and of typical failure modes are shown in Figure A-76 below. For all 

of the specimens testing with the exception of phenolic specimens, failure was in the form of 

diagonal fracture through the specimen. Phenolic resins displayed a crushing failure as shown in 

the figure. 

 

 
Figure A-76: Photographs of typical failure modes and test setup in MTS universal testing rig 
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Stress-strain results from compressive testing are shown in Figure A-77. Failure was brittle and 

occurred with little softening of the curve. Results are consistent across material samples. 

 
Figure A-77: Stress-strain results for flatwise compression testing of FRP materials 

 

Table A-46 below presents material properties averaged across specimens tested. Modulus of 

elasticity and ultimate stress are given. 

 

Table A-46: Summary of material properties across specimens 

 

 

material E u

- ksi ksi

polyurethane 620 59.71

proprietary 1 450 39.48

proprietary 2 500 39.15

vinylester 470 29.73

phenolic 100 16.55
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Appendix B: Proposed Flatwise Compressive Creep Rupture Test 

Methodology 

 
In this research, creep testing was conducted for fiber reinforced polymers materials subjected to 

through-thickness compression, referred to as flatwise compressive creep testing.  In the absence 

of a relevant ASTM standard, a testing standard for flatwise compressive creep testing of fiber 

reinforced polymers is put forward in this appendix and used in this work.  Existing ASTM 

standards for tensile creep of fiber reinforced polymers (ASTM C365) and flatwise compressive 

rupture of polymer matrixes (ASTM D7337) are used as a basis for this proposed test method. 

 

 

1. Scope 

    1.1 This test method outlines requirements for flatwise compressive creep rupture testing of fiber reinforced polymer 

matrix (FRP) composite materials used as compressive fills in steel bolted connections. 
 

    1.2 Data obtained from this test method are used in design of FRP fills under sustained loading. The procedure for 

calculating one-million hour creep-rupture capacity is provided in Annex A1. 
 

    1.3 The values stated in either SI units or inch-pound units are to be regarded separately as standard. Within the text, the 

inch-pound units are shown in brackets. The values stated in each system are not exact equivalents; therefore, each system 

must be used independently of the other. Combining values from the two systems may result in nonconformance with the 

standard. 
 

    1.4 This standard does not purport to address all of the safety concerts, if any, associated with its use. It is the 

responsibility of the user of this standard to establish appropriate safety and health practices and determine the applicability 

of regulatory limitations prior to use. 

 

2. Referenced Documents 

    2.1 ASTM Standards.1 

C365/C365M Standard Test Method for Flatwise Compressive Properties of Sandwich Cores 

    D883 Terminology Relating to Plastics 

    D3878 Terminology for Composite Materials 

    D5229/D5229M Test Method for Moisture Absorption Properties and Equilibrium Conditioning of Polymer Matrix 

Composite Materials 

    D7205/D7205M Test Method for Tensile Properties of Fiber Reinforced Polymer Matrix Composite Bars 

D7337/D7337M Test Method for Tensile Creep Rupture of Fiber Reinforced Polymer Matrix Composite Bars 

    E4 Practices for Force Verification of Testing Machines 

    E6 Terminology Related to Methods of Mechanical Testing 

E177 Practice for Use of the Terms Precision and Bias in ASTM Test Methods 

    E456 Terminology Relating to Quality and Statistics 

    E1012 Practice for Verification of Testing Frame and Specimen Alignment Under Tensile and Compressive Axial Force 

Application 

 

                                                 
1 For referenced ASTM standards, visit the ASTM website, www.astm.org, or contact ASTM Customer Service at service@astm.org. For Annual 

Book of ASTM Standards volume information, refer to the standard’s Document Summary page on the ASTM website. 

[PROPOSED] Standard Test Method for 

Flatwise Compressive Creep Rupture of Fiber Reinforced Polymer 

Matrix Composite Materials (adapted after ASTM C365 and D7337
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3. Terminology 

 

        3.1 Terminology in D3878 defines terms relating to high-modulus fibers and their composites. Terminology in D883 

defines terms relating to plastics. Terminology in E6 defines terms related to mechanical testing. Terminology in E456 

defines terms relating to statistics and the selection of sample sizes. In the event of conflict between terms, Terminology in 

D3878 shall have precedence of the other terminology standards. 

    3.2 Definitions of Terms Specific to This Standard: 

    3.2.1 creep, n—time dependent deformation (or strain) under sustained force (or stress). 

    3.2.2 creep rupture, n—material failure caused by sustained force (or stress) over time. 

    3.2.3 creep rupture capacity, n—the force at which failure occurs after a specified period of time from initiation of a 

sustained force. The predicted force causing failure at 1 million hours is referred to as the million-hour creep rupture 

capacity. This capacity is determined by the method described in the Annex. 

    3.2.4 creep rupture strength, n—the stress causing failure 

after a specified period of time from initiation of a sustained 

force. 

    3.2.5 creep rupture time, n—the lapsed time between the 

start of a sustained force and failure of the test specimen. 

eparate pieces. 

    3.2.6 force ratio, n—the ratio of a constant sustained force 

applied to a specimen to its compressive capacity as determined 

according to Test Method D7205/D7205M. 

    3.2.7 nominal cross-sectional area, n—a measure of cross-sectional area of a bar, determined over at least one 

representative length, used to calculate stress. 

     

3.3 Symbols: 

a1, b1 = empirical constants 

A = nominal or standard cross-sectional area of a bar, see 

Test Method D7205/D7205M 

Fr = stress carried by specimen at rupture 

Pr = force carried by specimen at rupture 

t = time, hours 

Yc = creep rupture trend line 

 

4. Summary of Test Method 

     4.1 This test method consists of measuring the time to rupture of a fill subjected to a constant compressive force. Multiple 

force levels are specified by the method so that a relationship between force and time-to-failure can be derived. 

 

5. Significance and Use 

    5.1 Flatwise compressive strength and modulus are fundamental mechanical properties of sandwich cores that are used in 

designing sandwich panels. Deformation data can be obtained, and from a complete force versus deformation curve, it is 

possible to compute the compressive stress at any applied force (such as compressive stress at proportional limit force or 

compressive strength at the maximum force) and to compute the effective modulus of the fill. 

