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Abstract 
 
 An investigation into knitted reinforced polymer composites was performed with 

emphasis on the impact behavior associated with this material type. Overviews of 

knitting terminology and some applications available for knitted reinforced polymer 

composites are presented. Impact performance characteristics are examined with 

emphasis on testing and evaluation techniques available. Large deformation 

behavior was observed in testing and modeling areas with elastomeric polymer 

materials being the main subject of discussion. This allowed the knitted fabric 

reinforcement to be taken advantage of in these “flexible composites.”  

 An impact test rig was created in order to analyze the performance of two 

different types of knitted reinforced polymer composite material, with emphasis on 

a commercially available product due to its availability. The test setup will be 

discussed in great detail and will be based on designs found in the literature. Post 

impact analysis will be performed based on techniques outlined in the literature 

with examination of the permanent deformation and energy absorbing capabilities 

of the materials tested.  

 Through an industrial partnership program, a large scale finite element model 

was created in order to examine the wind uplift performance of a commercial 

roofing application. This model will be created in a multi-level fashion from micro-

scale to macro-scale in order to examine the effects each of the constituents has on 
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the overall performance of the composite membrane. Material property testing and 

curve fit capabilities will be employed in order to create the material models used in 

the finite element simulations. Comparisons between experimental tests and 

simulation results will show good agreement between the two, allowing for 

validation in potential usage of the model for predictive based purposes in order to 

provide recommendations for best changes to the material to explore further.   
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1 Introduction 
 

In recent years, the use of polymer composite materials to replace heavier metal 

parts has been of increasing interest due to weight, reliability and cost concerns. 

These polymer composites are used in a variety of industries and applications 

including transportation (automobiles, aircraft, ships, and spacecraft), sporting 

goods, medical, and construction industries. In almost all of these industries 

susceptibility and resistance to impacts is of the utmost concern. This study will 

explore some of the applications of polymer composites as well the designs and 

procedures involved in the study of impact responses and other performance 

related analyses.   Also included will be an in-depth examination of a particular 

application in the commercial construction industry thanks to an industrial 

partnership with GAF.  

In general terms, a composite is a multiphase material comprised of two or more 

distinct materials that by the principle of combined action result in possession of a 

better combination of the physical properties of each of its constituents [1]. 

Furthermore, many composites consist of two phases: a matrix, which is continuous 

and surrounds the other phase often called the dispersed phase. Some of the more 

common forms of composites used in engineering include, but are not limited to, 

Metal Matrix Composites (MMCs), Ceramic Matrix Composites (CMCs) and Polymer 

Matrix Composites (PMCs). In the case of PMCs, the matrix is a polymer of some 

variety while the dispersed phase is often a fiber or particle reinforcement. Moving 
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forward, MMCs and CMCs will not be involved in the scope of this paper. Breaking 

polymer composites down further, a common classification scheme involves the 

examination of a polymer’s response to rising temperature, which is categorized into 

thermoplastic and thermoset polymers. Thermoplastic polymers soften when 

exposed to rising temperatures and will harden when cooled. This process is totally 

reversible and can be repeated, allowing thermoplastics to be recycled. At a 

molecular level, the increased action and movement in the polymer chains causes a 

weakening of the secondary bonding forces allowing the polymer to be formed and 

molded. However, there is a limit to this action, which occurs at a temperature 

where the molten polymers molecular vibrations become energetic enough that 

primary covalent bonds break, resulting in irreversible degradation of the original 

material properties. Most forming techniques for thermoplastic polymers involve 

the use of both heat and pressure in order to achieve the desired shape. On the 

other hand, thermosetting polymers harden permanently when cured and remain in 

that state, and will not soften due to re-application of heat except for extreme 

temperatures. During the heat application process of the thermosetting polymers, 

covalent crosslinks are formed between adjacent molecular chains [1]. This prevents 

any movement of the polymer chains, resulting in generally harder and stronger 

polymers than their thermoplastic counterparts. 
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1.1 Organization of the Dissertation 
 

This introductory chapter will include a literature survey overviewing polymer 

reinforced composites with a more in-depth examination of knitted reinforcement 

applications including explanations of knitting based terminology, processing issues 

and other unique characteristics. The following chapter will examine impact 

performance characterization information regarding techniques available, 

evaluation techniques and an examination of how the constituents of the 

composites affect the performance of the materials. Chapter 3 will provide 

background information for the formulation of the problems to be discussed 

including an overview of finite element definitions.  

