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Abstract 

 

Performance of Cladding and Waterproofing Materials 

 

Kyle Richard Gagnon, M.S.E. 

The University of Texas at Austin, 2016 

 

Supervisor: Atila Novoselac 

Co-Supervisor: David W. Fowler 

 

 The long-term performance of the materials that create the building envelope is essential 

to the long-term durability of buildings and structures.  This thesis summarizes published 

literature on various cladding and waterproofing materials.  In addition, the research involved in 

the creation of this thesis evaluated several performance aspects of these components.   

 Code requirements for anchored masonry veneer were tabulated and compared against 

requirements in the specification.  It was determined that not all code requirements are also 

found in the specification.  It is recommended that the specifier, whether and Engineer or an 

Architect, specify those code requirements which are not in the specification. 

 Materials testing of exterior plaster mixtures specified in ASTM C926 was completed.  

Prisms and cubes were cast to determine the drying shrinkage potential and compressive strength 

of various plaster mixtures.  This information can be useful when determining suitable control 

joints and their required spacing for a given mix. 
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 The crack-bridging ability of fluid-applied weather resistive barriers was evaluated using 

a new test method.  This test method has not been published and is very similar to ASTM C1305, 

a test method for other fluid-applied waterproofing membranes.  It was determined that ASTM 

C1305 may not be suitable for all fluid-applied products since thicknesses vary between 

manufacturers.   

 Different asphalt impregnated membranes including roofing felt and building paper were 

installed on a mock-up for long term exposure.  Research was performed as to the long-term 

performance of each of the products.  It was determined that both paper and felt comply with 

code requirements and should be chosen when they have the greatest advantages for the given 

building envelope system. 

 A large-scale test was performed on clear penetrating water repellents.  These were 

applied to a suitable substrate and evaluated for their ability to resist water infiltration.  Many of 

these products are highly effective at reducing the amount of water absorption.  Prolonged UV 

exposure will shed light as to the long-term durability of these products.   

 This research is part of an ongoing project at The University of Texas at Austin’s 

Durability Lab.  Ongoing testing that began previously, including water resistive barriers mock-

ups, nail sealability, and elastomeric sealants, have not been included in this thesis.   
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Chapter 1: Introduction 

1.1 Background 

The key purpose of any building is to shelter its occupants from exposure to exterior 

weathering.  This is accomplished by installing a building envelope, or barrier between the 

exterior and interior of the building, that can resist the passage of heat, air, water, and vapor.  

While heat and air have a significant effect on the energy efficiency of the building and the 

comfort of the occupants, it is even more critical to manage the flow of water and vapor.  If 

trapped inside the building envelope, water can be the leading cause of mold and corrosion 

which directly affects the structural integrity of the cladding and eventually the building itself.   

The primary defense against water intrusion is the cladding, or the structures exterior 

covering.  The cladding is required to be exposed for the life of the building and must maintain 

an aesthetically pleasing appearance while maintaining its own structural integrity.  The second 

line of defense against water intrusion is a water resistive barrier or WRB.  The WRB has a two-

pronged purpose: prevent the entry of water into the building envelope and allow it a path to 

escape in the event of infiltration.  In order to achieve this purpose, the WRB must have the 

ability to resist water penetration while remaining permeable for the passage of water vapor.  

WRB’s are typically sealed behind cladding and are not inspected or replaced throughout the 

entire service life of the building.  It is imperative that these products not only perform well at 

the time of manufacturer, but that they continue to perform throughout the life of the building. 

For existing buildings that have problems with water intrusion, there are remedial methods 

that can be used to rectify the issues.  These take the form of coatings, such as Elastomeric 

coatings or Clear Penetrating sealers that are applied to the exterior surface of the cladding.  
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Unlike WRB’s, these coatings are required to be exposed for several years and must be 

aesthetically pleasing as they are not covered behind the cladding. 

Just as important as the cladding, WRB’s, and external coatings, are the details that integrate 

them into one effective system.  Elastomeric sealants, flashing, and tapes are used to create a 

seamless incorporation of all of the pieces of the building envelope.  The failure of any one of 

these components constitutes a failure of building envelope even when the system may have 

been sufficient otherwise. 

 

1.2 Scope of Research 

The research completed for this thesis was done in an attempt to gage how different types of 

building envelope materials perform initially and after lengthy outdoor exposure.  Heat, 

ultraviolet (UV) radiation, and moisture are variables of particular interest when evaluating 

different products.  Materials are typically only required to undergo a small amount of artificial 

weathering which amounts to only a couple of months of real outdoor exposure.  While some 

products are eventually clad within that time frame, many waterproofing materials are exposed 

for 10-20 years prior to evaluation and replacement. 

 

1.3 Significance 

The damage caused by inadequate waterproofing materials or installation techniques has a 

severe economic toll.  When considering the potential for loss of human life, due to the increased 

risk of structural failure, it becomes an even more serious issue.  Determining the appropriate 

material specifications and installation standards is critical to improving the performance of these 

systems. 
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1.4 Topics 

This research is part of an ongoing research project that is completed at The University of 

Texas at Austin Durability Lab.  Past publications have discussed the performance of full-scale 

WRB mock-ups, hockman sealant specimens, and nail sealability, amongst other topics.  This 

thesis will expand on these topics and introduce other, more recent, research that has been 

performed. 

Chapter 2 covers the performance and durability of clay masonry brick veneer.  In 

particular, research was performed on the code requirements for mechanical attachment to back-

up walls and the structural system.  The minimum specifications for the structural attachments of 

masonry veneer were tabulated and referenced with building codes and industry standards.  

Discrepancies between the code and standard specification are noted and recommendations and 

made for better design practice. 

Chapter 3 covers testing that was completed on various ASTM grade exterior plaster 

mixtures.  Standard test methods used to determine shrinkage and compressive strength in 

hydraulic mortars were adopted and used for these plaster mixtures.  Cement-based plaster 

mixtures were cast and cured at laboratory conditions, and testing was performed to determine 

the aforementioned material properties.  These material properties can be crucial in creating a 

façade design that prevents cracking and promotes long-term durability. 

Chapter 4 covers a new procedure that has been developed to evaluate the crack-bridging 

ability of fluid-applied WRB membranes.  Using industrial grade vinyl as a substrate, the ability 

of cured product film to bridge a crack that forms after application was analyzed.   A current 

ASTM specification often cited by manufacturers was reviewed, and its requirements were 

compared to this new test method to evaluate its suitability as a test method for these products. 
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Chapter 5 includes in-depth research into codes and specifications required for asphalt 

impregnated roofing felt and building paper.  Advantages and disadvantages of each were 

tabulated and discussed.  A mock-up testing eight different products was created to evaluate the 

long-term performance of several products from various manufacturers. 

Chapter 6 covers testing completed on clear penetrating sealers.  Previous research 

investigated the effect of these water repellents on different substrates, and a method by which 

their effectiveness can be determined.  A suitable substrate was chosen for this testing and 

several products were tested initially and after outdoor exposure to compare the product 

durability. 

Chapter 7 provides an overall conclusion on the research and makes several 

recommendations that are meant to improve industry standards and testing. 

 

1.5 Objective 

 Each of the topics presented above are a result of literature review, testing, and 

collaboration with manufacturers and industry leaders.  As such, each chapter will present 

information from published papers and technical briefs by those in that industry.  Research topics 

that required testing will be presented with a description of the testing procedure, results 

obtained from testing and a discussion as to the significance of these results to industry 

standards.  Each chapter is concluded with recommendations and general comments that are 

meant to improve the durability of building envelope materials. 
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Chapter 2.  Mechanical Anchorage Requirements for Clay Masonry Veneer1 

2.1 Introduction 

A building must be constructed of durable building materials to reach its intended service 

life.  Of all building components, one is more critical than the rest because it is subjected to more 

external weathering.  The cladding must maintain its structural integrity in order to transfer wind 

loads to the building frame.  For cladding that is not directly adhered to the back-up wall, 

anchorage is required to transfer those loads.  One example of this type of cladding that is used 

in both residential and commercial products alike is clay masonry.   

Clay masonry, commonly referred to as brick veneer, is composed of fired-clay units held 

together by a cementitious mortar.  The brick units themselves, when manufactured correctly, are 

very durable materials.  The controlling components in the durability of brick veneer are the 

mortar and the mechanical anchorage.  The mechanical anchorage attaches the veneer to the 

building’s structural system and transfers the external loads applied to the veneer.  If the 

anchorage is installed improperly or insufficiently the veneer may fail in cracking or complete 

detachment from the building.   

 

2.2 The Code and Industry Standard 

The design and construction of masonry veneer is governed by the codes adopted by each 

jurisdiction.  Throughout most of the United States, the International Building Code (IBC) and 

the International Residential Code (IRC) are commonly adopted with no amendments pertaining 

to the construction of masonry veneer.  The IRC is limited in application to one- and two-family 

                                                           
1 Robert M. Chamra and Kyle R. Gagnon.  “Bridging the Gap: Specifications for Durable Masonry Veneer 

Applications”.  The Construction Specifier.  January 2016. 

Some or all of the test written in this chapter was previously published in the source shown above.  All authors 

contributed equally. 
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dwellings less than three stories in height while the IBC is used for other occupancy 

classifications.  The IBC references sections of the Building Code Requirements for Masonry 

Structures (MSJC Code) developed by the Masonry Standards Joint Committee (MSJC) for 

anchored veneer requirements.  The MSJC is comprised of members of The Masonry Society 

(TMS), American Concrete Institute (ACI), and American Society of Civil Engineers (ASCE); 

therefore the MSJC Code is also referred to as TMS 402, ACI 530, or ASCE 5 within the 

building code and contract documents.  On the other hand, Chapter 7 of the IRC has prescriptive 

requirements for masonry veneer that correlate to a selection of the requirements contained 

within the MSJC Code.  Figure 2.1 outlines the flow of building code requirements for masonry 

veneer.  

 

Figure 2.1 Building Code Requirements for Masonry Veneer 

The MSJC Code provides the minimum requirements for masonry structures and veneer 

to be used by the designer.  The 2012 and 2015 IBC make direct reference to Sections 6.1 and 

6.2 of the 2011 MSJC Code for anchored masonry veneer requirements.  It should be noted that 
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the 2013 MSJC Code is available, but the MSJC Code was re-organized between the 2011 and 

2013 editions.  The Section 6.1 and 6.2 requirements in the 2011 MSJC Code remain unchanged, 

but are now located in Sections 12.1 and 12.2 of the 2013 MSJC Code.  There are two design 

methods in the MSJC Code for anchored veneer: a prescriptive approach per Sections 6.1 and 6.2 

or an alternative design with the former being more commonly used in practice.  The prescriptive 

requirements specify the acceptable types of anchors for different types of construction, the 

anchor requirements, and installation requirements to obtain the intended performance.  

Specifications for Masonry Structures (MSJC Specification), a companion document to 

the MSJC Code, is commonly cited in contract documents as the minimum construction 

requirements for masonry including anchored masonry veneer.  Similar to the MSJC Code, the 

MSJC Specification is also referred to as TMS 602, ACI 530.1, or ASCE 6 in the building code 

and contract documents.  The Preface to the MSJC Specification mentions that “the contractor 

should not be required through contract documents to comply with the Code (MSJC Code) or to 

assume responsibility regarding design (MSJC Code) requirements”.  Without supplementary 

specifications from the designer, contractors are only responsible for the content in the MSJC 

Specification.  While Sections 6.1 and 6.2 of the MSJC Code encompass 10 pages, the 

Specifications are expressed in only half of a page.  By only specifying a reference to the MSJC 

Specification, the designer would be failing to provide a majority of the building code 

requirements for anchored masonry veneer to the contractors constructing the veneer.  It is 

therefore imperative for designers to specify the additional MSJC Code requirements which are 

not expressed in the MSJC Specification to provide code-compliant and durable masonry veneer 

construction.  
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In addition to the building codes, the Brick Industry Association (BIA) has created 

several technical notes that serve as an industry standard for masonry construction.  BIA 

Technical Notes 28 and 44B refer to both the IBC and IRC in outlining the requirements for 

anchored masonry veneer with additional discussion.  While BIA Technical Notes are not 

intended to be referenced in contract documents, they are a very useful reference for specifiers 

and contractors alike to understand the building code requirements of masonry veneer 

construction. 

 

2.3 MSJC Code Requirements Included in the MSJC Specification 

The MSJC Code and MSJC Specification overlap on four requirements for corrugated 

brick ties.  The first requires brick ties to be embedded 1 1/2 inches into every mortar joint. The 

minimum embedment allows the brick tie to have enough mortar to engage with to resist 

imposed lateral loads.  The second requires each brick tie to have 5/8 inches of mortar cover 

between the tie and the exterior of the veneer.  The minimum mortar cover provides corrosion 

protection for the end of the brick tie.  Figure 2.2 illustrates a brick tie that did not meet 

minimum cover.  
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Figure 2.2 Brick tie with insufficient cover 

The third requires a maximum wall area of 2.67 square feet per tie with maximum 

spacing limits of 32 inches horizontally and 25 inches vertically.  This requirement will provide 

sufficient quantity and distribution of brick ties within the masonry veneer to resist the imposed 

lateral loads.  The final requirement states that ties should be spaced within 12 inches of 

openings greater than 16 inches at a spacing of no greater than 3 feet on center.  Figure 2.3 

illustrates the brick tie requirements expressed in both the MSJC Code and MSJC Specification.  
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Figure 2.3 Brick Tie Requirements in the Code and Specification 

 

This requirement at openings and their use with all types of masonry anchors was 

discussed in detail in Durability of Brick Veneer: A Closer Look at Masonry Anchors in the 

January 2014 Issue of the Construction Specifier (Fagan et al.).  While these requirements are 

important to the construction of masonry veneer, there are several requirements that form the 

basis of the prescriptive approach for designing brick ties that are not communicated in the 

MSJC Specification.  If not constructed with these MSJC Code requirements, the quantity and 

distribution of brick ties may be unconservative and result in premature failure of the masonry 

veneer.  It is the responsibility of the designer to provide all the MSJC Code requirements 

necessary to construct the intended design. 

 

2.4 MSJC Code Requirements Not Included in the MSJC Specification 

2.4.1 Backing 

One of the common errors in masonry veneer construction occurs when an incorrect tie is 

selected for the type of backing to be used.  In the MSJC Code, corrugated sheet metal anchors 
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are only allowed to be used with a wood-frame backing.  Therefore, brick ties are not permitted 

to be attached to steel stud framing, concrete, or concrete masonry unit (CMU) backup walls.   

While studies have shown that brick ties do not perform well in high seismic or high wind areas, 

they have continued to perform well in typical wood-frame construction (Krogstad).  The 

designer must specify that brick ties are only to be used with a wood-frame backing and provide 

alternative masonry anchors for other backing types. 

 

2.4.2 Tie Properties 

The MSJC Specification says nothing regarding the type and properties of a brick tie.  

The MSJC Code requires the tie to be a minimum 22 gage (0.03 inch) thickness and 7/8 inch in 

width.  It also requires a corrugation wavelength and amplitude range of 0.3 to 0.5 inches and 

0.06 to 0.1 inches respectively.  Studies have shown that insufficient width, wavelength and 

amplitude can contribute to decreased mortar pullout strength in tension (LaFave et al.).  

Insufficient gage thickness can lead to the fastener punching through the tie in tension as shown 

in Figure 2.4 and decrease compressive resistance due to premature buckling of the tie. It is the 

responsibility of the designer to specify a code-compliant brick tie as further reinforced in Part 3 

of the Mandatory Requirements Checklist within the MSJC Code.  
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Figure 2.4 Tie with insufficient gage thickness 

2.4.3 Fastener Properties 

Similar to tie properties, the MSJC Specification does not discuss the type of fastener to 

be used to secure the brick ties to the backing.  The MSJC Code requires an 8d common nail or 

better as the minimum fastener requirement for brick ties.  If all other variables are code 

compliant, fastener pullout strength controls the tensile capacity of the brick tie connection.  A 

common error in practice is to use roofing nails or a smaller 6d common nail.  These nails have a 

smaller shank diameter or shorter length which can significantly decrease the overall pullout 

strength of the fastener.  Using a non-code compliant fastener can decrease the tie capacity up to 

50 percent (LaFave et al.).  Figure 2.5 illustrates the size of code-compliant fasteners next to 

those erroneously used in practice.  
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Figure 2.5 From left to right: No. 10 Corrosion Resistant Screw, 8d Ring Shank Nail, 8d 

common nail, 6d common nail, and 1 ½ in. roofing nail. 