          

    5.2 This test method provides a standard method of obtaining the flatwise compressive creep rupture strength and modulus 

for connection fill structural design properties, material specifications, research and development applications, and quality 

assurance. 

 

     5.3 In order to prevent local crushing of some fills, it is often desirable to stabilize the facing plane surfaces with a suitable 

material, such as a thin layer of resin or thin facings. Flatwise compressive strength data may be generate using either 

stabilized specimens (reported as stabilized compression strength) or non-stabilized specimens (reported as bare 
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compression strength). It is customary aerospace industry practice to determine compression modulus only when using 

stabilized specimens. 

 

5.4 Factors that influence the flatwise compressive strength and shall therefore be reported include the following: fill 

material, methods of material fabrication, fill geometry (fiber orientation), specimen geometry, specimen preparation, 

specimen conditioning environment of testing, specimen alignment, loading procedure, and speed of testing.     

 

8. Sampling and Test Specimens 

    8.1 Specimens shall be representative of the lot or batch being tested. For grid-type FRP specimens, linear test specimens 

may be prepared by cutting away extraneous material in such a way as not to affect the performance of the part to be used. 

In the test section of the specimen, no postproduction machining, abrading, or other such processing is permitted. 

    8.2 During the sampling and preparation of test specimens, all deformation, heating, outdoor exposure to ultraviolet light, 

and other conditions possibly causing changes to the material properties of the specimen shall be avoided, unless these 

conditions are specified as part of the test procedure. 

    8.3 The length of the specimen shall be in accordance with 

Test Method D7205/D7205M. 

    8.4 The cross-sectional area of the specimen shall be determined in accordance with either of the two methods described 

in Test Method D7205/D7205M: nominal area or standard area. 

    8.5 A100 mm [4 in.] long specimen shall be used to determine the average moisture content of the as-received or as-

conditioned bar before the start of creep rupture testing. The average moisture content shall be determined according to 

Procedure D, section 3.2.2, of Test Method D5229/D5229M. 

 

    8.6 A100 mm [4 in.] long traveler specimen of the same cross-section geometry and appropriate size shall be used to 

determine the average moisture content of each bar after creep rupture testing. The ends of creep rupture specimens and 

traveler specimens shall be sealed with a water resistant sealant such as a high grade, room temperature curing epoxy to 

avoid end effects. The average moisture content shall be determined according to Procedure D, section 3.2.2, of Test Method 

D5229/D5229M. 

 

9. Test Matrix 

    9.1 The quasi-static compressive strength of the specimens as determined by Test Method C365/C365M is used as a basis 

for selecting the applied compressive forces for creep rupture tests. At each given force ratio—for example, 80 %, 70 %, 60 

% of the compressive strength—the applied force must be maintained constant until failure occurs while the time elapsed to 

rupture of each test specimen is recorded. 

 

    NOTE 1—The selection of force ratios is dependent on the fiber architecture and fiber volume fraction for the bar. Material systems with a high 

resistance to creep rupture (for example, carbon FRP composite) will necessitate the selection of closely-spaced force ratios at stress levels 

approaching 100 % of the quasi-static compressive strength. Material systems with less resistance to creep rupture (for example, glass FRP 

composite) will necessitate the selection of widely-spaced force ratios. 

 

    9.2 A minimum of four force ratios are required (see Fig. A1.1 for example). A minimum of 5 valid test results are required 

for each force ratio. For the entire group of tests reported, the range between the longest and shortest recorded rupture times 

shall be at least three decades. Data from specimens that break before the applied compressive force is fully applied to the 

specimen shall be disregarded. 

 

    NOTE 2—It is suggested that additional specimens be tested at each force ratio, especially for those force ratios that require long times to 

rupture. 

 

    9.2.1 The highest force ratio shall be selected such that at least four specimens in this group ruptures at a time of greater 

than 1 h. 

 

    NOTE 3—The highest force is specified with the aim of minimizing the effects of the initial loading ramp on the creep rupture time. 
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    9.2.2 The lowest force ratio shall be selected such that at least one specimen in this group ruptures at a time of greater 

than 8000 h.  

 

    NOTE 4—The lowest force is specified with the aim of limiting the extent of extrapolation required to determine the one million hour creep 

rupture capacity. 

 

    9.2.3 The remaining force ratios shall be roughly equally spaced in relation to the highest and lowest force ratios 

determined in 9.2.1 and 9.2.2, respectively. 

 

10. Conditioning 

    10.1 The recommended pre-test condition is effective moisture equilibrium at a specific relative humidity as established 

by Test Method D5229/D5229M; however, if the test requestor does not explicitly specify a pre-test conditioning 

environment, no conditioning is required and the specimens may be tested as prepared.  

    10.2 The pre-test specimen conditioning process, to include specified environmental exposure levels and resulting 

moisture content, shall be reported with the test data. 

 

    NOTE 5—The term moisture, as used in Test Method D5229/D5229M, includes not only the vapor of a liquid and its condensate, but the liquid 

itself in large quantities, as for immersion. 

 

10.3 If no explicit conditioning process is performed the specimen conditioning process shall be reported as “unconditioned”. 

 

11. Procedure 

11.1 The mounting of the specimen in the test fixture shall be in accordance with Test Method D7205/D7205M. 

    11.2 Test specimens shall not be subjected to any dynamic effects, vibration, or torsion during testing. 
    11.3 The full load shall be applied to the specimen in a time between 20 s and 5 min. Time to creep rupture shall be 

measured from the moment when the specimen has attained the prescribed force. 
 
    NOTE 6—The load should be applied in a manner that precludes impact forces on the specimen. For frames using weights to load the specimen, 

it is suggested that the weights be supported temporarily on a hydraulic jack or pneumatic bladder, and then the load transferred linearly to the 

specimen by slowly releasing the pressure on the jack or bladder. 