The next chapter will include the explanations of the setup of the impact testing 

rig, data acquisition system and the results obtained through the impact tests. 

Different materials will be analyzed with post impact analysis techniques including 

those outlined in Chapter 2. The final chapter will outline a specific knit 

reinforcement application through an industrial partnership program that includes 

the creation of a finite element model for analyzing the wind uplift performance of 

commercial roofing materials.  

1.2 Literature Survey 
 

As mentioned above, one such area where polymer composite materials are being 

explored is in the medical field [2–4]. Ramakrishna, et al. [2] explore the use of thin 
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and flexible composites for use as soft tissue replacements. Using a bio-tolerant 

elastomer, the group set out to examine the effects of using a pre-stretched knitted 

material. The concept of pre-stretching will be explored in greater detail in the 

following section. A review provided by Leong, et al. [4], reference the capability of 

using knitted composites for the use in the creation of prosthetics due to the ease of 

forming inherit in the structures of knitted materials.  These forming capabilities will 

again be discussed in further detail in the following sections.  In a somewhat related 

study, Wu, et al. [3] examined the feasibility of creating a self-healing polymeric 

structure for use in biological applications.  This would eliminate the need for any 

repairs that might be necessary as the implants wear down over the years of usage. 

The self-healing nature however would not be limited to the medical field as more 

studies are finding the implications of damage to the matrix of a polymer composite 

can greatly impact its performance. Wu goes on to examine the recovery abilities of 

the self-healing materials whose recovery actions can be activated either 

autonomously or through some sort of external stimulus such as the application of 

heat or radiation. This healing power can be beneficial not only due to impact or 

cyclic loading induced damage, but also damage caused by the insertion of sensors, 

manufacturing processes and fiber de-bonding. Ratios of fracture stress, elongation 

at break and fracture energy are among the parameters used in order to evaluate 

the extent of healing that occurs in the composites.  
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A variety of healing techniques for thermoplastic materials were overviewed 

including molecular interdiffusion, which involves holding two pieces of the same 

polymer above their glass transition temperature, Tg, until the interface between the 

separate materials gradually disappears due to the interdiffusion of polymer chain 

segments. Another healing mechanism discussed was photo-induced healing which 

involved the use of a photochemical reaction. The issue with this technique is the 

limitations of the method that prevent light from reaching internal cracks, especially 

in thick substrates. Several other catalyst based reactions for thermoplastics were 

discussed in great detail, as well as a few techniques for thermoset repairs, such as 

nanoparticle deposits and in situ healing agent introductions, but these healing 

methods are further out of the scope of this paper.  

Another area that composites are of growing interest is in the realm of civil 

transportation [5–9].  Replacing certain components of vehicles with lighter weight 

composite materials will allow for increased fuel efficiency as well as lower cost of 

maintenance for the life of vehicles, including bus structures and portions of high-

speed railway coaches and locomotives. Ning [5,8] was involved in two such studies 

in which components of a mass transit bus were replaced with designs employing 

composite materials, while Zinno, et al. [6] examined a similar situation but for 

railway vehicles. In all three of these studies, the material choices and 

manufacturing techniques were explored in great detail. For both studies involving 

Ning [5,8], the emphasis was placed on the benefits of thermoplastic composites 
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versus other materials including aluminum, steel and thermoset composites due to 

its superior impact resistance, ease of shape and recycling among a variety of 

additional benefits. An additional benefit to take note of is the potential that 

thermoplastics possess to maintain their integrity post-impact due to the fact that 

they do not exhibit the catastrophic type of failures seen in other materials.  

One of the more prevalent designs in the manufacturing of composite panels is the 

sandwich structure [6,9–12].  These structures are comprised of polymeric skins 

enveloping a foam core, which is used to increase the panel’s moment of inertia, 

thereby increasing its bending stiffness.  These structures are fairly complex and can 

present some difficulty in the design phase due to the difficulty in taking all failure 

modes and structural complexity into consideration. The two main sub-categories 

for the foam structures are often considered to be the solid core design, where a 

single rigid piece of foam as seen in [10] and a honeycomb structure seen below 

from [6]. 

 

 

Figure 1-1 - Honeycomb Core Design [6] 
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In addition to the use of the foam core, additional reinforcement measures are 

often times employed. Torre and Kenny [9] offer an interesting take on this by using 

the same polymeric material to introduce a corrugated support system within the 

foam core. This reinforcement system is fairly unique in that the orientation of the 

sandwich structure (180° changes) will change its performance in the situation 

where impact resistance is concerned. The testing and results of involving this 

design will be discussed in greater detail in a later section. One important item to 

note from [9] is the discussion of the loading rate dependency that sandwich 

materials possess. While the structures may behave in a fairly ductile manner while 

in static loading, catastrophic failure can occur when impact loadings occur.  