Fastener pullout capacity in wood is dependent on the moisture content, especially when 

smooth shank common nails are used.  If the wood backing will not have a constant moisture 

content, it is recommended to use ring shanked nails or screws.  To ensure a durable masonry 

veneer, the designer must always specify a code-compliant fastener and consider the 

environmental conditions of the installation. 

 

2.4.4 Bending the Tie 

Equally critical to the tie and fastener properties, is the fastener’s location with respect to 

the tie.  The MSJC Code requires that the fastener be located within ½ inch of the 90 degree 

bend when using the prescriptive approach.  Two errors can occur when this requirement is 

omitted.  The first is that the tie must be bent at 90 degrees to be MSJC Code compliant.  This 

requirement becomes an issue when the location of the brick tie does not match up vertically 
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with the location of the mortar joint.  At this point, masons tend to adjust brick ties by bending 

them into a number of different non-code compliant configurations as shown in Figure 2.6.  

 

Figure 2.6 Incorrect bends in corrugated ties to the right and left of the bend required in the code 

 

These profiles of tie installation decrease the stiffness of the tie connection significantly 

as the excess length of tie within the air space straightens out resulting in significant out-of-plane 

deflections to the entire veneer before engaging the brick tie.  In conjunction with the 90 degree 

bend requirement, the mason’s workmanship is essential to ensure that the brick tie locations and 

bed joints line up to avoid additional bending of the brick tie.  

 

2.4.5 Fastener to Bend Location 

The requirement for placement of the fastener within ½ inch of the 90 degree bend is 

meant to decrease the eccentricity of the connection.  Fasteners with significant eccentricity 

allow for more displacement of the tie as it bends prior to engaging the fastener.  The 

consequences for this mistake are similar to failing to provide a 90 degree bend in the tie; 
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significant deflections at less than design loads which result in premature failure of the veneer.  

Several studies have recommended that even the MSJC Code maximum of ½ inch of eccentricity 

may be excessive (LaFave et al.).  Figure 2.7 illustrates varying fastener to bend locations with 

the left and middle configurations being ranges of code compliance with the right configuration 

being non-compliant.  The designer must specify to install the fasteners within 1/2 inch of the 90 

degree bend in the brick tie, minimizing eccentricity. 

 

Figure 2.7 Non code-compliant bends to the left and right of the code required bend 

2.4.6 Air Space 

All masonry veneer anchors require a minimum air space and a maximum distance 

between the backing and the veneer.  For brick ties, both the code minimum and maximum 

values are the same: 1 inch.  The distance between the sheathing and the inside face of the veneer 

should always be maintained at this distance.  The minimum air space allows enough space for 

moisture to drain down the Weather Resistive Barrier.  If the wall cavity is larger than 1 inch, the 
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capacity of the brick ties decrease.  The designer must specify a 1-inchair space with brick ties to 

provide a functional drainage plane while maintaining the full capacity of the brick ties. 

 

2.5 Recommendations 

When specifying corrugated sheet metal anchors for masonry veneer, it is important for 

designers to convey all of the code requirements to the contractor.  In addition to referencing the 

MSJC Specification, designers must also include the following brick tie requirements in the 

contract documents if utilizing the prescriptive approach: 

1. Use with wood-frame backing only. 

2. Use a code-compliant stainless steel tie with sufficient gage thickness, width, 

corrugation wavelengths, and corrugation amplitude. 

3. Fasten with an 8d common nail or better. 

4. Place the fastener within 1/2 inch of a 90-degree bend in the brick tie. 

5. Provide a 1 inch cavity width. 

 

2.6 Conclusion 

Corrugated anchors in masonry veneer can only be used effectively when designers 

specify requirements relevant to a particular design.  By supplementing the MSJC Specification 

with these design-related decisions, specifiers can provide contractors with all the information 

necessary to construct a code compliant masonry veneer.  For conditions that cannot meet these 

requirements, designers can specify other masonry anchor types.  By understanding and 

specifying a code compliant masonry veneer, designers can improve the durability of masonry 

veneer construction.  
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Chapter 3: Properties of Exterior Plaster 

3.1 Introduction 

One common cladding material that has long been noted as having excellent material 

properties and durability is plaster.  Exterior plaster or stucco is applied directly to the exterior 

sheathing of a building.  Stucco is in essence a cementitious mortar that consists of varying 

proportions of sand, cement and water.  A metal lath is mechanically attached to the sheathing 

and the stucco is installed over the lath in one or multiple coats.  Cracking is a notorious problem 

with stucco that not only affects the aesthetics of a building but allows detrimental water 

infiltration.  Appropriate mix proportions, control joints, and detailing are necessary to provide a 

durable stucco cladding. 

The most crucial durability concern with cement based exterior plaster, commonly known 

as stucco, is the tendency to crack during curing and over time.  This cracking is directly related 

to the rate of shrinkage in relation to the tensile strength of the cured plaster.  Stucco, is typically 

applied in three separate coats, a scratch coat, a brown coat and a finish coat.  Model codes, such 

as the International Building Code, have prescriptive requirements for minimum curing times 

and intervals between coats to minimize shrinkage and cracking.      

 

3.2 Literature Review 

The first notable measurement for shrinkage of portland cement mortars was conducted 

by the United States Bureau of Standards in 1921.  Two microscopes were attached at either end 

of a steel fixture that could measure the shrinkage of placed mortar within 0.005 mm.  Mortars 

with varying sand to cement ratios were cast in absorptive and non-absorptive bases and the 

amount of shrinkage over time was noted.  The test measured shrinkages between 0.1 and 0.2 
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percent at approximately 1 year (Pearson).  In 1947, the shrinkage in a portland cement plaster 

ceiling panel at the Grand Coulee Dam was observed over a long period of time.  Shrinkage of 

0.12 to 0.14 percent was observed at 1 year with 75% of that shrinkage occurring within the first 

month (Hall).  In recent years, proprietary mixes from manufacturers including fibers and other 

admixtures have published shrinkage values lower than those recorded in earlier testing 

(Bowlsby). 

Two ASTM Standards have been developed to evaluate the drying shrinkage in 

cementitious mortars.  ASTM C157, Standard Test Method for Length Change of Hardened 

Hydraulic-Cement Mortar and Concrete, is widely used to measure the shrinkage in 

cementitious mixtures with fine aggregate or coarse aggregate.  For concrete mixtures, the test 

requires a square prism that is 3 or 4 inches square depending on the size of the coarse aggregate 

in the mixture.  If only fine aggregate is used, a 1-inch square prism is required.   

ASTM C596, Standard Test Method for Drying Shrinkage of Mortar Containing 

Hydraulic Cement, outlines specific curing and molding requirements for measuring drying 

shrinkage.  Much of ASTM C596 references requirements in ASTM C157 for preparation of the 

specimens.  ASTM C596 requires a 2 to 1 sand to cement ratio with sufficient water to create a 

flow of 110 +/- 5%.  It requires 24 to 48 hours of moist curing depending on the strength of the 

mortar followed by a 24 to 48 hour cure in lime-saturated water.  After curing, the specimens are 

measured using a length comparator and then measured at 4, 11, 18, and 25 days in air storage. 

Cement-based plaster, has specific requirements that differ from the proportions required 

in ASTM C596.  ASTM C926, Standard Specification for Application of Portland Cement-

Based Plaster, has prescriptive requirements for the application of stucco.  Seven types of base 

coat mixtures, used in the scratch and brown coat, are defined, and specifications are given for 
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which type is permitted for a given base.  These mixes consist of varying proportions of fine 

aggregate (sand), portland cement, masonry cement, lime, proprietary plastic cement mixes, and 

water.  There is a range of acceptable proportions of sand and no stated requirement for the 

amount of water to be used.  In addition, six types of finish coats are also defined that can be 

applied over any base coat.   

 

3.3 Testing 

It is of interest to evaluate which mixtures of cement based plaster have higher and lower 

rates of shrinkage.  To create a test method it is necessary to reconcile the requirements in both 

ASTM C596 and ASTM C926.  ASTM C926 requires an aggregate to cement ratio of 2 ¼-4 to 1 

which is different from the 2 to 1 requirements in ASTM C596.  Since this is a test of specific 

cement based plaster mixtures, the proportions and mixing requirements in ASTM C926 were 

used.  The testing requirements were according to ASTM C596 except a lime bath was not used.   

An aggregate to cementitious material ratio of 3 to 1, by volume, was selected for use in this 

testing.  In the field, water is typically applied to yield a workable mixture.  Since there is no test 

method to measure the workability of stucco, a constant proportion of water was used that 

yielded a seemingly workable mix for all mixtures.  The proportion of water chosen for testing 

was ½ of the cementitious materials, by volume.  The complete aggregate to cementitious 

material to water ratio is 3:1:1/2.   

Materials for batching were obtained from a local supplier and consisted of Type I 

Portland Cement, Type N Masonry Cement, Type S Masonry Cement, Austin White Lime, and a 

#4 Sand.  Five of the seven base coat mixtures, excluding the two mixes with proprietary plastic 
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cement were batched with varying proportions of cementitious materials, sand and water.  Each 

mix type with its materials proportions can be seen in Table 3.1. 

Table 3.1 Mix Proportions by Volume 

Batch 

Number 

Plaster 

Mix 

Symbol 

Portland 

Cement 

Type N 

Masonry 

Cement 

Type S 

Masonry 

Cement Lime #4 Sand Water 

1 C 1 - - - 3 1/2 

2 CL 1/2 - - 1/2 3 1/2 

3 M - 1 - - 3 1/2 

4 CM 1/2 1/2 - - 3 1/2 

5 MS - - 1 - 3 1/2 

 

Steel molds that could accommodate two 1 x 1 x 11 ¼-inch prisms were used for molding 

the specimens.  The entire interior of the mold was coated with food-grade mineral oil to allow 

for easy removal of specimens and cleaning of the mold.  Gage studs were screwed into both 

ends of the mold and calibrated so that the interior ends of each stud were 10 inches apart.   

Each batch was mixed in a ½-cubic-foot mortar mixer in a climate controlled mixing room at 

The University of Texas Laboratory for Infrastructure Materials Engineering.  Each required 

material was applied to the mixer in three rounds using one third of the required amount for each 

round.  The mixture was troweled into the prepared molds in two layers.  Tamping was 

performed through the length of the specimen to ensure the mortar was compacted with no air 

voids, especially around the gage studs.  Four prisms of each mix were created for testing.  For 

comparison of shrinkage and compressive strength, three 2-inch mortar cubes were created from 
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each mix using adapted procedures from ASTM C109, Standard Test Method for Compressive 

Strength of Hydraulic Cement Mortars. 

The molds were placed in the moist cure room that is kept at 70 degrees Fahrenheit and 

100% humidity and covered with plastic to prevent ponding of water on the surface of the 

specimens.  It was determined that the specimens needed 48 hours of moist curing in the molds 

before they had sufficient strength to be removed.  At 48 hours, the specimens were removed 

from their molds and immediately had their length measured in a length comparator.  After initial 

measurement, the specimens were kept in air storage where their length was measured at 4, 11, 

18, and 25 days. 

 

3.4 Results  

Due to the tolerances of the test, it is impossible for every specimen to start with a 

baseline length that could be considered a zero point.  All specimens were within +/- 0.07 inches 

of the true gage length of the length comparator.  The determination of shrinkage is therefore a 

relative measurement from the point that the specimens are removed from their molds at 48 

hours.  Figure 3.1 shows the measurement of a specimen in a length comparator. 



22 
 

Figure 3.1 Shrinkage Measurement of Specimen 

Length measurements were taken at 4, 11, 18, and 25 days using the length comparator.  The 

amount of shrinkage at those subsequent measurements was calculated as shown below. 

% 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =
𝐿𝑡 − 𝐿0

11.25
 × 100%  

𝑊ℎ𝑒𝑟𝑒 𝐿𝑡 = 𝐶𝑜𝑚𝑝𝑎𝑟𝑎𝑡𝑜𝑟 𝑅𝑒𝑎𝑑𝑖𝑛𝑔 𝑎𝑡 𝑇𝑖𝑚𝑒 𝑡 

𝐿0 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑚𝑝𝑎𝑟𝑎𝑡𝑜𝑟 𝑅𝑒𝑎𝑑𝑖𝑛𝑔 

An average was taken from all of the prisms for each mix to determine the percent shrinkage for 

that mix at a given time.  Figure 3.2 shows a plot of time versus percent shrinkage for each mix. 



23 
 

 

Figure 3.2 Shrinkage versus Time 

All of the 2-inch mortar cubes from each mix were tested until failure in compression in an 

apparatus compliant with ASTM C109.  Figure 3.3 shows a plot of compressive strength at 28 

days against the percent of shrinkage at 25 days.   

 

 

Figure 3.3 Compressive Strength versus  Shrinkage 
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3.5 Discussion 

 The testing performed displays a logarithmic increase in shrinkage.  This is consistent 

with the results obtained in 1947 on a ceiling panel at the Grand Coulee Dam (Hall).  The 

difference can be seen in the magnitude of shrinkage.  Percent shrinkage ranges from 0.04 to 

0.075 compared to 0.11 to 0.14 in that study.  This can be attributed to the fact that this test was 

performed under laboratory conditions with a continuous 48-hour moist cure.  Furthermore, the 

test method used for this testing cannot quantify the amount of shrinkage that occurs during the 

first 48 hours of moist curing.   

 From Figure 3.2, it can be seen that most of shrinkage has occurred by 11 days in air 

storage.  In three of the mixes, no additional shrinkage was observed between 18 and 25 days.  

For all mixes, the majority, or greater than 50%, of the shrinkage occurred within the first four 

days.  When considering the effect of different cementitious materials, it is notable that that 

addition of lime to a portland-cement based plaster almost doubles the total amount of shrinkage.  

Whereas the addition of portland-cement to a masonry-cement based plaster decreases the 

overall shrinkage.  Plaster consisting of only a portland cement binder had the lowest amount of 

shrinkage overall.  While there is no clear correlation in Figure 3.3, there does seem to be a 

slightly inverse relationship between strength and shrinkage.  Specimens with a higher 

compressive strength tend to exhibit less shrinkage while those with a lower compressive 

strength tend to exhibit more shrinkage.   
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3.6 Conclusion 

 In plaster applications, the stucco will undergo cracking when the restrained shrinkage 

stresses exceed the tensile strength of the plaster at a given time.  While this testing does not 

attempt to define the envelope at which cracking will occur, it is interesting to see that there is a 

relationship between shrinkage and strength.  Designers must take this into account when 

specifying a durable stucco mix to last the life of the building.  In addition to the type of stucco, 

it is essential that correct detailing is done to allow for shrinkage of stucco panels on a building.  

This can be done by providing the correct type and layout of control joints according to local 

codes and industry standards.  In addition it is essential that the stucco is moist cured to prevent 

plastic shrinkage that occurs prior to the hardening of the stucco.  An appropriate mix combined 

with code compliant application and curing will provide a stucco cladding with long term 

durability.    
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Chapter 4: Crack Bridging of Fluid Applied Air and Water Resistive Barriers 

4.1 Introduction 

 Fluid-applied water resistive barriers, or WRB’s, are applied directly to the structural 

backing behind the cladding.  The typical substrates consist of concrete masonry units (CMU), 

plywood, oriented strand board (OSB), or exterior glass-mat gypsum sheathing.  All of these 

substrates are applied to a building superstructure that will undergo several cycles of small 

deformations throughout the life of the structure.  These deformations are a result of external 

lateral loads, vertical loads, thermal effects, moisture expansion, creep, shrinkage, and settlement 

of the foundation.  These deformations can expand existing joints or cracks or initiate new cracks 

in the substrate.  While most of these cracks are not structural in nature, they can provide a path 

for water infiltration through the building envelope.  A durable WRB with the ability to bridge 

these cyclic expansions will prevent issues stemming from such an event. 