 

 

12. Validation 

    12.1 Failure times should not be recorded for any specimen that fails at some obvious flaw, unless such a flaw constitutes 

a variable being studied. 
    12.2 Re-examine the means of force introduction into the material if a significant fraction of failures in a sample 

population occur within or just outside any anchor or grip. Factors considered should include the anchor-to-test frame 
alignment, anchor material, anchor-to-specimen alignment, anchor filler and bonding agent, grip type, grip pressure, and 

grip alignment. 

 

13. Report 

    13.1 Report the following information, or references pointing to other documentation containing this information, to the 
maximum extent applicable (reporting of items beyond the control of a given testing laboratory, such as might occur with 

material details or bar fabrication parameters, shall be the responsibility of the requestor): 

    13.1.1 The revision level or date of issue of this test method. 
    13.1.2 The date(s) and location(s) of the test. 

    13.1.3 The name(s) of the test operator(s). 

    13.1.4 Any variations to this test method, anomalies noticed during testing or equipment problems occurring during 
testing. 

    13.1.5 Identification of the material tested including (if available): material specification, material type, material 
designation, manufacturer, manufacturer’s lot or batch number, source (if not from manufacturer), date of certification, 

expiration of certification, filament diameter, tow or yarn filament count and twist, sizing, form or weave, and matrix type. 

    13.1.6 If available, description of the fabrication steps used to prepare the bar including fabrication start date, fabrication 
end date, process specification, cure cycle, consolidation method, and a description of the equipment used. 

    13.1.7 Description of fiber architecture and surface characteristics of the bar. Indicate the representative length of the bar, 

if appropriate. 
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    13.1.8 If requested, report density, volume percent reinforcement, and void content test methods, specimen sampling 
method and geometries, test parameters, and test results. 

    13.1.9 Minimum, maximum and average value of the nominal area of the bar and the average bar diameter. 
    13.1.10 Results of any nondestructive evaluation tests. 

    13.1.11 Method of preparing the test specimen, including specimen labeling scheme and method, specimen geometry, 

sampling method, and bar cutting method. Identification of anchor material, geometry, bonding agent such as expansive 
cementitious material, and bonding agent preparation and curing information. 

    13.1.12 Calibration dates and methods for all measurement and test equipment. 

    13.1.13 Type of test machine, grips, jaws; grip pressure, grip length and texture of grip faces, and data acquisition 
sampling rate and equipment type if applicable. 

    13.1.14 Results of system alignment evaluations, if any such evaluations were done. 
    13.1.15 Dimensions of each test specimen. 

    13.1.16 Conditioning parameters and results, use of travelers and traveler geometry, and the procedure used, if other than 

that specified in the test method. 
    13.1.17 Moisture content of specimen sample at start of creep rupture testing. 

    13.1.18 Environment of the test machine environmental chamber (if used). 

    13.1.19 Number of specimens tested at each force ratio. 
    13.1.20 Time duration of initial loading of each specimen. 

    13.1.21 Average compressive capacity and quasi-static compressive strength of similar specimens from same batch of 
material as used for the creep rupture specimens. 

    13.1.22 Type of area used for stress calculation: nominal area or standard area. 

    13.1.23 Force ratio, rupture strength and rupture time for each specimen. Include elapsed time of testing for specimens 
that did not fail. Force ratio versus time curve as defined in Annex A1. 

    13.1.24 Empirical constants a1 and b1 from Eq A1.1 of 

Annex A1, along with regression coefficient R2. 
    13.1.25 The million-hour creep-rupture force ratio, rupture capacity, and rupture strength, as defined in Annex A1. 

    13.1.26 Average moisture content of the unloaded traveler specimens, at the end of each test. 
    13.1.27 Failure mode and location of failure for each specimen. 

 

14. Precision and Bias 
    14.1 Precision—The data required for the development of a precision statement is not available for this test method. 

Precision, defined as the degree of mutual agreement between individual measurements, cannot yet be estimated because 
of an insufficient amount of data. 

14.2 Bias—Bias cannot be determined for this test method 

as no acceptable reference standard exists. 

 

15. Keywords 

15.1 bars; composite bars; composite materials; creep rupture; reinforcing bars; compressive properties; compressive 
strength 

 

ANNEX 

(Mandatory Information) 

A1. METHOD FOR CALCULATING MILLION-HOUR CREEP RUPTURE CAPACITY 

A1.1 Scope 

    A1.1.1 This Annex describes the method for calculating the million-hour creep rupture capacity of FRP bars given the 

reported test results. 

A1.2 Significance and Use 

    A1.2.1 The million-hour creep rupture capacity can be used for material screening purposes and in structural design codes 
to limit the sustained-level stresses in FRP bars. 

A1.3 Calculation 

    A1.3.1 The force ratio versus creep rupture time curve shall be plotted on a semi-logarithmic graph where the force ratio 
is represented on an arithmetic scale along the vertical axis and creep rupture time in hours is represented on a logarithmic 

scale along the horizontal axis (see Fig. A1.1). Tests resulting in no failure (run-outs) shall be included in this plot but should 
not be included in the calculation of the creep rupture trend line. Run outs should clearly be identified as such on the graph. 

     A1.3.2 A creep rupture trend line shall be plotted from linear regression of the data by means of the least-square method 

according to Eq A1.1: 
 

            (A1.1) 
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where: 
Yc = force ratio, expressed as a percentage of quasistatic compressive strength, 

a1, b1 = empirical constants, and 
t = time, h. 