 

Figure 1-2 - Corrugate Foam Core [9] 
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A more common way to provide the desired reinforcement is to use woven fabrics 

[13–17] in conjunction with the polymeric materials in order to create a stronger 

and stiffer material than the polymer alone.  Often times these fabrics are found in 

pre-preg, or pre-impregnated, form instead of mixing the two materials together in 

situ. Woven reinforcements can allow the composite laminas to behave in a more 

isotropic manner than the unidirectional laminas that are often created. The 

directional behavior can also be influenced by the layup employed in the creation of 

the composite panel. Layup designation is one of the more important aspects 

needed in describing the experimental setup use when testing a composite. The first 

example seen of this is seen in the abstract for [5]. Stacking sequences denote the 

orientation primarily, but in the case of irregular composite layups (where the 

thickness of each lamina is not the same) the notations can be changed in order to 

account for this. Since this type of composite will not be discussed much further, a 

brief example will be provided for edification purposes only. An example symmetric 

layup notation would be [±45°/0°/90°]sym where each lamina’s principle direction 

would be designated by the order written. Since the directional behavior of the 

composite can be either beneficial or not, the application drives the design and 

direction of the fibers to the greatest degree.  Returning to the woven fabrics, the 

reinforcing fibers can range greatly in material type and performance. One of the 

more common fibers used is E-glass [14–17] due to the relative low cost of the 

material compared to other fibers. E-glass is created by drawing silicon dioxide into 
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fibers and is readily available for the use in composite manufacturing. Other fiber 

types include high strength aramid fibers [18–21], such as DuPont’s Kevlar, hemp 

fiber [22], and carbon fiber [5,6,8]. 

 

 

Figure 1-3 - (Left) Non-woven Hemp Mat, SEM Image of (Middle) Hemp Fiber, 
(Right) Glass Fiber [22] 

 
Another way in which fabrics are used as composite reinforcement is in non-

woven mats [22]. These mats contain fibers in a bulk configuration with little or no 

mechanisms holding the fibers together.  Once these mats are infused with the 

polymer the matrix becomes the only binding agent.  Non-woven mats will not 

exhibit failure in the same manner that a woven or otherwise reinforced composite 

would due to the lack of continuous fibers imbedded in the polymer matrix. A final 

design type employs more advanced textile manufacturing in order to create knitted 

patterns [2,4,23–29]. 
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1.3 Knitted Composites 
 

Knitted reinforcement designs take individual yarns and tie them together through 

a series of loops, resulting in a more flexible reinforcement that can be used when a 

compliant design is desired. As several studies cite, the opportunity for the use of 

knitted reinforcements is a great one that should be better explored [2,4,23,24,26]. 

With advances in the textile industry, the ability to create near-net-shape fabrics has 

emerged [4] with nearly limitless possibilities of creating simple structures such as 

helmets to more complex products such as pipes with integrated flanges and 

connectors.  

 

 

Figure 1-4 - Net-shape glass knitted preform for a rudder tip fairing of a passenger 
aircraft [4] 

 
 This is a vital advancement when concerned with the formability of the materials 

as well as what the knitted structure will look like once the material has been 

formed. It also helps minimize the amount of waste and production time, but can 
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still be quite time consuming due to the complexity in creating the knit designs. 

Another benefit pointed out by Leong, et al. is the cost portion of production. By 

combining inexpensive textile manufacturing techniques and products with 

polymers matrices, low cost, highly deformable composites can be made. A variety 

of applications can employ a knitted reinforcement structure. As mentioned 

previously, the medical field [2,4] is one such area where flexible composite 

materials are desirable. While [2] looks at the direct application of these composites, 

[4,23,25] all highlight the benefits of using knitted fabric in thermoforming 

applications. By creating large loops in areas that experience large deformation 

(forming corners, etc) the reinforcement tension can be tailored in such a way to 

retain a more uniform distribution.  