 

4.2 Literature Review 

 Given that fluid-applied WRB’s are relatively new to the market, there has been very 

little research as to the ability of these products to bridge cracks.  ASTM C1305, Standard Test 

Method for Crack Bridging Ability of Liquid-Applied Waterproofing Membrane, is commonly 

cited by manufacturers as a test that certifies a products crack bridging ability.  In this test 

method, five specimens are created by applying the fluid-applied product over mortar substrates 

with a pre-existing crack.  They are allowed to cure for 14 days prior to being placed at an 

elevated temperature of 158 F for seven days.  The specimens are then conditioned at – 15 F for 

24 hours prior to testing.  The specimens are then subjected to cyclic expansion of 1/8” every 

hour.  After 10 cycles the specimens are inspected for cracks, splits, and pinholes to determine if 
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the test is a pass or a failure.  This is a very severe test and only 15-20% of products on the 

market publish it as a pass in their product data sheets.  

 Previous research by affiliates of the Durability Lab have performed testing on the crack 

bridging ability of elastomeric wall coatings (Nicastro et al.).  The testing modified procedures 

laid out in ASTM C1305.  In this test, elastomeric coating was applied at a thickness of 60 mils 

to a vinyl test panel with a preformed hairline crack.  The specimens were cured and conditioned 

at room and subzero temperatures.  The vinyl panel was pulled apart and the crack width at 

which the coatings failed was recorded.   

 

4.3 Testing Procedure 

 It is of interest to adapt the testing done for elastomeric wall coatings on fluid-applied 

water resistive barriers.  This test, however, will not be used to evaluate a product’s ability to 

pass ASTM C1305, as has been done in previous testing.  Rather, the purpose of this testing is to 

investigate the correlation between coating dry film thickness and the crack width at failure.  As 

in the previous testing, a Leneta panel P121-10N was selected as the vinyl substrate for the 

specimens.  This panel was 10 mils thick and had dimensions of 6.5 inches x 17 inches.  Prior to 

application of the product, the panel was scored lengthwise down the center of the panel face to 

receive the coating.  A Gardco 8-Path Wet Film Applicator was then used to apply the product to 

the substrate.  The applicator had a path width of 3 inches and path depths of 5, 10, 15, 20, 25, 

30, 40, and 50 mils.  As noted by the applicator manufacturer, the wet film thicknesses deposited 

by the applicator ranged from 40% to 80% of the path depth.   

 Several wet film thicknesses of each product were applied to the Leneta panel that 

included the application thickness specified by the manufacturer.  The other wet film thicknesses 
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were selected as slightly larger or smaller than the specified thickness to determine the effect of 

having an insufficient or an excess amount of product applied.  For specified thicknesses greater 

than an amount achievable using the wet film applicator, screeds of 5 mil masking tape were 

applied to either side of the area to receive product to increase the application depth.   

 Each product was allowed to cure for at least 21 days in a climate-controlled interior 

environment.  A 1-inch strip from the top and bottom of each panel was cut off to prevent edge 

effects, leaving a 6.5-inch x 15-inch strip.  This strip was cut into five pieces, yielding five 3-

inch x 6.5-inch Leneta pieces with 3 inches of coating applied down the center.  The hairline 

crack was then initiated by folding the Leneta so that the coating was placed slightly in 

compression.  The Leneta panel cracked at the location of the score.  Prior to testing, the dry film 

thickness (DFT) of each specimen was measured using digital calipers.  Each specimen was then 

clamped into the bench vise using C-clamps as seen in Figure 4.1. 

 

Figure 4.1 Bench Vise Crack Bridging Testing Apparatus 

 The specimens were then pulled apart at a rate of 0.001 in/s with a five second pause 

every 0.005 inches.  This was done to prevent dynamic stress effects and allow for inspection of 

the specimen at regular intervals.  A dial gauge was used to measure the extension of the bench 
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vise to the near 1/1000th of an inch.  The test was performed in an unconditioned interior 

environment with a temperature ranging from 80 to 85 degrees Fahrenheit.  The test was 

terminated when a tear or pinhole began to form anywhere in the membrane and the specimen 

was considered to have failed.  The total extension of the bench vise at failure of the specimen 

was recorded.  This same procedure was performed on every specimen measuring the crack 

width at which failure occurred. 

 

4.4 Results 

 Four different fluid applied WRBs and one flashing and joint compound were tested.  

Anywhere from 12 to 30 data points, each representing a single specimen, were collected for 

each WRB with dry film thicknesses ranging from 1 to 36 mils.  For each product, a scatterplot 

was created plotting the crack width at failure, in inches, to the dry film thickness.  Product A, is 

a 98% solids, solvent-based product that is to be applied at a wet mil thickness of 25 mils.  The 

dry fil thickness of products with a higher solids content is very close in value to the applied wet 

film thickness.  During testing, the product behaved very elastically with no visible, permanent 

deformation after testing.  Failure was initiated with a local rupture in the membrane and 

progressed in an unzipping fashion along the crack.  The initial local rupture was typically 

located at the edge as seen in Figure 4.2.  
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Figure 4.2 Edge Failure of Product A 

In specimens where a small air bubble or imperfection existed along the crack, the failure would 

occur away from the edges.  The film would become more transparent around the imperfection 

as the membrane yielded due to the stress concentrations.  Figure 4.3 shows a failure that 

occurred away from the edges. 

Figure 4.3 Failure away from the edges 

Plotting the crack width at failure versus the dry film thickness produced a highly linear 

correlation.  The data for this product produced an R2 value of 0.9305 which suggests a very high 
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correlation between crack width at failure and dry film thickness.  The scatter plot for product A 

can be seen in Figure 4.4. 

 

Figure 4.4 Plot of Testing Data for Product B 

 

 Product B is a 62% solids, water-based product that is applied at a wet mil thickness of 

10 mils.  After curing, the dry film thickness would be expected to be approximately 6 mils.  

During application, several air pockets and voids were formed in the wet film.  Specimens for the 

required dry film thickness of 6 mils were not able to be created since the product would not 

bridge over the pre-existing hairline crack at a dry mil thickness less than 8 mils.  The products 

demonstrated very little elasticity during testing as very little force was required to separate the 

specimens.  Pinholes, independent of one another, formed throughout the specimen almost 

immediately after the initial displacement.  There was no distinct point of rupture or failure as 

was noted with the other products, rather the specimen was considered to have failed when 

approximately 10% of the cross section has been lost to pinholes and other cracks.  An R2 value 
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of 0.6387 suggested a weak positive correlation between crack width at failure and dry film 

thickness.  Figure 4.5 shows the scatter plot for Product B. 

 

Figure 4.5 Plot of Testing Data for Product B 

 Product C is liquid flashing product that it to be applied at a wet film thickness of 25 mils 

and was very similar in behavior to Product A.  As expected, this product is a lot more viscous 

than the fluid-applied WRB products.  The failure was very sudden with rupture occurring in 

either the middle or the edge of the specimen.  An R2 value of 0.9073 suggests a strong 

correlation between Crack width at rupture and Dry Film Thickness.  Figure 4.6 shows a scatter 

plot for the test data for Product C. 
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Figure 4.6  Plot of Testing Data for Product C 

 Product D is a 58% solids, solvent-based product that is to be applied at a wet film 

thickness of 10 mils.  After drying, the dry film thickness would be expected to be around 6 mils.  

Several air pockets were formed during application of the product similar to Product B.  During 

testing, this product behaved very inelastically.  Yielding of all of the material along the 

preformed crack occurred very quickly as evidenced by the transparency of the post-yielded film.  

The product was then able to stretch significantly before failure.  Unlike products A and C there 

was not a progressive unzipping after the first rupture was formed, but rather this product 

behaved more like Product B with the independent formation of several cracks.  The specimen 

was considered to have failed when 10% of the section has been lost to cracks.  An R2 value of 

0.8443 suggests a positive correlation between Crack Width at Rupture with and Dry Film 

Thickness.  A scatter plot for the data obtained from Product D can be seen in Figure 4.7. 
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Figure 4.7 Plot of Testing Data for Product D 

 Product E is a 58% solids, solvent-based product that is to be applied at a wet mil 

thickness of 60 mils.  After curing the dry film thickness is expected to be around 30 mils.  

Product E is very similar in chemistry to product D.  Air pockets formed during application but 

did not appear to be detrimental to the product performance given the high wet mil thickness.  

During testing, this product achieved the highest amount of deformation of all of the products 

tested.  Like Product D, the deformation was primarily inelastic with very little elastic recovery 

after unloading.  The failure mode was slightly more progressive than Product D but failure was 

still determined at 10% section loss.  An R2 value of 0.8796 suggests a positive correlation 

between crack width at failure and dry film thickness.  The scatter plot for Product E can be seen 

in Figure 4.8. 
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Figure 4.8 Plot of Testing Data for Product E 

4.5 Discussion 

 Given the approximate nature of the wet film applicator and varying percentage of solids, 

the dry film thickness of the specimens for the five different products varied.  Trends, however, 

can be seen when each of the products are plotted against each other as shown in Figure 4.9. 
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Figure 4.9 Scatter Plot of all data points 

 From this figure and previous figures (Figures 4.4-4.8) it is evident that all fluid applied 

products demonstrate a positive linear relationship between crack width at rupture and dry film 

thickness.  This data seems to suggest that a thicker application of a product will provide an 

increased ability to withstand movement in the underlying substrate.  Conversely, if a product is 

applied very thin it will only be able to withstand minimal movement prior to developing a 

failure in the membrane.   

 Obviously, it is more economical to apply as little product as necessary to perform to the 

intended function of a WRB.  Standards such as ASTM C1305 are in place to specify a minimum 

level of performance with regards to crack bridging.  ASTM C1305 requires that the products be 

tested at a dry film thickness of 60 mils, a thickness that doesn’t come close to being specified by 

almost every product on the market.  It can be put into question whether products that pass 

ASTM C1305 will be able to span the required crack of 1/8 inch at the manufacturer’s specified 
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thickness.  Linear trend lines were calculated in Excel for each product as seen in Figures 4.4 

through 4.8.  These equations can be used to predict the crack width at rupture for the 60 mils 

specified in ASTM C1305, and manufacturer specified thickness (Table 4.1) 

Table 4.1 Predicted Crack Width for WRB Products 

Product 

ASTM C1305 

DFT (mils) 

Predicted 

Crack Width 

(in) 

Manufacturer 

DFT (mils) 

Predicted 

Crack Width 

(in) 

Product A 60 0.1439 (Pass) 25 0.0704 (Fail) 

Product B 60 0.0713 (Fail) 6 0.0173 (Fail) 

Product C 60 0.2314 (Pass) 25 0.0949 (Fail) 

Product D 60 0.5773 (Pass) 6 0.0589 (Fail) 

Product E 60 1.2305 (Pass) 30 0.5735 (Pass) 

 

 When applied at 60 mils, 4 of the 5 products would be expected to withstand a crack of 

1/8 inch.  However, when applied at the manufacturer specified thickness, only one product 

would be expected to withstand a crack of 1/8 inch.  This suggests that many manufacturers’ 

recommended thicknesses may not be sufficient to pass the ASTM C1305 requirement for cyclic 

movement.  The standard may need to be adjusted to take into account the varying thickness of 

Fluid Applied WRBs. 

 

4.6 Conclusion 

 The inability of WRBs to bridge cracks that may develop throughout the service life of 

the building is detrimental to long-term durability.  In order to make their product more 

marketable, many manufacturers specify thin thicknesses that may be inadequate to account for 

these expansions in the underlying substrate.  ASTM C1305, a test originally created for thicker 
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below-grade waterproofing applications, may not be suitable for vertically-applied WRB’s, 

especially those with a fraction of the thickness.  A new standard specific to WRB’s may be 

necessary to ensure crack-bridging ability of these fluid-applied products. 
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Chapter 5:  Performance of Roofing Felt and Building Paper 

5.1 Introduction 

 Prior to the advent of other fluid-applied and self-adhered WRB’s, asphalt-impregnated 

membranes had used for many years, quite possibly since the early 1900s and are still very 

effective today.  Even though they have been around for quite some time, there is still quite a bit 

of ambiguity as to the classification and nature of these products.  Throughout the entire 

construction industry many reference two different products as one: Building Paper.  This broad 

term has reference to both No. 15 felt and Grade D building paper.  While both have some 

similar properties, they were each created for different purposes giving each product some 

unique qualities. 

 

5.2 Literature Review 

5.2.1 WRB Code Requirements 

 Many have claimed that both felt (No. 15 Felt) and paper (Grade D building paper) are 

both referenced as the required WRB in the model building codes.  This claim must be taken in 

context as each product is referenced for different uses in both the International Building Code 

(IBC) and the International Residential Code (IRC).  The IBC requires that the WRB be “one 

layer of No. 15 asphalt felt, complying with ASTM D226 for Type 1 Felt or other approved 

materials” (IBC 1404.2).  While the felt is only required to comply with ASTM D226, since it is 

explicitly stated, “other approved materials” must comply with the AC38.  These ASTM 

Standards and Acceptance Criteria will be discussed in more detail below.  Section 2510 of the 

IBC, a section for Stucco requirements, requires a WRB “with a performance at least equivalent 

to two layers of water-resistive barrier complying with ASTM E2556, Type I” (IBC 2510.6).  An 
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exception allows for barriers complying with ASTM E2556 Type II to only have one layer as 

long as they are separated by a “non-water absorbing layer or drainage space”.  Almost identical 

to the IBC, the IRC requires “one layer of No. 15 asphalt felt … complying with ASTM D226 

for Type 1 felt or other approved water-resistive barrier” (R703.2).  In both codes No. 15 Felt is 

stated as the required WRB for general conditions.  In the section for Exterior Plaster 

Requirements, the IRC requires “a performance at least equivalent to two layers of Grade D 

paper” (R703.7.3).  This is the only explicit reference for Grade D building paper in the Code. 

 

5.2.2 ASTM D226 Felt 

 As stated in the code, No. 15 Felt is required to comply with ASTM D226, Type 1, which 

only specifies material properties.  Under this standard, the felt is tested for pliability by bending 

it at angle of 90 degrees, radius of ½” and temperature of 77 F.  The weight is required to be 11.5 

lb per 100 square feet.  There are several other types of felt with different weights, different 

ASTM and non-ASTM grades.  It is a general consensus that the weight of felt has decreased 

over the past several decades.  Some speculate that No. 15 felt used to be “15-lb” felt with a 

weight of 15-lb per 100 square feet.  While decreasing costs is the primary suspect, it is not 

completely known why today’s felt does not weigh the same as felt used 50 years ago.  ASTM 

D226 Type II Felt, commonly known as No. 30 Felt, is required to have a weight of 26 lbs.  The 

other requirements in ASTM D226 only refer to breaking strength and dimension, with no 

requirement for Water Resistance. 
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5.2.3 ASTM D4869 Felt 

 While ASTM D226 is the specification for felt used in roofing, ASTM D4869 is the 

specification for felt used as underlayment in steep slope roofing.  ASTM D4869 has four types 

(I-IV) types of felt as opposed to the two types of felt for ASTM D226.  Types II and IV of 

ASTM D4869 are basically equivalent to types I and II respectively of ASTM D226.   There are 

two apparent requirements that D4869 does not have that are found in D226.  These 

requirements require a minimum vented area of 0.1% of the total area and a maximum average 

hole area of 0.05 in2.  D4869, however, does include a 4-hour water shower exposure test that is 

not required by D226.  While D4869 type II can probably perform just as well as D226 type I it 

cannot be considered code compliant without the complete testing done in D226.       

 

5.2.4 AC38 

 In order for a product to be considered an “other approved material” in both IRC and 

IBC, it is generally accepted that it must be tested against acceptance criteria put forth by the 

International Code Council (ICC).  The AC38 is the Acceptance Criteria that sheet-type 

(mechanically fastened or self-adhered) products must undergo to be considered an approved 

WRB.  In this criteria, Paper is required to comply with UBC Standard 14-1.  This standard 

requires minimum tensile strength, water resistance and water permeance values that are 

determined using methods from the UU-P-31.  In lieu of these methods, ASTM standard tests 

can be used for testing.  ASTM D828 is used to measure the dry tensile strength in lb/in of the 

paper in both direction, ASTM D779, commonly known as the “Boat Test” measures the water 

resistance in minutes, and ASTM E96, measures the water vapor transmission (permeance).  20 

lb/in of tensile strength, 10 minutes of water resistance, and 35 g per day per square meter of 
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water vapor transmission are the minimum requirements for a Grade D classification.  The only 

requirement for felt in AC38 is ASTM D226 and a more strict pliability test around a 1/16-inch 

mandrel at an angle of 180 degrees and temperature of 32 F.  However, since felt is explicitly 

stated in the Code it is not expected to be tested against acceptance criteria.   