 

   A1.3.3 The force ratio at 1 million hours, as determined from the linear extrapolation of the trendline, shall be taken as the 
million-hour creep-rupture force ratio. The force and stress corresponding to the million-hour creep rupture force ratio are 

the million-hour creep rupture capacity and the million-hour creep rupture strength, respectively. The million-hour creep 

rupture strength is calculated according to Eq A1.2, with a precision to three significant digits: 
 

𝐹𝑟 =
𝑃𝑟

𝐴
                                           (A1.2) 

 

where: 
Fr = million-hour creep rupture strength of FRP bar, MPa [psi], 

Pr = million-hour creep rupture capacity, N [lbf], and 

A = cross-sectional area of specimen, mm2 [in.2] as determined according to Section 11 of Test Method D7205/D7205M. 
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Appendix C: Shelf Angle Experimental Test Data 
 

This appendix contains the results from the shelf angle experiments, highlighting the key data for 

these tests.  The results are zeroed at the same time to initiate data collection at a time after the two 

bolts on each shelf angle specimen had been tightened to a snug tight condition. A template for the 

layout of the data plots for each tests is shown below:  
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Appendix D: Roof Post and Canopy Beam Experimental Test Data 
 

This appendix contains the results from the roof post and canopy beam experiments, highlighting 

the key data for these tests.  The results are zeroed at the same time to initiate data collection at a 

time after the four bolts on each specimen had been tightened to a snug tight condition. A template 

for the layout of the data plots for each tests is shown below. Legends are given in the results for 

roof post R1, and are identical for the remaining result pages. 
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Appendix E: Thermal Modeling 

 

This appendix contains the results from thermal modeling of the thermal break strategies studied 

in this research.   

Appendix E.1 – Results Sheets for Slab-Supported Shelf Angles 
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SHELF ANGLE: CLIMATE ZONE 1, 1.5” VINYLESTER SHIM  

Detail: Shelf angle 

Shelf angle: L5x5x5/16 

Angle length: 80” 

Mitigation strategy: 1.5” vinylester shim 

Fastener: 5/8” dia. A325, 36” o.c. 

Climate Zone: 1 

Exterior Temperature: -0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: SAU1-1-A 

Mitigated filename: SAM1-8-A 

  
Unmitigated 2D Assembly Section Mitigated 2D Assembly Section 

  
Unmitigated 2D Results Model Mitigated 2D Results Model 

 
 

Unmitigated 3D Results Model Mitigated 3D Results Model 

U-Value Unmitigated 

(BTU/h ft2 °F) 

U-Value 

Mitigated 

(BTU/h ft2 °F) 

ψ  

(BTU/hr ft °F) 
% Reduction in ψ  

0.138 0.082 0.098 77% 



269 

 

SHELF ANGLE: CLIMATE ZONE 7, 3” VINYLESTER SHIM  

Detail: Shelf angle 

Shelf angle: L5x5x5/16 

Angle length: 80” 

Mitigation strategy: 3” vinylester shim 

Fastener: 5/8” dia. A325, 36” o.c. 

Climate Zone:7 

Exterior Temperature:-0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: SAU7-4-A 

Mitigated filename: SAM7-14-A 

  
Unmitigated 2D Assembly Section Mitigated 2D Assembly Section 

  
Unmitigated 2D Results Model Mitigated 2D Results Model 

  

Unmitigated 3D Results Model Mitigated 3D Results Model 

U-Value Unmitigated 

(BTU/h ft2 °F) 

U-Value 

Mitigated 

(BTU/h ft2 °F) 

ψ  

(BTU/hr ft °F) 
% Reduction in ψ  

0.112 0.056 0.065 84% 
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SHELF ANGLE: CLIMATE ZONE 7, 3” VINYLESTER SHIM  

Detail: Shelf angle 

Shelf angle: L5x5x5/16 

Angle length: 80” 

Mitigation strategy: 3” vinylester shim 

Fastener: 5/8” dia. A304-SH, 36” o.c. 

Climate Zone:7 

Exterior Temperature:-0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: SAU7-4-A 

Mitigated filename: SAM7-14-B 

  
Unmitigated 2D Assembly Section Mitigated 2D Assembly Section 

  
Unmitigated 2D Results Model Mitigated 2D Results Model 

  

Unmitigated 3D Results Model Mitigated 3D Results Model 

U-Value Unmitigated 

(BTU/h ft2 °F) 

U-Value 

Mitigated 

(BTU/h ft2 °F) 

ψ  

(BTU/hr ft °F) 
% Reduction in ψ  

0.112 0.053 0.045 89% 
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 SHELF ANGLE: CLIMATE ZONE 7, 3” PROPRIETARY 1 SHIM  

Detail: Shelf angle 

Shelf angle: L5x5x5/16 

Angle length: 80” 

Fastener: 5/8” dia. A304-SH, 36” o.c. 

Climate Zone:1 

Exterior Temperature:-0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: SAU7-4-A 

Mitigated filename: SAM7-17-A 

  
Unmitigated 2D Assembly Section Mitigated 2D Assembly Section 

  
Unmitigated 2D Results Model Mitigated 2D Results Model 

  
Unmitigated 3D Results Model Mitigated 3D Results Model 

U-Value Unmitigated 

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

ψ  

(BTU/hr ft °F) 
% Reduction in ψ  

0.112 0.051 0.033 92% 
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SHELF ANGLE: CLIMATE ZONE 1, 3” PROPRIETARY 2 SHIM 

Detail: Shelf angle 

Shelf angle:L5x5x5/16 

Angle length: 80” 

Fastener: 5/8” dia. A304-SH, 36” o.c. 

Climate Zone:7  

Exterior Temperature:-0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: SAU7-4-A 

Mitigated filename: SAM7-18-A 

  
Unmitigated  2D Assembly Section Mitigated 2D Assembly Section 

  
Unmitigated 2D Results Model Mitigated 2D Results Model 

  

Unmitigated 3D Results Model Mitigated 3D Results Model 

U-Value Unmitigated 

(BTU/h ft2 °F) 

U-Value 

Mitigated 

(BTU/h ft2 °F) 

ψ  

(BTU/hr ft °F) 
% Reduction in ψ  

0.112 0.051 0.035 91% 
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SHELF ANGLE: CLIMATE ZONE 1, STAINLESS HSS3x3x3/16 

Detail: Shelf angle 

Shelf angle:L4x4x5/16 

Angle length: 80” 

Fastener: 5/8” dia. A304-SH, 36” o.c. 