 

Figure 1-5 - Patterned Knit (left) and Deformed Configuration (right) [23] 

 
 In addition to the medical field, knitted composites can be used in industrial 

applications such as the commercial roofing application that will be discussed in 

greater detail later in this study. The relatively low cost of production is always a 

desirable characteristic in the business world, so the advancement of knitted 

composites for increased performance is of great interest. 
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1.3.1 Knitting Terminology 
 

In order to examine knitting in further detail, the basics of the processes need to 

be discussed first. The first bit of important terminology is the names for the rows 

and columns of the fabric, which are referred to as courses and wales, respectively. 

These courses and wales are interlocked in order to form the final fabric product. 

The inverse values of wale count, W, and course count, C, can be used in order to 

define the geometric parameters of the repeating unit cells as seen in [23]. An in 

depth look at the scale values used to analyze knitted fabrics will be discussed 

below. Another important term used in fabrics is the density of the fibers, usually 

reported in either denier or Tex. These values are important to note since they can 

be used in order determine the total number of filaments that are used to construct 

each yarn or fiber.  

  Next, the actual techniques that are employed, in the most basic sense, can be 

categorized into weft- and warp-knitting. Weft-knitting is performed with one yarn 

moving perpendicular to the direction in which the fabric is produced, while warp-

knitting is completed with multiple yarns being fed in parallel with the direction in 

which the fabric is being made [4]. With this knowledge, the number of loops in the 

wale direction will be created using a single needle whose gauge, along with yarn 

type, size and applied tension, are all vital in determining the density in which the 

loops are created using weft knitting. Conversely, the number of loops in the wale 

direction using warp knitting is dependent on the number of “warping beams” that 
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feed yarns into the knitting pattern, thereby allowing the interconnection of 

columns in order to create a completed product.  

 

Figure 1-6 - Weft Knitting (left) and Warp Knitting (right) [4] 

 

The main difference between the two styles is the stability of finished product. In 

general, weft-knit structures are less stable, thereby allowing them to stretch and 

distort more easily than warp-knit counterparts. This leads to increased formability 

in the composite creation process. Obviously depending on the desired behavior in 

the specific application, this could be viewed as a positive or negative. On the other 

hand, examining the production capabilities of both methods, warp-knitting is more 

desirable for large scale production based on the volume flow rate allowable due to 

multiple yarns being fed at once. For development purposes, where small amounts 

of fabric, as well as the ease of customization, are desirable, weft-knitting would be 

the process of choice. In combination with the warp- and weft-knitting techniques, 

the type of stitching will also affect the overall fabric behavior. Tuck and float 
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stitches are the two main types of looping that allow for the macroscopic changes to 

the properties of the fabric. Tuck stitches result in the wider, thicker, and slightly less 

extensible fabric [4] while the float stitch will result in the opposite description with 

an increased number of straight yarns in the overall structure. The literature also 

goes on to describe the vast amount of different high-speed machines that are 

available in order to perform the desired knitting actions.  

 

Figure 1-7 - Tuck (left) and Float (right) Stitching [4] 

 

1.3.2 Processing Issues 
 

One of the concerns with knitting materials is the degradation of performance that 

could occur during the processing techniques discussed above.  This is a concern 

since the raw material properties are known, but the final properties could be 

changed due to the manufacturing method. Lau and Dias [30] examined this issue 

and found that the loop strength of glass yarns increased almost exponentially with 

knitting needle diameter. This phenomenon is due to the mechanical properties of 
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the materials often chosen for reinforcing in composites and the fact that bending 

these yarns around tight radii can cause significant damage to the internal fibers. 

This issue can hinder the available complexity of the possible structures. In order to 

avoid this situation, the first solution is the employment of spun yarns that consist of 

much shorter fibers that are twisted together. These yarns improve the knittability 

of the material while still preserving some of the properties of their continual 

filament counterparts [4]. Another benefit to the spun yarns is their improved 

wetting properties over yarns with continuous filaments [31]. This refers to the 

impregnation capabilities of the fibers with the resin system used in the composite 

structure. Another possible solution to allow for complex structures to be created is 

to make adjustments to the conventional machinery as suggested by [32] with the 

use of ceramic guides and extension springs.  

Another cause of failure in the manufacturing process is due to the build-up of 

tension in the yarns. This accumulation of tension is due to the superior tensile 

properties and low-rupture strains inherit in the advanced fibers that are desirable 

for use in composite manufacturing. Of course more flexible yarns would counteract 

this tension induced failure in the manufacturing process, but they would not be 

nearly as beneficial in the final product’s behavior. Since most textile manufacturers 

are concerned with general knitwear, the high-modulus yarn desirable for 

composites are very different and therefore can cause great difficulty in production. 