 

5.2.5 ASTM E2556 

 ASTM E2556 is the standard specification for WRB’s behind stucco in the IBC.  This 

specification has minimum requirements for dry tensile strength, water resistance, water vapor 

transmission, and pliability.  For felt and paper materials ASTM D828 is used to measure dry 

tensile strength for both aged and as manufactured samples. Water resistance is tested by ASTM 

D779, Water Resistance Ponding (AC38 4.2.2) or AATC Test Method 127.  The three water 

resistance methods provide significantly different results that vary between felts and 

papers.  Water vapor transmission is tested according to E96 and the Pliability according to 

Section 3.3.4 of AC38.   

 

5.2.6 Physical Properties of Felt and Paper 

 As mentioned previously, No. 15 Felt can weigh anywhere from 7-11.5 lbs per 

square.  Paper, on the other hand is much lighter, weighing only 3.6-9 lbs.  This has been noted 

by some to be an advantage in that a lighter weight product can be applied easier with higher 

levels of quality control.  Both behave very similarly in regards to water resistance and water 

vapor transmission, however, opponents of felt note that felt is not specifically tested for these 

under ASTM D226.  The exponential behavior of water vapor transmission under varying levels 

of relative humidity are observed by both.  They both are attached with mechanical fasteners and 
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lapped vertically and horizontally according to code requirements.  Manufacturers of Paper 

provide minimal details and information about accessory products while felt manufacturers 

provide none.  Felt manufacturers only advertise felt as a roofing product and make no mention 

as to its ability to perform on exterior walls.  felt is not tested as rigorously for pliability and it 

has been found to rip and tear around rough edges and outside corners in the field.   

 

5.2.7 Rotting of Felt and Paper 

 Felt is composed of recycled cardboard and sawdust and Paper is made from virgin wood 

pulp.  Both are subjected to rotting under extreme and repeated moisture; however, paper tends 

to rot much sooner due to its lighter weight (Holladay).  Inorganic types of felt made of a 

fiberglass fleece are available that will not become subject to rotting.  These felts are in 

conformance with ASTM D6757, a standard which in itself claims to be compliant with ASTM 

D226 and D4869.  Table 5.1 summarizes the differences between felt and Building Paper 

Table 5.1 Summary of Felt and Paper 

 

No. 15 Felt Grade D Building Paper 

Code References IRC: R703.2; IBC: 1404.2, 2510.6 IRC: R703.7.3; IBC: 2510.6 

Referenced ASTM 

and other standards 
D226, D4869 

E2556, D779, D828, E96, AC 38, 

UU-B-790A 

Weight (lb/100 ft^2) 
D226 Type I: 11.5, D4869 Type I: 8, Non-

ASTM: 7.6 
3.6-6 

Accessories 

None. No installation instructions are 

available. Lapping and Flashing are to be 

done according to the Code. 

Most manufactures provide 

flashing and sealant products to 

be used. 
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Table 5.1 (continued) 

Permeability 

(Perms) 

Nothing Published by Manufactuer. 

However on the range of 5 to 60. 

Greater than 5 Perms. It also has 

greater Permeability with Higher RH 

Water Resistance 

Requirements 

None Required. D4869 Has Some Water 

Resistance Testing 
Must comply to ASTM D779 

Cladding Types 

Over sheathing of all exterior walls. To be 

used under stucco for the IBC it must 

comply to ASTM E2556 or be used in two 

layers and equivalent to Grade D for the 

IRC 

The code requires at least Grade D 

building paper for Exterior Plaster. It 

has been approved as an alternate 

water resistive barrier for other 

claddings. 

Region of Use 

Western United States especially areas 

with High Stucco Use. Virtually unknown in 

other regions. 

All Parts of the United States 

Pros 
More weight allows them to absorb more 

water. They don't rot as fast. 

Costs less. Weighs less allowing for 

easier installation. Easily creases 

around corners without tearing. 

Cons 

Not as pliable around inside and outside 

corners leading to tearing. Costs more. 

Weighs more making for harder installation. 

When subjected to repeated moisture it 

will rot. Not as durable. 

 

 

5.3 Felt/Paper Mock-Up 

 As was done with commercially available WRB’s in previous testing, it was decided to 

create a mock-up of several different roofing felts and building papers.  As opposed to the 

previous mock-ups for WRBs, this mock-up will not have any penetrations or typical details 

such as pipes, electrical boxes, and window flanges.  Rather, the pliability around outside corners 
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and overall durability of each membrane is of interest.  Eight different felts and building papers 

were selected for testing on this mock-up.  The mock up was created as a 4 foot by 10 foot 2 x 4 

wood frame held together with plywood.  The back was covered with Plexiglas to allow for 

inspection of the backside of the mock-up.  The mock-up was vertically supported on two treated 

4 x 4 posts and laterally supported by a 10-foot steel strut frame.  A vertical elevation view of the 

mock-up showing the specimen construction and supports can be seen in Figure 5.1. 

 

Figure 5.1 Exterior Elevation of Felt/Paper Mock-Up 

 Five felt products and three paper products were chosen as the eight specimens.  A 30-

inch roll of each product was applied one on top of the other with a 15-inch lap, creating two 

plies of felt or paper up and down the mock up.  After application, each product had a 48-inch 
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wide by 15-inch tall strip exposed and an identical strip covered by the product above it.  The 

products were arranged by weight of material with the highest at the top and lowest at the 

bottom.  It is assumed that the products with a higher weight have a higher water resistance and 

vice versa for products with a lower weight.  Lower weight products were placed at the bottom 

since it was assumed that they would fail first and being at the bottom their failure would not 

have an adverse effect to products above them.  Figure 5.2 shows the front side of the mock-up 

with the arrangement of the felt and paper products. 

 

Figure 5.2 Front Side of Felt/Paper Mock Up 

 

Davis Wire: 60 Minute 
Building Paper 
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 The mock-up was exposed at the Durability Lab outdoor weathering site beginning in 

March of 2016.  Manufacturers from each of the products were contacted about the maximum 

recommended UV exposure prior to covering for each product.  One paper manufacturer 

responded recommending 30-45 days of exposure given the amount of sunlight at the testing 

location.  No recommendations were given by felt manufacturers, as expected, since felt 

manufacturer’s state that their products are only for horizontal applications such as roofs.  Given 

the information from the paper manufacturer and high amounts of sunlight at the exposure site, it 

was decided to cover portions of each specimen at 30 days.  A 15-inch x 15-inch piece of Hardie 

cement board was placed over the center of each specimen after an exposure of 30 days.  The 

remaining width on either side of the covering was to remain exposed to evaluate performance 

under prolonged UV radiation.  Figure 5.3 shows the mock-up one week after installation at the 

exposure site. 
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Figure 5.3 Felt/Paper Mock-Up 

 

5.4 Results and Discussion 

 One attribute common of both felt and paper is the expansion of the membrane as it 

absorbs water.  This expansion is evidenced by horizontal corrugations caused by the restrained 

expansion of the membrane as shown in Figure 5.4. 
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Figure 5.4 Corrugations in Felt products after expansion due to moisture 

 After further observation, it was concluded that felt and paper products alike will not only 

expand when subjected to moisture, but contract back to their original position when they dry 

out.  At this point, it is not evident whether such cyclic expansion and contraction will lead to 

accelerated deterioration of the products.  One purpose of this mock-up was to observe the 

pliability around outside corners of heavier felts compared to lighter paper products.  Figures 5.5 

and 5.6 show the appearance of the typical outside corner of the heaviest felt and lightest paper 

respectively. 
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Figure 5.5 30# ASTM D226, Type II Felt, outside corner 

 

 

Figure 5.6 20 Minute Building Paper, outside corner 
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 In the felt product, obvious distress can be seen along the edge at the outside corner.  This 

distress consists of multiple superficial tears in the top fibers of the membrane that range from ¼ 

inch to 1 inch in length.  The distress seems to be more severe at the bottom three inches where 

fasteners restrain the membrane on either side of the 90 degree bend at the corner.  It appears that 

none of these tears span through the entire thickness of the membrane.  Unlike the behavior 

observed in felt, the paper product has a uniform crease along the outside corner without any 

visible signs of tears or distress.   

 Not all of the products have the same resistance to UV exposure.  The dark color 

exhibited by all of the products is related to the amount of asphalt that has been impregnated 

onto the membrane.  It can be assumed that products that demonstrate rapid discoloration have 

smaller amounts of asphalt impregnated than those that maintain their pigmentation.  One 

product in particular exhibited extreme discoloration in a relatively short amount of time after 

exposure.  Figure 5.7 shows this membrane after 1 week, 1 month, and 3 months of exposure. 

 

Figure 5.7 60 Minute Building Paper at 1 week (Left), 1 Month (Middle), 3 Months (Right)  

 While it is interesting to note the long-term behavior under prolonged UV exposure, most 

products will be covered with some type of cladding relatively soon after exposure.  This testing 
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will evaluate the long term performance of both covered and uncovered products.  Applying 

cladding will also introduce fastener penetrations into each membrane, something that is done in 

the field.  The center portion of each specimen was covered with a piece of Hardie cement board 

at 30 days as seen in Figure 5.8. 
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Figure 5.8. Covering of Felt/Paper Specimen with Cement Board at 30 days 

 

 



54 
 

5.5 Conclusion 

 No. 15 Felt is the explicitly stated WRB requirement in both the IBC and IRC, except for 

use under stucco or exterior plaster, and is not required to comply with any acceptance criteria or 

ASTM standards apart from ASTM D226.  Felt used under stucco, while it performs very well 

with two layers, is not code compliant since there is no testing done according to AC38 or 

ASTM E2556.  Grade D building paper is the explicit code requirement in the IRC for exterior 

plaster and can be used as an “other approved barrier” under other claddings inasmuch as it 

conforms to AC38.  Both products have the same benefits and features when it comes to water 

resistance, vapor transmission and strength (the three primarily tested requirements).  Felt is not 

as pliable and tends to crack and tear during application while paper tends to not be as durable 

and may rot sooner than felt.  By understanding the different properties of these two widely used 

products, a designer can more appropriately specify the correct type for a given building.  
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Chapter 6: Performance of Clear Penetrating Water Repellents 

6.1 Introduction 

 When the weather resistive barrier or membrane fails, or is not present, several remedial 

means can be taken to prevent water infiltration into the Building Envelope.  Usually removing 

the existing cladding to replace or install a WRB is cost-prohibitive.  An alternative means to 

reduce water infiltration is to apply an exterior coating directly to the cladding.  In the case of 

exterior plaster or concrete masonry units (CMUs) an elastomeric coating is typically employed 

as a water resistant membrane applied over the top.  These coatings have a color and texture of 

their own and cover up the aesthetics of the cladding underneath.  In the case of clay masonry or 

natural stone, where the appearance of the cladding itself is of great aesthetic value, it is desired 

to use a remedial method that won’t cover up the appearance of the cladding underneath.  This 

can be accomplished by applying a clear penetrating water repellent to the masonry or stone. 

 

6.2 Types of Water Repellents2 

 There are two broad categories when it comes to classifying the general term “water 

repellents”.  Film formers create a continuous water resistant layer on the surface of the 

substrate, while penetrants change the capillary force in the pores from positive to 

negative.  Film formers typically consist of acrylics, urethanes, stearates or mineral waxes.  The 

molecules used in these chemistries are relatively large compared to the smaller molecules of the 

penetrants.  The size of the molecules allows the film to bridge hairline cracks in the substrate 

while preventing them from penetrating into the pores.  They form an impermeable layer on the 

surface of the substrate which prevents water transmission both in and out of the 

                                                           
2 While several sources comment on types of water repellents, much is summarized in the Brick Industry 

Association Technical Note 6A. 
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substrate.  Water that is trapped behind the substrate can leave a milky white appearance known 

as “blushing” (Wallace).  In freezing and thawing environments this condition is worsened, and 

it is recommended that they be not used.  Prolonged UV exposure leads to discoloration of 

several of the films.   

 Penetrants, known commonly as clear penetrating sealers, are more commonly used 

because they are typically more durable and do not tend to impose a major aesthetic change on 

the substrate.  Due to their smaller molecular structure, they can penetrate into the pores of the 

substrate.  The product typically consists of a carrier (solvent or other liquid) and a resin (active 

content).  Typical penetration depths are 3/8 inch and are dependent on the carrier that is used 

and the size of the molecule.  Penetrants do not bridge over pores, rather they coat the pores with 

product or react with the substrate to change the electric charge.  This leaves the substrate 

relatively permeable and breathable after application.  Penetrants are more resistant to UV 

degradation over film formers for two reasons.  First, their chemistry centered around a silicone 

molecule does not degrade as rapidly as the urethanes and other chemistries found in film 

formers.  Second, the majority of the product has penetrated into the pores where it receives 

shielding from the UV rays.  Since almost all water is repelled at the surface, the depth of 

penetration does not matter after a certain point.  Published minimum amount of penetration for 

effectiveness in concrete applications range from 2 to 5 mm.  Deeper penetration does, however, 

shield more molecules from UV rays theoretically creating a more durable water 

repellent.  There are several types of penetrants including silanes, siloxanes, silicates, siliconates, 

silicone resin, RTV silicone rubber and blends of these. 

 Silanes consist of different chain lengths of the Silane (SiH4) molecule.  They have the 

smallest molecular structure of silicone based products which allows them to penetrate deeper 
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into the pores.  Their size also makes them more volatile and they evaporate very rapidly, 

especially during application.  To counteract this volatility, a higher solids content, typically 

greater than 20%, is used.  For an effective reaction to transpire, three things are required: silica 

or alumina, alkali, and water.  Alumina and more commonly, silica, must be provided by the 

substrate.  While most concrete, brick and stone substrates contain these, it is important to note 

that it will not bond to wood, metal or limestone.  In pure silanes, the presence of alkali is 

necessary to speed up the reaction, making it effective.  This alkali, if not provided by the 

substrate in the form of portland cement, can be compensated with the addition of a 

catalyst.  Either the surface or the ambient air must have sufficient moisture to allow reaction of 

silanes.  Applied under high temperatures, low humidity and high winds, it may require an 

admixture or else it may not react.  Reacting with the substrate, the silanes polymerize with the 

evaporation of the carrier, becoming one with the substrate.  The hydrophilic side of the 

molecule reacts with the substrate while the hydrophobic side is away from the substrate causing 

the water repellent properties.  After they cure they have excellent vapor permeability and are 

classified as 90-100% breathable.  They typically have a design life of 10 years or more.   

 Siloxanes consist of different chain lengths of the siloxane molecule.  The siloxane 

molecule consists of proportionate number of hydrogen, oxygen and silicone 

molecules.  Oligomerous (short chains) are more common than Polymeric (long chain) because 

they have higher alkali resistance and do not remain wet and tacky.  The chemistry contains a 

built in catalyst which, unlike silanes, allows them to bond to chemically neutral substrates 

without the presence of Alkali.  While the molecules are slightly larger than silanes, they also 

have good penetration and good vapor permeability (80% breathable).  They also require the 

presence of silica or alumina in the substrate and a certain amount of moisture as do 
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silanes.  They have a slower evaporation rate and thus the solids content can be less (typically 5-

12%).  They have a faster reaction rate and typically achieve repellency in 5 hrs.  They should 

not be applied to limestone, gypsum or plaster.   

 The other 4 types are not as common as silanes and siloxanes.  Siliconates react with 

Carbon dioxide in the atmosphere and have byproducts of sodium and potassium 

carbonate.  Silicates are not an effective water repellent and are used as consolidants to repair 

natural stone.  Silicone resins, while penetrating, do not chemically bond to the substrate and 

require more frequent reapplication.  RTV Silicone Rubber is very common for graffiti removal 

and protection applications.  They do not require the presence of Alkali and can bond to neutral 

substrates.  They retain elasticity which allows for the bridging of hairline cracks.  They typically 

alter the appearance of the substrate giving it a glossy look after curing.  