Climate Zone:7  

Exterior Temperature:-0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: SAU7-4-A 

Mitigated filename: SAM7-18-B 

  
Unmitigated  2D Assembly Section Mitigated 2D Assembly Section 

  
Unmitigated 2D Results Model Mitigated 2D Results Model 

  
Unmitigated 3D Results Model Mitigated 3D Results Model 

U-Value Unmitigated 

(BTU/h ft2 °F) 

U-Value 

Mitigated 

(BTU/h ft2 °F) 

ψ  

(BTU/hr ft °F) 
% Reduction in ψ  

0.112 0.059 0.081 80% 
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SHELF ANGLE: CLIMATE ZONE 1, FRP ANGLE  

Detail: Shelf angle 

Shelf angle: L6x4x1/2 

Angle length: 96” 

Mitigation strategy:vinylester angle 

Fastener: 5/8” dia. A325, 36” o.c. 

Climate Zone:1 

Exterior Temperature:-0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: SAU1-1-A 

Mitigated filename: SAM1-19-A 

  
Unmitigated  2D Assembly Section Mitigated 2D Assembly Section 

  

Unmitigated 2D Results Model Mitigated 2D Results Model 

  
Unmitigated 3D Results Model Mitigated 3D Results Model 

U-Value Unmitigated 

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

ψ  

(BTU/hr ft °F) 
% Reduction in ψ  

0.138 0.072 0.035 92% 
 

 

 



275 

 

Appendix E.2 – Results Sheets for Roof Posts 

 

 

ROOF POST: CLIMATE ZONE 7, 6” VINYLESTER FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 9x9x3/8 FRP Shim  

Area Dimensions: 72x120 inches 

Shim Material: Vinylester 

Shim Thickness: 6 inches 

Insulation Thickness: 6 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 7 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU7-1-A 

Mitigated Model: RPM7-2-A 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

  
3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 

U-Value Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.035 0.032 0.29 40% 
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ROOF POST: CLIMATE ZONE 7, 3” VINYLESTER FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 
9x9x3/8 FRP 

Shim  

Area Dimensions: 72x120 inches 

Shim Material: Vinylester 

Shim Thickness: 3 inches 

Insulation Thickness: 6 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 7 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU7-1-A 

Mitigated Model: RPM7-2-C 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

 
 

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 
 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.035 0.032 0.34 31% 
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ROOF POST: CLIMATE ZONE 7, 6” PROPRIETARY 1 FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 
9x9x3/8 FRP 

Shim  

Area Dimensions: 72x120 inches 

Shim Material: Proprietary 1 

Shim Thickness: 6 inches 

Insulation Thickness: 6 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 7 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU7-1-A 

Mitigated Model: RPM7-11-A 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

 
 

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 
 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.035 0.030 0.17 65% 
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ROOF POST: CLIMATE ZONE 7, 3” PROPRIETARY 1 FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 
9x9x3/8 FRP 

Shim  

Area Dimensions: 72x120 inches 

Shim Material: Proprietary 1 

Shim Thickness: 3 inches 

Insulation Thickness: 6 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 7 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU7-1-A 

Mitigated Model: RPM7-11-B 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

  
3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 
 

 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.035 0.031 0.24 52% 
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ROOF POST: CLIMATE ZONE 7, 1” PROPRIETARY 1 FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 9x9x3/8 FRP Shim  

Area Dimensions: 72x120 inches 

Shim Material: Proprietary 1 

Shim Thickness: 1 inch 

Insulation Thickness: 6 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 7 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU7-1-A 

Mitigated Model: RPM7-11-C 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

  

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 
 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.035 0.032 0.34 31% 
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ROOF POST: CLIMATE ZONE 7, 6” PROPRIETARY 2 FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 
9x9x3/8 FRP 

Shim  

Area Dimensions: 72x120 inches 

Shim Material: Proprietary 2 

Shim Thickness: 6 inches 

Insulation Thickness: 6 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 7 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU7-1-A 

Mitigated Model: RPM7-12-A 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

  
3D Unmitigated Results Model 3D Mitigated Results Model 

 

 
 

 
 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.035 0.030 0.20 60% 
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ROOF POST: CLIMATE ZONE 7, 3” PROPRIETARY 2 FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 
9x9x3/8 FRP 

Shim  

Area Dimensions: 72x120 inches 

Shim Material: Proprietary 2 

Shim Thickness: 3 inches 

Insulation Thickness: 6 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 7 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU7-1-A 

Mitigated Model: RPM7-12-B 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

 
 

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 
 

 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.035 0.031 0.26 47% 
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ROOF POST: CLIMATE ZONE 7, 1” PROPRIETARY 2 FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 9x9x3/8 FRP Shim  

Area Dimensions: 72x120 inches 

Shim Material: Proprietary 2 

Shim Thickness: 1 inch 

Insulation Thickness: 6 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 7 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU7-1-A 

Mitigated Model: RPM7-12-C 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

  
3D Unmitigated Results Model 3D Mitigated Results Model 

 

 
 

 
 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.035 0.033 0.36 27% 
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ROOF POST: CLIMATE ZONE 7, FRP HSS3x3x3/8 POST  

Detail: Roof post  

Mitigation Strategy: 
9x9x3/8 FRP 

Shim  

Area Dimensions: 72x120 inches 

Shim Material: N/A 

Shim Thickness: N/A 

Insulation 

Thickness: 
6 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 7 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU7-1-A 

Mitigated Model: RPM7-1-C 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

  

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.035 0.027 0.03 95% 
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ROOF POST: CLIMATE ZONE 1, 3” VINYLESTER FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 9x9x3/8 FRP Shim  

Area Dimensions: 72x120 inches 

Shim Material: Vinylester 

Shim Thickness: 3 inches 

Insulation Thickness: 3.8 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 1 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU1-1-B 

Mitigated Model: RPM1-2-B 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

 
 

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 

 
 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.052 0.048 0.40 34% 
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ROOF POST: CLIMATE ZONE 1, 4” VINYLESTER FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 9x9x3/8 FRP Shim  

Area Dimensions: 72x120 inches 

Shim Material: Vinylester 

Shim Thickness: 4 inches 

Insulation Thickness: 3.8 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 1 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU1-1-B 

Mitigated Model: RPM1-2-D 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

 
 