Lau & Dias [30] go on to examine aramid fibers and compare them to E-glass based 
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forces of elements immediately neighboring the CZM area and comparing these 

values to the maximum allowable force values observed in the T-peel and shear 

seam tests mentioned above. This technique was employed in lieu of available 

delamination related stress data that could be provided by a fully 3D model.  

In addition to this, stress distribution along the entire sheet was examined and, as 

expected, the maximum stresses of the composite did not reach anywhere near the 

maximum values observed in the tensile tests. A final failure mode was investigated 

near the steel plate fasteners in order to assess whether the pull-out failure 

scenarios would occur. Again, the forces in the elements surrounding the point of 

interest were examined in lieu of puncture data that would further complicate the 

model. Failure in the real world test scenarios has been observed to occur through 

membrane failure, plate rupture, or fastener pull-out, where the screw used to affix 

the steel plate to the roof deck experiences failure. 

  

Figure 5-37 - Pull-Out Test Results (Left) Element Correlation (Right) 

 



 

- 129 - 
 

 Good correlation between Finite Element simulation and FM wind-uplift test for 

the 45mil product was observed as seen in Table 3. The actual test procedure 

includes increasing the pressure every 718 Pa (15psf) and holding for one minute to 

check for failure. Since the actual model allows for the time-step analysis, more 

precise measurements can be captured for the pressure at which failure begins. This 

allows the discrepancies observed in the table below to be deemed satisfactory 

since they fall within the anticipated ranges. 

Table 3 - Failure Point Comparisons between FM Wind Uplift and Simulations for 
45mil Roofing Material 

 

 

The final entry in Table 3 is the Benton Bar where a 322.6mm (1”) wide, 0.762mm 

(30mil) thick piece of aluminum spans a 1.524m (5ft) long sheet in the same type of 

wind uplift scenario as previously discussed. This method is used to analyze the 

152.4mm (6”) wide seams that are created using an adhesive based system, which 

results in a much lower seam peel strength. With the established values taken into 

Fastener 

Size
Weight

Fastener 

Spacing

Weld 

Width

FM 

Rating

GAF Model 

Prediction (psf)

FM Failure 

Mode

Model Failure 

Mode

2 3/8" 45mil 6" 1.75" 1-105 112

Seam 

Delamination

Seam 

Delamination

2 3/8" 45mil 12" 1.75" 1-60 63 Plate Rupture

Failure Near 

Plate

2 3/8" 45mil 18" 1.75" 1-30 28

Failure Near 

Plate

Failure Near 

Plate

2 3/4" 45mil 6" 1.75" 1-120 115

Seam 

Delamination

Seam 

Delamination

2 3/4" 45mil 12" 1.75" 1-90 83

Failure Near 

Plate

Failure Near 

Plate

Benton 45mil Benton 6" 1-105 120

Seam 

Delamination

Seam 

Delamination
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account, good agreement between the experimental and simulation results was 

observed.  

As explored earlier, thickness variations were also simulated in order to compare 

to experimental results. Again, good correlation between the failure points was 

observed as seen in Table 4 

Table 4 - Failure Point Comparisons between FM Wind Uplift and Simulations for 
60mil Roofing Material 

 

5.5.3 Theoretical Changes 
 

Simulation results using alternate spacing showed promise, but construction 

methods deny the ability to explore many of these possibilities. Additional items 

that were examined include wider heat welds, a different seam creation method 

involving adhesive tape, and changes in polymer and fiber material properties. Of 

these alternatives, only the adhesive tape seam creation was accompanied by 

known physical data. Results below in Table 5 are compared to the standard 

44.45mm (1.75”) weld created with heat rolling. Due to the lower peel strength, the 

adhesive based seams exhibited much lower failure points.  

 

Fastener 

Size
Weight

Fastener 

Spacing

Weld 

Width

FM 

Rating

GAF Model 

Prediction (psf)

FM Failure 

Mode

Model Failure 

Mode

2 3/8" 60mil 6" 1.75" 1-120 120

Seam 

Delamination

Seam 

Delamination

2 3/4" 60mil 12" 1.75" 1-90 102 Plate Rupture

Failure Near 

Plate

2 3/4" 60mil 18" 1.75" 1-45 40 Plate Rupture

Failure Near 

Plate
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Table 5- Additional Failure Comparisons 45mil Roofing Material 

 

Failure analysis for the remaining items was difficult to perform as experimental 

data for many of these circumstances is not yet available. Instead, assumptions used 

will be noted as failure points were based on other known values. Comparisons 

between standard material properties of the corresponding spacing can be seen in 

Table 6 and Table 7. In these tables, the percent increases refer to changes in the 

strength of the TPO and/or fiber as compared to the original 45mil material 

properties.  