  

6.3 Crack Bridging Ability of Water Repellents 

 Penetrating sealers are only effective for certain crack widths.  On the lower end there is 

a crack width, below which, water is unable to penetrate.  This is published by ACI and 

confirmed by former masonry expert, Clayford Grimm, to be approximately 0.004 inches 

(“control”).  That means that cracks smaller than this have no need to be treated since water will 

never penetrate.  The primary transport mechanism through masonry and concrete is through 

capillary action.  Capillary action is significant up to crack widths of 0.02 inches, beyond which 

water is moved by bulk transport (Grimm).  Silanes and siloxanes work to change the surface 

energy preventing capillary action, and are thus theoretically effective up to 0.02-inch crack 

widths as supported by BIA 6A.  Manufacturers are very vague on the type of cracks that can be 

bridged, if any at all.  Some manufacturers state that the surface must be “crack free” or that their 
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product will not be effective on “cracked surfaces”.  Other products state that they can be used to 

bridge “hairline cracks” while some say their product will not be effective on “structural 

cracks”.  In order for this information to be of any use to the user, these vague terms need to be 

defined by the manufacturer.  ACI defines a hairline crack as a crack that is “barely 

perceptible”.  Quantitative interpretation of this definition is at the mercy of the user.  Some 

companies have published acceptable maximum crack widths for penetrants ranging from 0.008 

to 0.012 inches.  RTV Silicone and other hybrids, similar to Film Formers, prevent water 

intrusion by bridging the cracks.  BIA is also not specific and says that Film Formers and RTV 

silicone can bridge “hairline cracks”.  The width of cracks that should be repaired should be 

discussed with the manufacturer prior to application. 

6.4 RILEM Test Tubes 

 A common method to measure effectiveness of a water repellent over a given substrate in 

the field is by using RILEM test tubes.  These test tubes use varying water levels to induce 

hydrostatic pressure equivalent to pressures created by wind-driven rain.  Research at the 

Durability Lab in 2013 confirmed the suitability and accuracy of RILEM tubes (Saldanha).  

RILEM tubes are fixed to the substrate in question by use of putty or other type of sealant.  

Water is added to the open end of the tube and the amount of water loss into the substrate over 

time is recorded.  This test is typically performed before and after the application of a water 

repellent to prove that infiltration of water into a substrate has been reduced.  

 

6.5 Testing Methodology 

 To assess the performance of water repellents it is necessary to find a suitable substrate.  

Since the primary application of vertical water repellents is over clay brick masonry, the 
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substrate must have a similar absorption potential and chemical structure as brick.  In addition, 

the substrate must have very limited variability between different units which requires high 

quality control during manufacture.  Finally, it is desired that the substrates are of a manageable 

size so that several specimens can be created and exposed on one rack. 

 In previous research, both clay tiles and concrete masonry units (CMUs) were evaluated 

as candidates for substrates.  The clay tiles had the desired range of absorption but lacked the 

quality control during manufacturing, yielding different specimens with variable properties.  The 

CMUs were found to be much more porous than clay brick masonry with voids larger than the 

ability of some water repellents to bridge (Chamra).  Furthermore, both the clay tiles and CMUS 

were rather large making them unwieldy for both testing and long-term exposure. 

 A terracotta substrate was found to satisfy the requirements for a suitable substrate.  

Terracotta is a clay-based material with an absorption typical to that of clay brick.  Saucers used 

for clay planter pots were selected since they are practically identical from one saucer to another 

due to high quality control during manufacture.  The saucers are relatively light with a diameter 

of 4 inches, allowing multiple specimens to be created and tested simultaneously.  Their 

suitability was confirmed when control testing determined minimal variability from saucer to 

saucer and absorption values typical to that of clay brick. 

 Thirty-two different water repellents from eight different manufacturers were selected for 

testing.  Four specimens were to be created for each product, one as a file specimen to be kept 

indoors and three to be exposed outside.  Tests of product performance are completed initially 

and at six month intervals to determine the effect of outdoor weathering on product performance.  

Three tests were selected for evaluation of the water repellent performance.  The first is a 

qualitative test that evaluates the repellency of a surface applied with a water repellent by 
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applying water to, and noting the ability of water to bead on the surface.  The second is the 

common field method that uses RILEM tubes to measure the amount of water absorption over a 

fixed area.  The third test method is one that is recommended by the Sealant, Waterproofing and 

Restoration Institute (SWRI) for testing water bulk water absorption.  For validation, the SWRI 

requires that manufacturers test the effectiveness of their products to reduce absorption according 

to various ASTM Standards.  Each test method is suitable for a given substrate and has specific 

requirements for drying and saturation of the substrate.  Table 6.1 shows the ASTM test methods 

required for SWRI and ASTM C97, a similar test method used for natural stone. 

Table 6.1 SWRI Validation Requirements for Absorption 

Test Method Substrate Drying Saturation 

ASTM C67 Brick  24 hours at 230 F 24 hours 

ASTM C140 CMU 24 hours at 230 F 24-28 hours 

ASTM D6532 Concrete/Mortar 176 F 3 Days, ¼-inch Depth 

ASTM C97 Dimension Stone 48 hours 140 F 48 hours 

 

For all test methods the amount of absorption is calculated as a percent as follows (Eqn. 6-1): 

% 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =  
𝑊𝑠 − 𝑊𝑑

𝑊𝑑
× 100%  

𝑊ℎ𝑒𝑟𝑒  

𝑊𝑠 = 𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔)  

𝑊𝑑 = 𝑂𝑣𝑒𝑛 𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔) 

For this testing the specimens were oven dried at 230 F for 24 hours and saturated for 48 hours. 

 

6.6 Control Sample Testing 

 In order to determine the effectiveness of a product to reduce water absorption, baseline 

absorption for the substrate had to be determined.  One hundred and fifty terracotta saucers from 
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the same manufacturing plant were obtained from a local distributor.  One hundred and twenty-

eight of the saucers were to be used as the four duplicate specimens for each of the 32 products.  

Twelve saucers were chosen at random, from the lot of 150, to be tested as control specimens.  

Each saucer was weighed and the average saucer weight was determined.  The saucers were oven 

dried at 230°F for 48 hours and immediately weighed after removal.  It is not ideal to have to 

perform the drying procedure on treated specimens since it is unknown how a prolonged amount 

of elevated heat will affect the performance of each product.  The initial ambient water content 

prior to absorption was determined to be 0.0792%.  This amount is over 100 times smaller than 

the expected absorption of terracotta and can thus be neglected.  Neglecting the initial water 

content validates absorption testing on the terracotta specimens without first oven-drying them.  

RILEM tube readings were taken for each of the specimens at 5, 10, 20, 30 and 60 minutes.  The 

average 60 minute RILEM uptake was 2.13 mL.  After RILEM testing, the specimens were 

submerged in room temperature water for approximately 48 hours.  The average percent 

absorption was 10.265% with a standard deviation of 0.332%.  This standard deviation was 

acceptable for the testing with 99% confidence that the absorption of the terra cotta will be 

between 9.4 and 11.1%.  This value of absorption is confirmed to be typical of clay masonry 

units.  The results from the control testing can be seen in Table 6.2 

Table 6.2 Control Testing 

  

Room 
Temp 
Weight 

(g) 

Oven Dry 
Weight 

(g) 

Intial 
Water 

Content, 
% 

48 hr. 
Sat. 

Weight 
(g) 

Absorption 
(g) 

Absorption, 
% 

60 minute 
RILEM 
Uptake 

Average 140.92 140.81 0.0792 155.26 14.45 10.265 2.13 

Standard 
Deviation 

7.7 7.69 0.0081 8.08 0.87 0.332 0.322 
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6.7 Product Application 

 Prior to application of the product it was necessary to clean the substrates in order to 

promote proper curing.  Each of the specimens was placed in a standard dishwasher and ran 

through a high temperature cycle without any detergent or drying agent.  After cleaning the 

specimens were dried at 230 F for 24 hours to achieve a dry substrate prior to application.  The 

dry weight of the specimens was taken 30 minutes after drying.  Each specimen was labeled with 

a standard permanent marker and mechanical etching.  An alpha-numeric specimen ID was 

assigned to each product with the number designating the product and the letter designating the 

specimen for that product.  Specimens A, B, and C for each product were to be exposed outdoors 

and specimen D was to be kept in a box indoors.   

 While application methods between products vary, most products could be applied in one 

of three different methods.  The most common required method, wet-on-wet, requires two coats, 

applied within a relatively small amount of time between applications.  Wet-on-dry requires the 

application of a second coat after the first coat has dried.  Some manufacturers only specify the 

application of one coat.  To simulate a wet-on-wet application, the terracotta saucers were 

completely immersed in product for 10 seconds, removed for 20 seconds and then immersed 

once again for 10 seconds.  For wet-on-dry the saucers were immersed for 10 seconds, removed 

for an hour and then immersed once again for 10 seconds.  For products requiring only one 

application, the products were immersed one time only for 10 seconds.  Two of the products 

tested had a much higher viscosity and required a brush application in a wet-on-dry fashion.  The 

typical product application can be seen in Figure 6.1. 
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Figure 6.1 Product Application on Terracotta Saucers 

 Immediately after application, the products were weighed to determine the amount of 

product applied to each specimen.  The specimens were then placed on a well ventilated rack 

where they were air dried at ambient indoor conditions for 7 days.  During curing, the specimens 

lose weight due to water evaporation, an indication that curing in transpiring.  Two weightings 

were taken at the 6th and 7th day to determine that complete curing had been achieved.  Almost 

all products had less than .1% total mass change between the 6th and 7th day.  Prior to performing 

testing the products were allowed to cure for 7 more additional days for a total curing time of 14 

days.   

 

6.8 Testing 

 The first test to be performed was a qualitative test to evaluate the initial repellency of 

different water repellents.  An atomized spray mist of distilled water was applied to each 
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specimen and the tendency of water to bead at the surface was noted.  Several products 

demonstrated significant surface beading as seen in Figure 6.2 while others showed little to none 

as seen in Figure 6.3. 

 

Figure 6.2. Surface beading on Specimen 
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Figure 6.3. Lack of surface beading 

 While surface beading indicates the level of surface water repellency it is unclear how it 

relates to absorption which is more dependent on the effectiveness of the treated pores to prevent 

water infiltration.  RILEM tube tests were performed on one specimen from each product.  

Readings were taken at 5, 10, and 20 minutes and if no significant loss was noted the test was 

stopped.  However, if a loss greater than 0.25 mL was observed the test was continued for 1 

hour.  The RILEM testing of six different specimens can be seen in Figure 6.4. 
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Figure 6.4  RILEM Tube Testing 

 All products, except for one, passed the RILEM tube test with no significant loss noted.  

The final test for absorption is more severe than the RILEM test and is meant to more fully 

discriminate between the performances of products.  All products were submerged in distilled 

water with no specimen at a depth greater than 3 inches.  At approximately 48 hours, each 

specimen was removed and wiped with a wet rag in order to achieve a saturated-surface-dry 

(SSD) condition.  Immediately after wiping with the rag the specimens were weighed to 

determine their saturated weight.  The percent absorption was then calculated using equation 6-1.   

 

6.9 Results and Discussion 

 The effectiveness of a product to reduce the absorption is calculated as a percent as 

follows: (Eqn. 6-2) 
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% 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑠𝑠 =
10.265 − % 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

10.265
× 100% 

The effectiveness of each product ranged from 0 to 96% effective.  Figure 6.5 shows the 

distribution of effectiveness among the specimens. 

 

Figure 6.5 Distribution of Initial Effectiveness among Water Repellent Products 

 It is apparent that the results are fairly bimodal with the highest frequencies being either 

highly effective or not effective with very few in between.  Specimens of the same product were 

very close together suggesting that the test was effective at discriminating between products on 

the basis of absorption reduction.  When comparing the effect of surface beading to percent 

effectiveness the results were inconclusive.  The phenomenon of surface beading did not seem to 

have a positive effect on effectiveness and appeared to demonstrate the opposite.  The 

relationship between surface beading and percent effectiveness can be seen in Table 6.3. 

Table 6.3 Surface Beading versus % Effectiveness 

Surface 
Beading Quantity % of Total 

Average % 
Effectiveness 

Yes 78 60.9375 73.02 

No 50 39.0625 47.51 
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 After initial testing, 3 of the 4 specimens of each product were exposed in order to 

achieve maximum UV exposure.  The rack consisted of treated 2 x 4 studs with a synthetic 

neutral decking on top.  The decking was used to prevent any adverse effects from chemicals 

used to treat the wood or other surfactants.  An orientation of solar south and an angle of 26 

degrees from horizontal was chosen to achieve the maximum solar exposure for the Austin, 

Texas area.  The substrates were fastened to the rack with corrosion-resistant roofing nails at 

three points to prevent in-plane movement and wind uplift.  The specimens attached to the rack 

can be seen in Figure 6.6. 

 

Figure 6.6 Exposure of Test Specimens 

 After 6 months of exposure, from January 2016 to July 2016, the specimens were tested 

again to evaluate the effect of prolonged UV exposure.  The same three tests performed during 

initial testing were repeated after outdoor exposure.  There were several noticeable changes in 

surface beading potential of various specimens.   
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 Twenty-one specimens that initially beaded water did not demonstrate surface beading 

after six months of exposure.  On the other hand, 10 specimens that initially didn’t bead water 

demonstrated surface beading after the exposure time.  The loss of ability to bead water can most 

likely be attributed to degradation of the product on the surface of the specimen.  An increase in 

an ability to bead water is probably attributed to a products increased ability to repel water after 

prolonged curing.  In RILEM testing, there was not a significant difference from initial testing to 

testing after exposure.  Only one product failed the RILEM tube test with an uptake of 

approximately 1 mL after one hour.   

 Absorption testing was completed using the same procedure that was performed initially 

except that they were not oven dried prior to taking their dry weight.  Because the specimens 

were exposed outdoors with 7 consecutive days without rain it was assumed that they were quite 

desiccant.  After 48 hours of immersion in distilled water, their saturated weight was recorded 

and their percent absorption and effectiveness were calculated.  The results were not as expected 

with several products showing an increase in effectiveness compared to a decrease in 

effectiveness due to UV exposure.  The distribution of effectiveness between the various 

specimens can be seen in Figure 6.7. 
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Figure 6.7 Distribution of Effectiveness at 6 months of Exposure 

 From Figure 6.7 it is evident that several products increased in effectiveness after 6 

months of exposure.  The majority of the products that increased to over 80% effectiveness were 

less than 20% effective at initial testing.  These products most likely required a much longer 

curing time than the 14 days given prior to initial testing.  One product in particular was 

identified by a manufacturer as requiring at least 28 days of curing prior to initial testing.  This 

appears to be the case with several other products that had average increases of over 50% 

effectiveness between the first and second round of testing.   

 Although not as drastic as the increase in some products, there were several products that 

demonstrated a slight decrease in effectiveness after exposure.  These were typically less than a 

5% decrease in effectiveness which is within the error margin for 99% confidence.  This 

decrease was only considered significant for products where all specimens for a given product 

decreased by a similar amount, and even more so when the file sample did not.  The average 

change in effectiveness for the entire study was a net positive amount with file specimens having 
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a net change 2 to 3% higher than exposed specimens.  When excluding the products with large 

positive changes due to curing (>10%) the average amount of change was close to zero with file 

specimens remaining 2 to 3% higher than exposed specimens.  This suggests that on average UV 

exposure had already diminished the effectiveness by that amount.  Table 6.4 shows the results 

for change in effectiveness between initial testing and after six months of outdoor exposure. 

Table 6.4 Change in Effectiveness 

 Average % Change 
Excluding Net Gains 

>10% 

Exposed Specimens 15.45 -0.14 

File Specimens 18.58 2.59 

 

 When comparing the effect of surface beading to effectiveness after exposure it is very 

clear that there is no correlation.  Specimens demonstrated the same average amount of 

effectiveness regardless of whether they exhibited the surface beading phenomenon.  Table 6.5 

shows the comparison of surface beading to overall effectiveness at six months. 

Table 6.5 Surface Beading versus Effectiveness after 6 months’ outdoor exposure 

Surface 
Beading Quantity % of Total 

% 
Effectiveness 

Yes 66 51.5625 78.97 

No 62 48.4375 79.35 

 

6.10 Conclusion 

 After testing, several conclusions and recommendations can be made concerning the 

performance of clear penetrating water repellents.  First and foremost, this testing confirms the 

suitability of RILEM tube tests to assess the performance of water repellents.  For the most part, 

RILEM tests predicted a high and low level of effectiveness at reducing the absorption of water.  