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 

 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.052 0.048 0.41 33% 
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ROOF POST: CLIMATE ZONE 1, 1” VINYLESTER FRP SHIM 

Detail: Roof post  

Mitigation Strategy: 9x9x3/8 FRP Shim  

Area Dimensions: 72x120 inches 

Shim Material: Vinylester 

Shim Thickness: 1 inch 

Insulation Thickness: 3.8 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 1 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU1-1-B 

Mitigated Model: RPM1-2-E 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

 

 

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 

 
 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.052 0.050 0.50 18% 
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ROOF POST: CLIMATE ZONE 1, TWO 1” VINYLESTER FRP SHIMS 

Detail: Roof post  

Mitigation Strategy: 
9x9x3/8 FRP 

Shim  

Area Dimensions: 72x120 inches 

Shim Material: 2 vinylester shims 

Shim Thickness: 1 inch 

Insulation Thickness: 3.8 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 1 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU1-1-B 

Mitigated Model: RPM1-2-F 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

  

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 

 
 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.052 0.049 0.46 25% 
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ROOF POST: CLIMATE ZONE 1, 1” VINYLESTER FRP SHIM WITH ROD BUSHINGS 

Detail: Roof post  

Mitigation Strategy: 9x9x3/8 FRP Shim  

Area Dimensions: 72x120 inches 

Shim Material: Vinylester  

Shim Thickness: 1 inch 

Insulation Thickness: 3.8 inches 

Rod Diameter: 
0.75 incheswith 

bushings 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 1 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU1-1-B 

Mitigated Model: RPM1-2-G 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

 
 

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 
 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.052 0.049 0.45 25% 
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ROOF POST: CLIMATE ZONE 1, BUSHINGS AT STEEL RODS 

Detail: Roof post  

Mitigation Strategy: 9x9x3/8 FRP Shim  

Area Dimensions: 72x120 inches 

Shim Material: N/A 

Shim Thickness: N/A 

Insulation Thickness: 3.8 inches 

Rod Diameter: 
0.75 incheswith 

bushings 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 1 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU1-1-B 

Mitigated Model: RPM1-2-H 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

 

 

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.052 0.052 0.61 0% 
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ROOF POST: CLIMATE ZONE 1, FRP HSS3x3x3/8 POST  

Detail: Roof post  

Mitigation Strategy: 
9x9x3/8 FRP 

Shim  

Area Dimensions: 72x120 inches 

Shim Material: N/A 

Shim Thickness: N/A 

Insulation Thickness: 3.8 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

  
 

Climate Zone: Zone 1 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU1-1-B 

Mitigated Model: RPM1-1-D 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

  

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.052 0.042 0.04 94% 
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ROOF POST: CLIMATE ZONE 7, 6” VINYLESTER FRP SHIM, A307 RODS 

Detail: Roof post  

Mitigation Strategy: 
9x9x3/8 FRP 

Shim  

Area Dimensions: 72x120 inches 

Shim Material: Vinylester 

Shim Thickness: 6 inches 

Insulation Thickness: 6 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

Rod Spec: A307 
 

Climate Zone: Zone 7 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU7-7-A 

Mitigated Model: RPM7-8-A 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

 
 

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 
 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.035 0.034 0.44 10% 
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ROOF POST: CLIMATE ZONE 1, 3” VINYLESTER FRP SHIM, A307 RODS 

Detail: Roof post  

Mitigation Strategy: 
9x9x3/8 FRP 

Shim  

Area Dimensions: 72x120 inches 

Shim Material: Vinylester 

Shim Thickness: 3 inches 

Insulation Thickness: 3.8 inches 

Rod Diameter: 0.75 inches 

Rod Spacing: 6 inches o.c. 

Rod Spec: A307 
 

Climate Zone: Zone 1 

Interior Condition: 69.8°F 

Exterior Condition: -0.4°F 

Unmitigated Model: RPU1-7-B 

Mitigated Model: RPM1-8-B 

  
 

2D Unmitigated Results Model 2D Mitigated Results Model 

  

3D Unmitigated Results Model 3D Mitigated Results Model 

 

 

 

 
 

 

U-Value 

Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ  

(BTU/hr °F) 
% Reduction in χ  

0.052 0.050 0.51 16% 
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Appendix E.3 – Results Sheets for Canopy Beams 

 

CANOPY BEAM: CLIMATE ZONE 7, 3” VINYLESTER SHIM  

Detail: Canopy Beam 

Model length: 80” 

Fastener: 3/4” dia. B8 Class 2 SS 

Mitigation Strategy: 3” Vinylester shim 

Climate Zone: 7 

Exterior Temperature: -0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: CBU7-7-A 

Mitigated filename: CBM7-2-A 

  

Unmitigated  2D Assembly Section Mitigated 2D Assembly Section 

 

 

Unmitigated 2D Results Model Mitigated 2D Results Model 

 

 

Unmitigated 3D Results Model Mitigated 3D Results Model 

U-Value Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ per beam 

(BTU/hr °F) 
% Reduction in χ  

0.067 0.065 0.46 8% 
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CANOPY BEAM: CLIMATE ZONE 7, 3” PROPRIETARY 1 SHIM 

Detail: Canopy Beam 

Model length: 80” 

Fastener: 3/4” dia. B8 Class 2 SS 

Mitigation Strategy: 3” Armadillo Armatherm shim 

Climate Zone: 7 

Exterior Temperature: -0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: CBU7-7-A 

Mitigated filename: CBM7-11-A 

  
Unmitigated  2D Assembly Section Mitigated 2D Assembly Section 

  

Unmitigated 2D Results Model Mitigated 2D Results Model 

  
Unmitigated 3D Results Model Mitigated 3D Results Model 

 

U-Value Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ per beam 

(BTU/hr °F) 
% Reduction in χ  

0.067 0.059 0.35 30% 
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CANOPY BEAM: CLIMATE ZONE 7, 3” PROPRIETARY 2 SHIM 

Detail: Canopy Beam 

Model length: 80” 

Fastener: 3/4” dia. B8 Class 2 SS 

Mitigation Strategy: 3” Fabreeka TIM shim 

Climate Zone: 7 

Exterior Temperature: -0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: CBU7-7-A 