Table 6 - 6" Spacing Comparisons to Theoretical Changes 

 

Fastener 

Size

Fastener 

Spacing

Weld 

Width

GAF Model 

Prediction (psf)

Model Failure 

Mode
Comparison Notes

2 3/8" 6" 4" 84

Seam 

Delamination -28
*20lbf data for T-peel

2 3/8" 12" 4" 57

Failure Near 

Plate -6

2 3/8" 6" 6" 84

Seam 

Delamination -28
*20lbf data for T-peel

2 3/8" 12" 6" 57

Failure Near 

Plate -6

Fastener 

Size

Fastener 

Spacing

Weld 

Width

GAF Model 

Prediction (psf)

Model Failure 

Mode
Comparison Notes

2 3/8" 6" 1.75" 109

Both Failures 

at Same Point -3

1300 Denier Fiber 

*Used 60mil Pull-out data 

45mil seam strength

2 3/8" 6" 1.75" 115

Failure Near 

Plate 3
Fiber -25%

2 3/8" 6" 1.75" 120 Pass 8

TPO +25% 

*use failure data for 60mil

2 3/8" 6" 1.75" 114

Seam 

Delamination 2
TPO -25%

2 3/8" 6" 1.75" 120 Pass 8

TPO/Fiber +25%

*Use Failure data for 60mil
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Table 7- 12" Spacing Comparisons to Theoretical Changes 

 

Pending additional verification of alternate design behaviors, it would appear that 

the fastener spacing and size have the greatest impact on the wind-uplift 

performance of the single-ply roofing system. To further verify this trend, additional 

theoretical simulations were performed based on ideas that were believed to have 

potential to improve the uplift performance.  

Table 8 - Additional Theoretical Simulation Results 

 
 

 The most interesting result found in Table 8 is the 60mil Benton test. As discussed 

earlier, the Benton test does not employ individual fasteners, but rather a 

continuous strip used to hold the edge of the membrane to the test deck. This 

Fastener 

Size

Fastener 

Spacing

Weld 

Width

GAF Model 

Prediction (psf)

Model Failure 

Mode
Comparison Notes

2 3/8" 12" 1.75" 77

Both Failures 

at Same Point 14

1300 Denier Fiber 

*Used 60mil Pull-out data 

45mil seam strength

2 3/8" 12" 1.75" 82

Failure Near 

Plate 19

Fiber +25%

*Used 60mil Pull-Out data

2 3/8" 12" 1.75" 83

Failure Near 

Plate 20
Fiber -25%

2 3/8" 12" 1.75" 84

Failure Near 

Plate 21

TPO +25% 

*use failure data for 60mil

2 3/8" 12" 1.75" 82

Failure Near 

Plate 19
TPO -25%

2 3/8" 12" 1.75" 67

Failure Near 

Plate 4

TPO/Fiber +25%

*Use Failure data for 60mil

Fastener 

Size
Weight

Fastener 

Spacing
Weld Width

GAF Model 

Prediction (psf)

Model Failure 

Mode
Notes

2 3/8" 120mil 6" 1.75" 180 No Failure

2 3/8" 120mil 12" 1.75" 85

Failure Near 

Plate

2 3/8" 60mil Benton 1.75" 180 No Failure Found limits of 60mil seam

2 3/8" 45mil 6" 1.75" 68

Failure Near 

Plate

2 3/8" 45mil 12" 1.75" 30

Failure Near 

Plate

Based on trend, Fastener 

pull-out assumed to be 

800lbf

Double area in 

fastener/seam area
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Figure 5-39 - Stress Discontinuity in Double Thickness Model 

 

5.6 Discussion and Conclusion 
 

As mentioned above, the failure near the fastener is the most prominent area 

that needs improvement. Based on the theoretical model results discussed above, 

localized changes in thickness near the fasteners will not help in improving the 

failure in this area, but rather will actually decrease the wind uplift performance as 

compared to the original arrangement. Since the material thickness changes will 

have a drastic impact on the cost associated with the roofing systems, examining 

changes in the fiber reinforcement materials, scrim geometry and thickness will be 

the recommended course of action for improving the wind uplift performance. If the 

larger spacing systems can provide the same performance as the closer spacing 
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