This same correlation validates absorption testing as an effective method to determine how 

products will perform in the field.  Surface beading is a superficial effect and is not related to the 
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ability of a water repellent to prevent absorption of water into the substrate.  It is thus an 

unfounded claim that because a treated surface beads water it prevents water infiltration as well.  

Different water repellent products require different amounts of curing time.  While several 

products appeared to reach their peak performance before 14 days, nearly half of the products 

had slight to large changes in effectiveness between 14 days and 6 months.  This suggests that 

these products did not cure fully until after 14 days and possibly only under the aid of solar 

exposure.  While several manufacturers publish curing times, there are still several who do not.  

This information needs to be published to determine a products suitability for a given project.   
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Chapter 7. Conclusion 

 The durability of buildings and their required components cannot be pin pointed to one 

factor.  Durability or the lack of, resulting in premature failure, are a function of several separate 

but inter-related factors.  These factors are model codes and standards, design practices, product 

performance and product installation.  Each of these factors has a critical role before and after a 

building is constructed.  The inability of one of these factors to promote durability will cause a 

premature failure of the building envelope regardless of the effect of the others.  If codes or 

standards do not promote durable construction practices, then neither the designer, product 

manufacturer, nor builder will have the correct tools to promote longevity in buildings.  If a 

designer provides inadequate or defective details, then a builder will be unable to create a 

durable building even when codes, standards and products are up to par.  Products that are unable 

to perform to standard specifications under typical outdoor exposure are not suitable for 

durability even when they may pass standard tests in laboratory conditions.  Builders must 

receive appropriate training to be able to install products in such a way to prevent latent and 

patent defects.   

 The greatest shortfall for model codes and standard specifications and test methods is the 

inability to account for actual weathering.  Several test methods require artificial weathering but 

this may only add up to a couple of months of outdoor exposure at best.  There is no better way 

to test the effect of a combination of factors including, heat, humidity, wind, rain, ultraviolet 

radiation, and others than placing specimens in conditions they will actually encounter in the 

field.  This of course, has a burdensome time requirement which does not typically fit into the 

fast-paced 21st century economy.  Regardless, improvements need to be made to assess to actual 
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performance of products in the in-field conditions even if it requires testing after products have 

been put on the market. 

 The very limited allocation of building funds for professional engineering services can be 

a leading culprit for premature building envelope failure.  Essential details and specifications for 

durable installation are commonly left out under the limited time and resources.  These design 

defects can cost several times the initial engineering cost when a premature failure occurs.  

Engineers and Architects need to realize that the building envelope is just as important if not 

more important than other aspects of a project.  If owners allocate just a fraction more for 

building envelope consulting services, they can save themselves from crippling repairs in the 

future.   

 Many waterproofing products are created to pass standard tests rather than perform as 

components in a system that prevents water infiltration into the building envelope.  Several of 

these products are likely to be reformulated, rebranded and inherently changed before the failures 

that they cause become manifest.  With the majority of products being less than 10 years old it is 

yet to be known which products will stand the test of time to join the ranks with other durable 

building products.  Manufacturers need to be at the forefront, striving to develop products that 

will last rather than cheaply made products that can pass a test and create a profit.   

 Several failures can be attributed to construction defects.  A recent high demand in the 

construction industry has produced a multitude of unskilled laborers who have not had prior 

experience with building envelopes.  Unlike other industries in construction, the building 

envelope requires an immense amount of detail and skill that is critical to the overall 

performance of the building.  These laborers require more training now than ever to build the 

buildings that we expect to last for the next 50 to 100 years.  This training, however, is costlier 
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for contractors and requires an extra investment by the owner.  Training certifications provided 

by the SWRI and other organizations can greatly improve the manner in which these products 

are applied.   

 While the testing at the lab has been primarily focused on the performance of the material 

products, continued research has shown a need for several industry changes.  The creation of 

durable buildings requires an equal effort from all parties.   
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Appendix A – Exterior Plaster Testing Data 

Compressive Strength Testing 

Specimen 
ID Stucco Mix 

Date of 
Mix 

Moist Cure Removal 
Date 

Testing 
Date 

Compressive Strength 
(psi) 

1A C926, Type C 3/29/2016 3/31/2016 4/27/2016 1343 

1B C926, Type C 3/29/2016 3/31/2016 4/27/2016 1267 

1C C926, Type C 3/29/2016 3/31/2016 4/27/2016 1258 

2A 
C926, Type 

CL 3/29/2016 3/31/2016 4/27/2016 751 

2B 
C926, Type 

CL 3/29/2016 3/31/2016 4/27/2016 629 

2C 
C926, Type 

CL 3/29/2016 3/31/2016 4/27/2016 673 

3A C926, Type M 4/4/2016 4/6/2016 5/4/2016 1153 

3B C926, Type M 4/4/2016 4/6/2016 5/4/2016 1196 

3C C926, Type M 4/4/2016 4/6/2016 5/4/2016 1101 

4A 
C926, Type 

CM 4/4/2016 4/6/2016 5/4/2016 1334 

4B 
C926, Type 

CM 4/4/2016 4/6/2016 5/4/2016 1429 

4C 
C926, Type 

CM 4/4/2016 4/6/2016 5/4/2016 1508 

5A 
C926, Type 

MS 4/5/2016 4/7/2016 5/4/2016 1128 

5B 
C926, Type 

MS 4/5/2016 4/7/2016 5/4/2016 1185 

5C 
C926, Type 

MS 4/5/2016 4/7/2016 5/4/2016 1083 

 

 

Shrinkage Testing 

Specimen 
ID Stucco Mix Date of Mix 

Moist Cure 
Removal Date 2 days 7 days 

1A C926, Type C 3/29/2016 3/31/2016 0.0065 0.0028 

1B C926, Type C 3/29/2016 3/31/2016 -0.0636 -0.0675 

1C C926, Type C 3/29/2016 3/31/2016 -0.0351 -0.0384 

1D C926, Type C 3/29/2016 3/31/2016 -0.021 -0.0243 

2A C926, Type CL 3/29/2016 3/31/2016 0.0082 0.0024 

2B C926, Type CL 3/29/2016 3/31/2016 -0.0323 -0.0369 

2C C926, Type CL 3/29/2016 3/31/2016 -0.0295 -0.0521 
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3A C926, Type M 4/5/2016 4/7/2016 -0.0219 -0.0276 

3B C926, Type M 4/5/2016 4/7/2016 -0.0081 -0.0125 

3C C926, Type M 4/5/2016 4/7/2016 -0.0137 - 

4A C926, Type CM 4/4/2016 4/6/2016 -0.0651 -0.0711 

4B C926, Type CM 4/4/2016 4/6/2016 -0.0236 -0.0291 

4C C926, Type CM 4/4/2016 4/6/2016 -0.0224 -0.0278 

4D C926, Type CM 4/4/2016 4/6/2016 -0.0263 -0.0306 

5A C926, Type MS 4/5/2016 4/7/2016 -0.0059 -0.0125 

5B C926, Type MS 4/5/2016 4/7/2016 -0.0064 -0.0129 

5C C926, Type MS 4/5/2016 4/7/2016 -0.0131 -0.0194 

Shrinkage at 7 days 
(in) % Shrinkage at 7 days 14 days 

Shrinkage at 14 
days (in) 

% Shrinkage at 
14 days 

0.0037 0.0329 0.002 0.0045 0.0400 

0.0039 0.0347 -0.068 0.0044 0.0391 

0.0033 0.0293 -0.039 0.0039 0.0347 

0.0033 0.0293 -0.0254 0.0044 0.0391 

0.0058 0.0516 -0.0015 0.0097 0.0862 

0.0046 0.0409 -0.0394 0.0071 0.0631 

0.0226 0.2009 -0.0536 0.0241 0.2142 

0.0057 0.0507 -0.0281 0.0062 0.0551 

0.0044 0.0391 -   

- - -   

0.0060 0.0533 -0.0714 0.0063 0.0560 

0.0055 0.0489 -0.0295 0.0059 0.0524 

0.0054 0.0480 -0.028 0.0056 0.0498 

0.0043 0.0382 -0.0319 0.0056 0.0498 

0.0066 0.0587 -0.0129 0.007 0.0622 

0.0065 0.0578 -0.0132 0.0068 0.0604 

21 Days 
Shrinkage at 21 

days (in) 
% Shrinkage at 

21 days 28 Days 
Shrinkage at 28 

days (in) 
% Shrinkage at 

28 days 

0.0021 0.0044 0.0391 0.0021 0.0044 0.039 

-0.0679 0.0043 0.0382 -0.0679 0.0043 0.038 

-0.0395 0.0044 0.0391 -0.0395 0.0044 0.039 

-0.0254 0.0044 0.0391 -0.0255 0.0045 0.040 
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0.0015 0.0067 0.0596 0.0015 0.0067 0.060 

-0.0393 0.007 0.0622 -0.0394 0.0071 0.063 

-0.0536 0.0241 0.2142 -0.0538 0.0243 0.216 

   -0.0282 0.0063 0.056 

      

      

-0.0715 0.0064 0.0569 -0.0715 0.0064 0.057 

-0.0296 0.006 0.0533 -0.0296 0.006 0.053 

-0.0281 0.0057 0.0507 -0.0281 0.0057 0.051 

-0.032 0.0057 0.0507 -0.032 0.0057 0.051 

-0.013 0.0071 0.0631 -0.013 0.0071 0.063 

-0.0132 0.0068 0.0604 -0.0132 0.0068 0.060 

-0.0201 0.007 0.0622 -0.0201 0.007 0.062 
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Appendix B – Fluid-Applied WRB Crack Bridging Test Data 

Date 
Applied 

Panel 
Numb

er 
Specime
n Number 

Applicato
r Depth 
(mils) 

Dry Film 
Thicknes
s (mils) Date of test 

Initial 
Gage 

Readin
g (in.) 

Final 
Gage 

Reading 
(in.) 

Crack 
width 

at 
failur
e (in.) 

7/21/2015 1 1 50 27 8/13/2015 0.200 0.130 0.070 

7/21/2015 1 2 50 29 8/13/2015 0.200 0.129 0.071 

7/21/2015 1 3 50 27 8/13/2015 0.200 0.125 0.075 

7/21/2015 1 4 50 26         

7/21/2015 1 5 50 26         

7/21/2015 2 1 40 21 8/13/2015 0.200 0.137 0.063 

7/21/2015 2 2 40 22 8/13/2015 0.200 0.144 0.056 

7/21/2015 2 3 40 21 8/13/2015 0.200 0.139 0.061 

7/21/2015 2 4 40 18         

7/21/2015 2 5 40 21         

7/21/2015 3 1 30 15 8/14/2015 0.200 0.148 0.052 

7/21/2015 3 2 30 12 8/14/2015 0.200 0.158 0.042 

7/21/2015 3 3 30 14 8/14/2015 0.200 0.153 0.047 

7/21/2015 3 4 30 16         

7/21/2015 3 5 30 11         

7/21/2015 4 1 25 11 8/14/2015 0.200 0.160 0.040 

7/21/2015 4 2 25 8 8/14/2015 0.200 0.158 0.042 

7/21/2015 4 3 25 11 8/14/2015 0.200 0.158 0.042 

7/21/2015 4 4 25 7         

7/21/2015 4 5 25 10         

7/21/2015 5 1 20 9 8/14/2015 0.200 0.165 0.035 

7/21/2015 5 2 20 5 8/14/2015 0.200 0.161 0.039 

7/21/2015 5 3 20 9 8/14/2015 0.200 0.159 0.041 

7/21/2015 5 4 20 8         

7/21/2015 5 5 20 6         

7/21/2015 6 1 15 5 8/14/2015 0.200 0.169 0.031 

7/21/2015 6 2 15 5 8/14/2015 0.200 0.167 0.033 

7/21/2015 6 3 15 4 8/14/2015 0.200 0.162 0.038 

7/21/2015 6 4 15 4         

7/21/2015 6 5 15 5         

7/21/2015 7 1 10 4 8/14/2015 - -   

7/21/2015 7 2 10 2 8/14/2015 0.200 0.173 0.027 

7/21/2015 7 3 10 2.5 8/14/2015 0.200 0.179 0.021 

7/21/2015 7 4 10 2         
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7/21/2015 7 5 10 2         

7/21/2015 8 1 5 1 8/14/2015 0.200 0.183 0.017 

7/21/2015 8 2 5 1 8/14/2015 0.200 0.183 0.017 

7/21/2015 8 3 5 2.5 8/14/2015 0.200 0.186 0.014 

7/21/2015 8 4 5 1.5         

7/21/2015 8 5 5 1         

7/24/2015 9 1 40 20 8/13/2015 - -   

7/24/2015 9 2 40 21.5 8/13/2015 0.200 0.135 0.065 

7/24/2015 9 3 40 21 8/13/2015 0.200 0.131 0.069 

7/24/2015 9 4 40 23         

7/24/2015 9 5 40 22         

7/24/2015 10 1 20 10 8/14/2015 0.200 0.164 0.036 

7/24/2015 10 2 20 11 8/14/2015 0.200 0.170 0.030 

7/24/2015 10 3 20 10 8/14/2015 0.200 0.160 0.040 

7/24/2015 10 4 20 10         

7/24/2015 10 5 20 10         

8/10/2015 11 1 50 28 9/1/2015 0.200 0.122 0.078 

8/10/2015 11 2 50 28.5 9/1/2015 0.200 0.121 0.079 

8/10/2015 11 3 50 29 9/1/2015 0.200 0.115 0.085 

8/10/2015 11 4 50 30         

8/10/2015 11 5 50 29         

8/10/2015 12 1 40 23 9/1/2015 0.200 0.121 0.065 

8/10/2015 12 2 40 22 9/1/2015 0.200 0.136 0.064 

8/10/2015 12 3 40 23 9/1/2015 0.200 0.135 0.065 

8/10/2015 12 4 40 23         

8/10/2015 12 5 40 23         

8/10/2015 13 1 30 18 9/1/2015 0.200 0.139 0.061 

8/10/2015 13 2 30 18 9/1/2015 0.200 0.145 0.055 

8/10/2015 13 3 30 18 9/1/2015 0.200 0.145 0.055 

8/10/2015 13 4 30 18         

8/10/2015 13 5 30 18         

8/7/2015 14 1 20 10 9/1/2015 0.200 0.159 0.041 

8/7/2015 14 2 20 11 9/1/2015 0.200 0.160 0.040 

8/7/2015 14 3 20 12 9/1/2015 0.200 0.160 0.040 

8/7/2015 14 4 20 11.5         

8/7/2015 14 5 20 10.5         

8/10/2015 15 1 10 6 9/1/2015 0.200 0.176 0.024 

8/10/2015 15 2 10 6.5 9/1/2015 0.200 0.175 0.025 

8/10/2015 15 3 10 6 9/1/2015 0.200 0.176 0.024 

8/10/2015 15 4 10 6         

8/10/2015 15 5 10 6         

8/14/2015 16 1 50 18.5 9/4/2015 0.200 0.174 0.026 

8/14/2015 16 2 50 20 9/4/2015 0.200 0.170 0.030 

8/14/2015 16 3 50 20 9/4/2015 0.200 0.167 0.033 

8/14/2015 16 4 50 20.5         

8/14/2015 16 5 50 19         

8/14/2015 17 1 40 16 9/4/2015 0.200 0.171 0.029 

8/14/2015 17 2 40 17 9/4/2015 0.200 0.169 0.031 
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8/14/2015 17 3 40 16.5 9/4/2015 0.200 0.169 0.031 