Mitigated filename: CBM7-12-A 

  
Unmitigated  2D Assembly Section Mitigated 2D Assembly Section 

  

Unmitigated 2D Results Model Mitigated 2D Results Model 

 

 

Unmitigated 3D Results Model Mitigated 3D Results Model 

 
 

U-Value Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ per beam 

(BTU/hr °F) 
% Reduction in χ  

0.067 0.060 0.37 25% 

 

 



296 

 

 

CANOPY BEAM: CLIMATE ZONE 7, 1” VINYLESTER SHIM  

Detail: Canopy Beam 

Model length: 80” 

Fastener: 3/4” dia. B8 Class 2 SS 

Mitigation Strategy: 1” Vinylester shim 

Climate Zone: 7 

Exterior Temperature: -0.4 F 

Interior Temperature: 69.8 F 

Unmitigated filename: CBU7-7-A 

Mitigated filename: CBM-7-2-C 

  
Unmitigated  2D Assembly Section Mitigated 2D Assembly Section 

  
Unmitigated 2D Results Model Mitigated 2D Results Model 

  

Unmitigated 3D Results Model Mitigated 3D Results Model 

 

U-Value Unmitigated  

(BTU/h ft2 °F) 

U-Value Mitigated 

(BTU/h ft2 °F) 

χ per beam 

(BTU/hr °F) 
% Reduction in χ  

0.067 0.065 0.47 7% 
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Appendix E.4 – Structural Testing Matrix for Roof Posts 

 

 
 

  

MITIGATION STRATEGY SPECIMEN INFORMATION

Test Name Specimen Type Type Material Thick (in) Length (in)* Post HSS Length (in) Weld Base Plate Rod Dia. (in) Rod Spacing (in) Rod Spec Top Plate Bolt Dia. (in) Bolt Spacing (in) Bolt Spec Loading

R1 designed - - - 30 HSS 3x3x3/16 20.125 CJP 9x9x3/8" 0.5 6" oc B8 Class 2 10x10x1" 1 6" oc A325 Monotonic

R2 designed shim vinylester 3 30 HSS 3x3x3/16 14.125 CJP 9x9x3/8" 0.5 6" oc B8 Class 2 10x10x1" 1 6" oc A325 Monotonic

R3 designed sleeve FRP 4x4x1/2 - 30 HSS 3x3x3/16 20.125 CJP 9x9x3/8" 0.5 6" oc B8 Class 2 10x10x1" 1 6" oc A325 Monotonic

R4 designed - - - 30 HSS 3x3x3/16 20.125 CJP 9x9x3/8" 0.5 6" oc B8 Class 2 10x10x1" 1 6" oc A325 Cyclic

R5 designed shim vinylester 3 30 HSS 3x3x3/16 14.125 CJP 9x9x3/8" 0.5 6" oc B8 Class 2 10x10x1" 1 6" oc A325 Cyclic

R6 designed sleeve FRP 4x4x1/2 - 30 HSS 3x3x3/16 20.125 CJP 9x9x3/8" 0.5 6" oc B8 Class 2 10x10x1" 1 6" oc A325 Cyclic

R7 over-designed - - - 30 HSS 3x3x3/16 20 CJP 9x9x1/2" 0.75 6" oc A307 10x10x1" 1 6" oc A325 Cyclic

R8 over-designed shim vinylester 3 30 HSS 3x3x3/16 14 CJP 9x9x1/2" 0.75 6" oc A307 10x10x1" 1 6" oc A325 Cyclic

R9 over-designed shim phenolic 3 30 HSS 3x3x3/16 14 CJP 9x9x1/2" 0.75 6" oc A307 10x10x1" 1 6" oc A325 Cyclic

R10 over-designed shim polyurethane 3 30 HSS 3x3x3/16 14 CJP 9x9x1/2" 0.75 6" oc A307 10x10x1" 1 6" oc A325 Cyclic

R11 over-designed shim proprietary 1 3 30 HSS 3x3x3/16 14 CJP 9x9x1/2" 0.75 6" oc A307 10x10x1" 1 6" oc A325 Cyclic

R12 over-designed shim proprietary 2 3 30 HSS 3x3x3/16 14 CJP 9x9x1/2" 0.75 6" oc A307 10x10x1" 1 6" oc A325 Cyclic

R13 over-designed shim vinylester 1 30 HSS 3x3x3/16 14 CJP 9x9x1/2" 0.75 6" oc A307 10x10x1" 1 6" oc A325 Cyclic

R14 over-designed sleeve FRP 4x4x1/2 - 30 HSS 3x3x3/16 14 CJP 9x9x1/2" 0.75 6" oc A307 10x10x1" 1 6" oc A325 Cyclic

R15 over-designed - - - 66 HSS 3x3x3/16 56 CJP 9x9x1/2" 0.75 6" oc A307 10x10x1" 1 6" oc A325 Cyclic
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Appendix E.5 – Thermal Modeling Matrix for Roof Posts 

 

 

 

  

Structural 

Test

Thermal 

Modeling Type Material Thickness

Insulation 

Thickness Post Base Plate Rod Dia. Rod Spec Climate Zone U-Value

- - - - (in) (in) - (in) (in) - - (BTU/h*ft2*°F)

R1 N/A - - - 6 HSS 3x3x3/16 9x9x3/8 0.5 B8 Class 2 N/A N/A

RPU7-1-A - - - 6 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 7 0.0351

RPU1-1-B - - - 3.8 HSS3x3x3/16 6x9x1/3 0.75 B8 Class 2 SS 1 0.0517

RPU7-1-C - - - 6 FRP HSS3x3x3/8 FRP 6x9x1/2 0.75 B8 Class 2 SS 7 0.0274

RPU1-1-D - - - 3.8 FRP HSS3x3x3/8 FRP 6x9x1/2 0.75 B8 Class 2 SS 1 0.0422

R2 N/A shim vinylester 3 6 HSS 3x3x3/16 9x9x3/8 0.5 B8 Class 2 N/A N/A

RPM7-2-A shim vinylester 6 6 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 7 0.0318