8/14/2015 17 4 40 16         

8/14/2015 17 5 40 15         

8/14/2015 18 1 30 11 9/4/2015 0.200 0.180 0.020 

8/14/2015 18 2 30 11 9/4/2015 0.200 0.175 0.025 

8/14/2015 18 3 30 12 9/4/2015 0.200 0.169 0.031 

8/14/2015 18 4 30 11         

8/14/2015 18 5 30 12         

8/14/2015 19 1 20 8.5 9/4/2015 0.200 0.177 0.023 

8/14/2015 19 2 20 8 9/4/2015 0.200 0.183 0.017 

8/14/2015 19 3 20 8.5 9/4/2015 0.200 0.185 0.015 

8/14/2015 19 4 20 8         

8/14/2015 19 5 20 9         

8/14/2015 20 1 10 -         

8/14/2015 20 2 10 -         

8/14/2015 20 3 10 -         

8/14/2015 20 4 10 -         

8/14/2015 20 5 10 -         

9/1/2015 21 1 50 31 9/24/2015 0.200 0.076 0.124 

9/1/2015 21 2 50 32 9/24/2015 0.200 0.081 0.119 

9/1/2015 21 3 50 31 9/24/2015 0.200 0.075 0.125 

9/1/2015 21 4 50 32         

9/1/2015 21 5 50 31         

9/1/2015 22 1 40 27 9/24/2015 0.200 0.112 0.088 

9/1/2015 22 2 40 26 9/24/2015 0.200 0.123 0.077 

9/1/2015 22 3 40 25 9/24/2015 0.200 0.107 0.093 

9/1/2015 22 4 40 25         

9/1/2015 22 5 40 26         

9/1/2015 23 1 30 21 9/24/2015 0.200 0.115 0.085 

9/1/2015 23 2 30 20 9/24/2015 0.200 0.115 0.085 

9/1/2015 23 3 30 20 9/24/2015 0.200 0.122 0.078 

9/1/2015 23 4 30 20         

9/1/2015 23 5 30 21         

9/1/2015 24 1 20 13 9/24/2015 0.200 0.130 0.070 

9/1/2015 24 2 20 13 9/24/2015 0.200 0.151 0.049 

9/1/2015 24 3 20 16 9/24/2015 0.200 0.144 0.056 

9/1/2015 24 4 20 12         

9/1/2015 24 5 20 -         

9/1/2015 25 1 10 7.5 9/24/2015 0.200 0.182 0.018 

9/1/2015 25 2 10 6.5 9/24/2015 0.200 0.175 0.025 

9/1/2015 25 3 10 8 9/24/2015 0.200 0.185 0.015 

9/1/2015 25 4 10 6         

9/1/2015 25 5 10 -         

10/27/2015 26 1 50 17 11/19/2015 0.200 0.045 0.155 

10/27/2015 26 2 50 18 11/19/2015 0.200 0.030 0.170 

10/27/2015 26 3 50 19 11/19/2015 0.200 0.020 0.180 

10/27/2015 26 4 50 18         

10/27/2015 26 5 50 18         
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10/27/2015 27 1 40 14 11/19/2015 0.200 0.075 0.125 

10/27/2015 27 2 40 15 11/19/2015 0.200 0.065 0.135 

10/27/2015 27 3 40 15 11/19/2015 0.200 0.020 0.180 

10/27/2015 27 4 40 15         

10/27/2015 27 5 40 15         

10/27/2015 28 1 30 10 11/19/2015 0.200 0.088 0.112 

10/27/2015 28 2 30 11 11/19/2015 0.200 0.067 0.133 

10/27/2015 28 3 30 11 11/19/2015 0.200 0.081 0.119 

10/27/2015 28 4 30 11         

10/27/2015 28 5 30 12         

10/27/2015 29 1 20 8.5 11/19/2015 0.200 0.135 0.065 

10/27/2015 29 2 20 8 11/19/2015 0.200 0.134 0.066 

10/27/2015 29 3 20 7.5 11/19/2015 0.200 0.133 0.067 

10/27/2015 29 4 20 8         

10/27/2015 29 5 20 8.5         

10/27/2015 30 1 50 + 40 36 11/19/2015 3.664 4.185 0.521 

10/27/2015 30 2 50 + 40 35 11/19/2015 3.810 4.574 0.764 

10/27/2015 30 3 50 + 40 35 11/19/2015 3.876 4.603 0.727 

10/27/2015 30 4 50 + 40 34         

10/27/2015 30 5 50 + 40 33         

10/27/2015 31 1 50 + 20 27 11/19/2015 3.866 4.373 0.507 

10/27/2015 31 2 50 + 20 28 11/19/2015 3.829 4.315 0.486 

10/27/2015 31 3 50 + 20 27 11/19/2015 3.859 4.438 0.579 

10/27/2015 31 4 50 + 20 26         

10/27/2015 31 5 50 + 20 27         

10/27/2015 32 1 50 18 11/19/2015 3.991 4.338 0.347 

10/27/2015 32 2 50 18 11/19/2015 3.802 4.167 0.365 

10/27/2015 32 3 50 17 11/19/2015 3.869 4.231 0.362 

10/27/2015 32 4 50 17         

10/27/2015 32 5 50 17         

10/27/2015 33 1 30 11 11/19/2015 3.820 3.926 0.106 

10/27/2015 33 2 30 12 11/19/2015 3.800 3.925 0.125 

10/27/2015 33 3 30 11 11/19/2015 3.812 3.931 0.119 

10/27/2015 33 4 30 12         

10/27/2015 33 5 30 11         
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Appendix C – Water Repellent Testing Data 

Specimen 
ID 

Date of 
Application 

Dry 
Weight 

(g) 

Wet 
Treated 
Weight 

(g) 

Product 
Applied 

(g) 

Dry 
Treated 
Weight 
(g) - 6 
days 

Dry 
Treated 
Weight 
(g) - 7 
days 

% 
Change 

from 
Day 6 
to Day 

7 

1A 1/7/2016 142.66 147.87 5.21 142.9 142.88 0.014 

1B 1/7/2016 143.20 148.82 5.62 143.49 143.47 0.014 

1C 1/7/2016 143.54 148.31 4.77 143.81 143.78 0.021 

1D 1/7/2016 143.33 148.56 5.23 143.59 143.57 0.014 

2A 1/7/2016 144.02 149 4.98 144.41 144.39 0.014 

2B 1/7/2016 143.59 148.95 5.36 144 143.99 0.007 

2C 1/7/2016 142.90 147.35 4.45 143.28 143.26 0.014 

2D 1/7/2016 143.84 148.65 4.81 144.25 144.22 0.021 

3A 1/7/2016 145.03 149.12 4.09 145.25 145.24 0.007 

3B 1/7/2016 154.35 159.02 4.67 154.6 154.59 0.006 

3C 1/7/2016 143.50 147.59 4.09 143.75 143.73 0.014 

3D 1/7/2016 144.49 147.88 3.39 144.69 144.67 0.014 

4A 1/7/2016 144.37 148.1 3.73 144.79 144.78 0.007 

4B 1/7/2016 144.50 148.57 4.07 144.95 144.94 0.007 

4C 1/7/2016 144.20 147.82 3.62 144.59 144.59 0.000 

4D 1/7/2016 156.36 161.29 4.93 156.86 156.86 0.000 

5A 1/7/2016 144.17 146.26 2.09 144.6 144.58 0.014 

5B 1/7/2016 144.45 146.72 2.27 144.89 144.88 0.007 

5C 1/7/2016 131.00 133.06 2.06 131.42 131.4 0.015 

5D 1/7/2016 154.97 157.5 2.53 155.48 155.46 0.013 

6A 1/7/2016 130.88 134.66 3.78 131.99 131.96 0.023 

6B 1/7/2016 154.97 159.7 4.73 156.39 156.35 0.026 

6C 1/7/2016 143.82 147.68 3.86 144.97 144.94 0.021 

6D 1/7/2016 141.35 149.2 7.85 143.67 143.63 0.028 

7A 1/7/2016 129.23 132.81 3.58 129.67 129.64 0.023 

7B 1/7/2016 140.40 146.64 6.24 141.13 141.1 0.021 

7C 1/7/2016 129.22 132.68 3.46 129.64 129.64 0.000 

7D 1/7/2016 143.47 147.13 3.66 143.92 143.93 0.007 

8A 1/7/2016 144.42 148.55 4.13 144.71 144.73 0.014 

8B 1/7/2016 143.48 148.13 4.65 143.78 143.8 0.014 

8C 1/7/2016 151.56 155.71 4.15 151.86 151.86 0.000 

8D 1/7/2016 131.00 135.07 4.07 131.27 131.27 0.000 

9A 1/7/2016 131.05 134.81 3.76 131.71 131.7 0.008 
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9B 1/7/2016 141.98 148 6.02 143.04 143.04 0.000 

9C 1/7/2016 143.20 146.96 3.76 143.88 143.86 0.014 

9D 1/7/2016 142.26 147.97 5.71 143.3 143.29 0.007 

10A 1/7/2016 150.47 155.74 5.27 150.68 150.68 0.000 

10B 1/7/2016 154.72 160.67 5.95 154.99 154.98 0.006 

10C 1/7/2016 155.57 161.28 5.71 155.83 155.82 0.006 

10D 1/7/2016 154.40 160.38 5.98 154.65 154.65 0.000 

11A 1/7/2016 143.74 148.12 4.38 143.99 143.98 0.007 

11B 1/7/2016 143.36 147.82 4.46 143.63 143.62 0.007 

11C 1/7/2016 154.76 159.8 5.04 155.05 155.03 0.013 

11D 1/7/2016 134.03 137.96 3.93 134.26 134.25 0.007 

12A 1/7/2016 143.31 148.19 4.88 143.94 143.92 0.014 

12B 1/7/2016 154.30 159.67 5.37 155 154.94 0.039 

12C 1/7/2016 150.49 155.28 4.79 151.09 151.07 0.013 

12D 1/7/2016 155.16 160.12 4.96 155.82 155.79 0.019 

13A 1/7/2016 154.88 160.97 6.09 156.1 156.07 0.019 

13B 1/7/2016 143.51 148.91 5.40 144.64 144.6 0.028 

13C 1/7/2016 143.05 148.68 5.63 144.2 144.18 0.014 

13D 1/7/2016 144.12 150.25 6.13 145.61 145.59 0.014 

14A 1/7/2016 154.34 158.37 4.03 155.18 155.15 0.019 

14B 1/7/2016 144.49 147.89 3.40 145.2 145.18 0.014 

14C 1/7/2016 144.69 148.68 3.99 145.48 145.46 0.014 

14D 1/7/2016 144.69 148.75 4.06 145.44 145.43 0.007 

15A 1/7/2016 143.06 145.45 2.39 143.29 143.27 0.014 

15B 1/7/2016 144.07 146.4 2.33 144.32 144.32 0.000 

15C 1/7/2016 144.76 147.1 2.34 145.02 145.02 0.000 

15D 1/7/2016 143.52 145.7 2.18 143.76 143.75 0.007 

16A 1/7/2016 143.68 145.98 2.30 143.98 143.98 0.000 

16B 1/7/2016 143.08 145.48 2.40 143.37 143.38 0.007 

16C 1/7/2016 144.07 146.77 2.70 144.39 144.29 0.069 

16D 1/7/2016 134.29 136.74 2.45 134.57 134.57 0.000 

17A 1/18/2016 133.71 137.14 3.43 134.25 134.22 0.022 

17B 1/18/2016 134.59 137.6 3.01 135.09 135.06 0.022 

17C 1/18/2016 134.97 138.25 3.28 135.5 135.47 0.022 

17D 1/18/2016 134.00 137.25 3.25 134.51 134.46 0.037 

18A 1/18/2016 135.30 138.68 3.38 135.44 135.4 0.030 

18B 1/18/2016 136.56 139.94 3.38 136.69 136.64 0.037 

18C 1/18/2016 135.26 138.45 3.19 135.39 135.35 0.030 

18D 1/18/2016 135.67 138.8 3.13 135.78 135.75 0.022 

19A 1/18/2016 130.14 131.78 1.64 130.21 130.19 0.015 

19B 1/18/2016 137.43 138.92 1.49 137.52 137.47 0.036 

19C 1/18/2016 137.04 138.57 1.53 137.13 137.08 0.036 

19D 1/18/2016 137.73 139.17 1.44 137.81 137.78 0.022 

20A 1/18/2016 138.31 140.52 2.21 138.98 138.91 0.050 

20B 1/18/2016 137.37 139.75 2.38 138.12 138.06 0.043 

20C 1/18/2016 137.55 140.01 2.46 138.3 138.22 0.058 

20D 1/18/2016 130.05 132.6 2.55 130.82 130.75 0.054 

21A 1/18/2016 137.86 141.35 3.49 138.1 138.06 0.029 
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21B 1/18/2016 137.73 141.59 3.86 137.99 137.95 0.029 

21C 1/18/2016 137.47 140.86 3.39 137.71 137.66 0.036 

21D 1/18/2016 137.73 141.33 3.60 137.97 137.94 0.022 

22A 1/18/2016 137.87 142.54 4.67 138.89 138.82 0.050 

22C 1/18/2016 129.71 132.94 3.23 130.45 130.41 0.031 

22B 1/18/2016 129.48 132.96 3.48 130.3 130.23 0.054 

22D 1/18/2016 129.77 133.45 3.68 130.59 130.54 0.038 

23A 1/18/2016 137.1 139.92 2.82 137.26 137.21 0.036 

23B 1/18/2016 130.21 134.06 3.85 130.39 130.36 0.023 

23C 1/18/2016 135.3 139.12 3.82 135.49 135.45 0.030 

23D 1/18/2016 135.7 139.65 3.95 135.89 135.85 0.029 

24A 1/18/2016 134.13 136.69 2.56 134.7 134.67 0.022 

24B 1/18/2016 134.58 137.31 2.73 135.17 135.13 0.030 

24C 1/18/2016 134.09 136.56 2.47 134.63 134.59 0.030 

24D 1/18/2016 128.94 131.25 2.31 129.47 129.42 0.039 

25A 1/18/2016 134.09 136.4 2.31 134.26 134.22 0.030 

25B 1/18/2016 135.78 137.95 2.17 135.95 135.91 0.029 

25C 1/18/2016 135.51 137.95 2.44 135.69 135.66 0.022 

25D 1/18/2016 135.29 137.47 2.18 135.46 135.43 0.022 

26A 1/18/2016 134.78 136.92 2.14 135.02 134.98 0.030 

26B 1/18/2016 135.28 137.19 1.91 135.5 135.46 0.030 

26C 1/18/2016 136.05 138.11 2.06 136.28 136.23 0.037 

26D 1/18/2016 134.58 136.62 2.04 134.8 134.78 0.015 

27A 1/18/2016 135.00 137.93 2.93 135.15 135.11 0.030 

27B 1/18/2016 134.48 137 2.52 134.61 134.57 0.030 

27C 1/18/2016 135.24 138.01 2.77 135.39 135.35 0.030 

27D 1/18/2016 137.47 140.31 2.84 137.61 137.6 0.007 

28A 1/18/2016 136.61 139.14 2.53 137.31 137.21 0.073 

28B 1/18/2016 137.34 139.72 2.38 137.95 137.86 0.065 

28C 1/18/2016 136.86 139.43 2.57 137.56 137.47 0.065 

28D 1/18/2016 137.12 139.4 2.28 137.65 137.56 0.065 

29A 1/18/2016 136.97 140.3 3.33 139.96 139.85 0.079 

29B 1/18/2016 137.31 140.55 3.24 140.17 140.07 0.071 

29C 1/18/2016 137.01 140.59 3.58 140.19 140.1 0.064 

29D 1/18/2016 137.19 140.47 3.28 140.1 139.99 0.079 

30A 1/18/2016 137.23 140.22 2.99 138.6 138.51 0.065 

30B 1/18/2016 137.35 140.26 2.91 138.67 138.59 0.058 

30C 1/18/2016 137.58 140.6 3.02 138.96 138.87 0.065 

30D 1/18/2016 137.29 140.18 2.89 138.56 138.46 0.072 

31A 2/11/2016 152.28 157.33 5.05 153.23 153.08 0.098 

31B 2/11/2016 153.32 158.37 5.05 154.86 154.59 0.174 

31C 2/11/2016 152.82 157.55 4.73 154.09 153.85 0.156 

31D 2/11/2016 152.95 157.63 4.68 154.27 154 0.175 

32A 2/11/2016 152.33 155 2.67 152.57 152.62 0.033 

32B 2/11/2016 151.99 154.68 2.69 152.24 152.29 0.033 

32C 2/11/2016 152.75 155.5 2.75 152.99 153.06 0.046 

32D 2/11/2016 152.29 154.79 2.50 152.49 152.58 0.059 
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Specim
en ID 

Surfa
ce 

Bead
ing 

(Y/N) 
Date of 
Testing 

20 
Minut

e 
RILE

M 
Loss 
(mL) 