RPM1-2-B shim vinylester 3 3.8 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 1 0.0482

RPM7-2-C shim vinylester 3 6 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 7 0.0325

RPM1-2-D shim vinylester 4 3.8 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 1 0.0484

RPM1-2-E shim vinylester 1 3.8 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 1 0.0499

RPM1-2-F 2 shims vinylester 1 3.8 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 1 0.0492

RPM1-2-G

shim with 

bushings at 

steel rods vinylester 1 3.8 HSS3x3x3/16 6x9x1/2

0.75 with 

bushings B8 Class 2 SS 1 0.0492

RPM1-2-H

bushings at 

steel rods vinylester - 3.8 HSS3x3x3/16 6x9x1/2

0.75 with 

bushings B8 Class 2 SS 1 0.0517

R3 N/A sleeve FRP 4x4x1/2 - 6 HSS 3x3x3/16 9x9x3/8 0.5 B8 Class 2 N/A N/A

R4 N/A - - - 6 HSS 3x3x3/16 9x9x3/8 0.5 B8 Class 2 N/A N/A

R5 N/A shim vinylester 3 6 HSS 3x3x3/16 9x9x3/8 0.5 B8 Class 2 N/A N/A

R6 N/A sleeve FRP 4x4x1/2 - 6 HSS 3x3x3/16 9x9x3/8 0.5 B8 Class 2 N/A N/A

R7 N/A - - - 6 HSS 3x3x3/16 9x9x1/2 0.75 A307 N/A N/A

RPU7-7-A - - - 6 HSS3x3x3/16 6x9x1/2 0.75 A307 7 0.0351

RPU1-7-B - - - 3.8 HSS3x3x3/16 6x9x1/2 0.75 A307 1 0.0517

R8 N/A shim vinylester 3 6 HSS 3x3x3/16 9x9x1/2 0.75 A307 N/A N/A

RPM7-8-A shim vinylester 6 6 HSS3x3x3/16 6x9x1/2 0.75 A307 7 0.0342

RPM7-8-B shim vinylester 3 3.8 HSS3x3x3/16 6x9x1/2 0.75 A307 7 0.0501

R9 N/A shim phenolic 3 6 HSS 3x3x3/16 9x9x1/3 0.75 A307 N/A N/A

R10 N/A shim polyurethane 3 6 HSS 3x3x3/16 9x9x1/4 0.75 A307 N/A N/A

R11 N/A shim proprietary 1 3 6 HSS 3x3x3/16 9x9x1/5 0.75 A307 N/A N/A

RPM7-11-A shim proprietary 1 6 6 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 7 0.0297

RPM7-11-B shim proprietary 1 3 6 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 7 0.0308

RPM7-11-C shim proprietary 1 1 6 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 7 0.0325

R12 N/A shim proprietary 2 3 6 HSS 3x3x3/16 9x9x1/6 0.75 A307 N/A N/A

RPM7-12-A shim proprietary 2 6 6 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 7 0.0301

RPM7-12-B shim proprietary 2 3 6 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 7 0.0312

RPM7-12-C shim proprietary 2 1 6 HSS3x3x3/16 6x9x1/2 0.75 B8 Class 2 SS 7 0.0328

R13 N/A shim vinylester 1 6 HSS 3x3x3/16 9x9x1/7 0.75 A307 N/A N/A

R14 N/A sleeve FRP 4x4x1/2 - 6 HSS 3x3x3/16 9x9x1/8 0.75 A307 N/A N/A

R15 N/A - - - 6 HSS 3x3x3/16 9x9x1/2 0.75 A307 N/A N/A

MITIGATION STRATEGY SPECIMEN INFORMATION THERMAL MODELINGTEST NAME
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Appendix F: ABAQUS Supplementary Information and Results 
 

Appendix F.1: ABAQUS Material Data 

 

This appendix contains the material data used in ABAQUS.  The E values on the plots are the 

initial modulus of elasticity from 0 to the first data point.  A template for the layout of the plots for 

each material is shown below:  

 

 
 

 

A36  
1/2 in plate 

A36 

3/8 in plate 

A304-SH1 Bolts A307 Rods 

A325 Bolts A500 HSS Tube 
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True Stress – True Strain 
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Appendix F.2: Data Plots 

 

This appendix contains the data analysis of the ABAQUS results used to correct the experimental 

data.  A template for the layout of the data plots for each tests is shown below:  

 

 
 

 

Base Rotation 

vs. 
Displacement 

Base Rotation 

vs. 
Base Moment 

Force 

vs. 
Displacement 

(Inflection Point) 

Distance from Base  
vs. 

Displacement 

Moment 

vs. 
Deflection 

(Top Push Back) 

Force 

vs. 
Time 
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Canopy Beam: C1 
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Canopy Beam: C2 
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Canopy Beam: C7 
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Canopy Beam: C8 
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Canopy Beam: C13 
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Canopy Beam: C15 
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Roof Post: R1 
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Roof Post: R2 
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Roof Post: R7 
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Roof Post: R8 
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Roof Post: R13 
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Roof Post: R15 
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Appendix F.3: Deflected Shapes 

 

This appendix contains the deflected shapes of the ABAQUS models.  A template for the layout 

of the deflected shapes for each tests is shown below:  

 

 
 

 

 

Undeformed 
Geometry 

Deformed Geometry 
showing Beam Stress 

FEM Side Deflection 
von Mises Stress 

FEM Front Deflection 
von Mises Stress 

FEM Iso Deflection 
von Mises Stress 

FEM Iso Deflection 
von Mises Stress 

No Bolts 
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Canopy Beam: C1 
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Canopy Beam: C2 
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Canopy Beam: C7 
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Canopy Beam: C8 
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Canopy Beam: C13 
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Canopy Beam: C15 
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Roof Post: R1 
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Roof Post: R2 
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Roof Post: R7 
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Roof Post: R8 
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Roof Post: R13 
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Roof Post: R15 
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Appendix G: Mill Certificates 
The following mill certificates were provided by Capone Iron Corporation of Rowley, MA. 
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