48-hour 
Saturate

d 
Weight 

(g) 
Absorpti

on (g) 
Absorpti
on (%) 

Effectiven
ess (%) 

Date of 
Exposure 

1A N 1/21/2016 None 145.56 2.68 1.88 81.73 1/25/2016 

1B N 1/21/2016 None 145.33 1.86 1.30 87.37 1/25/2016 

1C N 1/21/2016 None 145.67 1.89 1.31 87.20 1/25/2016 

1D N 1/21/2016 None 145.37 1.8 1.25 87.79 1/25/2016 

2A N 1/21/2016 None 146.06 1.67 1.16 88.73 1/25/2016 

2B N 1/21/2016 None 145.63 1.64 1.14 88.91 1/25/2016 

2C N 1/21/2016 None 144.9 1.64 1.14 88.85 1/25/2016 

2D N 1/21/2016 None 145.88 1.66 1.15 88.79 1/25/2016 

3A Y 1/21/2016 None 146.95 1.71 1.18 88.53 1/25/2016 

3B Y 1/21/2016 None 156.62 2.03 1.31 87.21 1/25/2016 

3C Y 1/21/2016 None 145.46 1.73 1.20 88.28 1/25/2016 

3D Y 1/21/2016 None 146.43 1.76 1.22 88.15 1/25/2016 

4A N 1/21/2016 None 145.88 1.1 0.76 92.60 1/25/2016 

4B N 1/21/2016 None 146.1 1.16 0.80 92.20 1/25/2016 

4C N 1/21/2016 None 145.69 1.1 0.76 92.59 1/25/2016 

4D Y 1/21/2016 None 158.25 1.39 0.89 91.37 1/25/2016 

5A Y 1/21/2016 None 158 13.42 9.28 9.59 1/25/2016 

5B Y 1/21/2016 None 158.89 14.01 9.67 5.80 1/25/2016 

5C Y 1/21/2016 0.5 144.3 12.9 9.82 4.38 1/25/2016 

5D Y 1/21/2016 None 170.03 14.57 9.37 8.71 1/25/2016 

6A N 1/21/2016 None 133.55 1.59 1.20 88.26 1/25/2016 

6B N 1/21/2016 None 158.17 1.82 1.16 88.66 1/25/2016 

6C Y 1/21/2016 None 146.33 1.39 0.96 90.66 1/25/2016 

6D N 1/21/2016 None 145.69 2.06 1.43 86.03 1/25/2016 

7A Y 1/21/2016 None 130.85 1.21 0.93 90.91 1/25/2016 

7B Y 1/21/2016 None 143.97 2.87 2.03 80.19 1/25/2016 

7C Y 1/21/2016 None 131.07 1.43 1.10 89.25 1/25/2016 

7D Y 1/21/2016 None 145.34 1.41 0.98 90.46 1/25/2016 

8A Y 1/21/2016 None 146.2 1.47 1.02 90.10 1/25/2016 

8B Y 1/21/2016 None 145.47 1.67 1.16 88.68 1/25/2016 

8C Y 1/21/2016 None 153.24 1.38 0.91 91.15 1/25/2016 

8D Y 1/21/2016 None 132.73 1.46 1.11 89.17 1/25/2016 

9A Y 1/23/2016 .20* 132.54 0.84 0.64 93.79 1/25/2016 

9B Y 1/23/2016   145.24 2.2 1.54 85.02 1/25/2016 

9C Y 1/23/2016   145 1.14 0.79 92.28 1/25/2016 

9D Y 1/23/2016   145.36 2.07 1.44 85.93 1/25/2016 

10A Y 1/23/2016 .40* 161.3 10.62 7.05 31.34 1/25/2016 

10B Y 1/23/2016   167.56 12.58 8.12 20.93 1/25/2016 

10C Y 1/23/2016   168.54 12.72 8.16 20.48 1/25/2016 

10D Y 1/23/2016   167.38 12.73 8.23 19.81 1/25/2016 

11A N 1/23/2016 .55* 157.65 13.67 9.49 7.51 1/25/2016 

11B N 1/23/2016   157.45 13.83 9.63 6.20 1/25/2016 
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11C N 1/23/2016   169.03 14 9.03 12.04 1/25/2016 

11D N 1/23/2016   146.51 12.26 9.13 11.04 1/25/2016 

12A Y 1/23/2016 None 158.44 14.52 10.09 1.73 1/25/2016 

12B Y 1/23/2016   168.11 13.17 8.50 17.23 1/25/2016 

12C Y 1/23/2016   163.63 12.56 8.31 19.02 1/25/2016 

12D Y 1/23/2016   170.95 15.16 9.73 5.22 1/25/2016 

13A Y 1/23/2016 None 171.18 15.11 9.68 5.70 1/25/2016 

13B Y 1/23/2016   158.88 14.28 9.87 3.82 1/25/2016 

13C Y 1/23/2016   156.91 12.73 8.83 14.00 1/25/2016 

13D Y 1/23/2016   159.61 14.02 9.63 6.20 1/25/2016 

14A Y 1/23/2016 None 160.09 4.94 3.18 68.99 1/25/2016 

14B Y 1/23/2016   147.93 2.75 1.89 81.55 1/25/2016 

14C Y 1/23/2016   148.02 2.56 1.76 82.86 1/25/2016 

14D Y 1/23/2016   147.63 2.2 1.51 85.26 1/25/2016 

15A Y 1/23/2016 None 157.51 14.24 9.94 3.19 1/25/2016 

15B Y 1/23/2016   158.87 14.55 10.08 1.79 1/25/2016 

15C Y 1/23/2016   159.65 14.63 10.09 1.72 1/25/2016 

15D Y 1/23/2016   158.41 14.66 10.20 0.66 1/25/2016 

16A Y 1/23/2016 None 158.48 14.5 10.07 1.89 1/25/2016 

16B Y 1/23/2016   157.31 13.93 9.72 5.35 1/25/2016 

16C Y 1/23/2016   158.21 13.92 9.64 6.08 1/25/2016 

16D Y 1/23/2016   147.07 12.5 9.29 9.51 1/25/2016 

17A Y 2/1/2016 None 140.47 6.25 4.66 54.65 2/3/2016 

17B Y 2/1/2016   139.68 4.62 3.42 66.68 2/3/2016 

17C Y 2/1/2016   138.62 3.15 2.32 77.35 2/3/2016 

17D Y 2/1/2016   139.83 5.37 3.99 61.11 2/3/2016 

18A N 2/1/2016 1.4* 149.7 14.3 10.56 -2.86 2/3/2016 

18B N 2/1/2016   150.79 14.15 10.35 -0.85 2/3/2016 

18C N 2/1/2016   150.19 14.84 10.96 -6.78 2/3/2016 

18D N 2/1/2016   150 14.25 10.49 -2.24 2/3/2016 

19A Y 2/1/2016 None 133.33 3.14 2.41 76.51 2/3/2016 

19B Y 2/1/2016   141.58 4.11 2.99 70.88 2/3/2016 

19C Y 2/1/2016   143.88 6.8 4.96 51.69 2/3/2016 

19D Y 2/1/2016   143.17 5.39 3.91 61.90 2/3/2016 

20A N 2/1/2016 None 145.43 6.52 4.69 54.30 2/3/2016 

20B N 2/1/2016   144.5 6.44 4.66 54.58 2/3/2016 

20C N 2/1/2016   144.96 6.74 4.87 52.52 2/3/2016 

20D N 2/1/2016   139.86 9.11 6.96 32.16 2/3/2016 

21A Y 2/1/2016 None 139.69 1.63 1.18 88.50 2/3/2016 

21B Y 2/1/2016   139.53 1.58 1.15 88.85 2/3/2016 

21C Y 2/1/2016   139.27 1.61 1.17 88.61 2/3/2016 

21D N 2/1/2016   139.4 1.46 1.06 89.69 2/3/2016 

22A N 2/1/2016 None 139.89 1.07 0.77 92.49 2/3/2016 

22C N 2/1/2016   131.49 1.08 0.83 91.93 2/3/2016 

22B N 2/1/2016   131.25 1.02 0.78 92.37 2/3/2016 

22D N 2/1/2016   131.41 0.87 0.67 93.51 2/3/2016 

23A Y 2/1/2016 None 138.65 1.44 1.05 89.78 2/3/2016 

23B Y 2/1/2016   133.06 2.7 2.07 79.83 2/3/2016 
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23C Y 2/1/2016   138.41 2.96 2.18 78.72 2/3/2016 

23D Y 2/1/2016   139.16 3.31 2.44 76.27 2/3/2016 

24A Y 2/1/2016 None 143.62 8.95 6.64 35.27 2/3/2016 

24B Y 2/1/2016   144.12 8.99 6.65 35.21 2/3/2016 

24C Y 2/1/2016   143.13 8.54 6.34 38.20 2/3/2016 

24D Y 2/1/2016   137.33 7.91 6.11 40.48 2/3/2016 

25A Y 2/1/2016 None 136.46 2.24 1.67 83.75 2/3/2016 

25B Y 2/1/2016   138.08 2.17 1.60 84.45 2/3/2016 

25C Y 2/1/2016   137.86 2.2 1.62 84.21 2/3/2016 

25D Y 2/1/2016   137.65 2.22 1.64 84.03 2/3/2016 

26A Y 2/1/2016 None 137.55 2.57 1.90 81.46 2/3/2016 

26B N 2/1/2016   137.91 2.45 1.81 82.39 2/3/2016 

26C N 2/1/2016   138.71 2.48 1.82 82.27 2/3/2016 

26D Y 2/1/2016   137.27 2.49 1.85 82.01 2/3/2016 

27A N 2/1/2016 None 136.86 1.75 1.29 87.39 2/3/2016 

27B N 2/1/2016   135.99 1.42 1.05 89.72 2/3/2016 

27C N 2/1/2016   136.66 1.31 0.97 90.57 2/3/2016 

27D N 2/1/2016   138.86 1.26 0.92 91.08 2/3/2016 

28A N 2/1/2016 None 141.12 3.91 2.85 72.26 2/3/2016 

28B N 2/1/2016   141.63 3.77 2.73 73.38 2/3/2016 

28C N 2/1/2016   141.8 4.33 3.15 69.34 2/3/2016 

28D N 2/1/2016   141.27 3.71 2.70 73.74 2/3/2016 

29A Y 2/1/2016 None 140.56 0.71 0.51 95.06 2/3/2016 

29B Y 2/1/2016   140.77 0.7 0.50 95.13 2/3/2016 

29C Y 2/1/2016   140.73 0.63 0.45 95.62 2/3/2016 

29D Y 2/1/2016   140.73 0.74 0.53 94.85 2/3/2016 

30A N 2/1/2016 None 139.84 1.33 0.96 90.65 2/3/2016 

30B N 2/1/2016   139.88 1.29 0.93 90.94 2/3/2016 

30C N 2/1/2016   140.25 1.38 0.99 90.33 2/3/2016 

30D N 2/1/2016   139.75 1.29 0.93 90.93 2/3/2016 

31A N 2/24/2016 None 156.93 3.85 2.51 75.52 2/26/2016 

31B N 2/24/2016   157.67 3.08 1.99 80.62 2/26/2016 

31C N 2/24/2016   156.86 3.01 1.95 80.97 2/26/2016 

31D N 2/24/2016   156.86 2.86 1.85 81.94 2/26/2016 

32A Y 2/24/2016 None 153.55 0.93 0.61 94.06 2/26/2016 

32B Y 2/24/2016   153.27 0.98 0.64 93.73 2/26/2016 

32C Y 2/24/2016   154.03 0.97 0.63 93.82 2/26/2016 

32D Y 2/24/2016   153.63 1.05 0.69 93.29 2/26/2016 
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1A 7/22/2016 N 0 142.73 144.26 1.53 1.07 89.56 07/25/2016 

1B 7/22/2016 N   143.3 144.72 1.42 0.99 90.35 07/25/2016 

1C 7/22/2016 N   143.64 145.05 1.41 0.98 90.44 07/25/2016 

1D 7/22/2016 N   143.43 144.58 1.15 0.80 92.19 07/25/2016 
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2A 7/22/2016 N 0 144.26 145.93 1.67 1.16 88.72 07/25/2016 

2B 7/22/2016 N   143.87 145.49 1.62 1.13 89.03 07/25/2016 

2C 7/22/2016 N   143.14 144.81 1.67 1.17 88.63 07/25/2016 

2D 7/22/2016 N   144.16 145.36 1.2 0.83 91.89 07/25/2016 

3A 7/22/2016 N 0 145.1 146.53 1.43 0.99 90.40 07/25/2016 

3B 7/22/2016 N   154.45 155.94 1.49 0.96 90.60 07/25/2016 

3C 7/22/2016 N   143.6 144.98 1.38 0.96 90.64 07/25/2016 

3D 7/22/2016 Y   144.54 145.7 1.16 0.80 92.18 07/25/2016 

4A 7/22/2016 N 0 144.63 146.09 1.46 1.01 90.17 07/25/2016 

4B 7/22/2016 N   144.77 146.35 1.58 1.09 89.37 07/25/2016 

4C 7/22/2016 N   144.43 146.02 1.59 1.10 89.28 07/25/2016 

4D 7/22/2016 N   156.66 157.95 1.29 0.82 91.98 07/25/2016 

5A 7/22/2016 Y 0 144.5 152.31 7.81 5.40 47.35 07/25/2016 

5B 7/22/2016 Y   144.76 151.75 6.99 4.83 52.96 07/25/2016 

5C 7/22/2016 Y   131.28 142.59 11.31 8.62 16.07 07/25/2016 

5D 7/22/2016 Y   155.38 162.68 7.3 4.70 54.23 07/25/2016 

6A 7/22/2016 N 0 131.42 133.63 2.21 1.68 83.62 07/25/2016 

6B 7/22/2016 N   155.73 157.88 2.15 1.38 86.55 07/25/2016 

6C 7/22/2016 N   144.41 146.41 2 1.38 86.51 07/25/2016 

6D 7/22/2016 N   142.72 145.12 2.4 1.68 83.62 07/25/2016 

7A 7/22/2016 Y 0 129.5 130.76 1.26 0.97 90.52 07/25/2016 

7B 7/22/2016 Y   140.97 143.4 2.43 1.72 83.21 07/25/2016 

7C 7/22/2016 Y   129.48 130.78 1.3 1.00 90.22 07/25/2016 

7D 7/22/2016 Y   143.77 144.83 1.06 0.74 92.82 07/25/2016 

8A 7/22/2016 Y 0 144.57 146.02 1.45 1.00 90.23 07/25/2016 

8B 7/22/2016 Y   143.65 145.22 1.57 1.09 89.35 07/25/2016 

8C 7/22/2016 Y   151.73 153.25 1.52 1.00 90.24 07/25/2016 

8D 7/22/2016 Y   131.16 132.06 0.9 0.69 93.32 07/25/2016 

9A 7/22/2016 Y 0 131.53 132.45 0.92 0.70 93.19 07/25/2016 

9B 7/22/2016 Y   142.88 144.62 1.74 1.22 88.14 07/25/2016 

9C 7/22/2016 Y   143.69 144.69 1 0.70 93.22 07/25/2016 

9D 7/22/2016 Y   143.17 144.77 1.6 1.12 89.11 07/25/2016 

10A 7/22/2016 Y 0 150.57 156.06 5.49 3.65 64.48 07/25/2016 

10B 7/22/2016 Y   154.83 163.95 9.12 5.89 42.62 07/25/2016 

10C 7/22/2016 Y   155.69 165.69 10 6.42 37.43 07/25/2016 

10D 7/22/2016 Y   154.53 159.82 5.29 3.42 66.65 07/25/2016 

11A 7/22/2016 N 0 143.74 145.36 1.62 1.13 89.02 07/25/2016 

11B 7/22/2016 N   143.41 145 1.59 1.11 89.20 07/25/2016 

11C 7/22/2016 N   154.79 156.64 1.85 1.20 88.36 07/25/2016 

11D 7/22/2016 N   134.08 138.22 4.14 3.09 69.92 07/25/2016 

12A 7/22/2016 Y 0 143.76 155.96 12.2 8.49 17.33 07/25/2016 

12B 7/22/2016 Y   154.81 158.34 3.53 2.28 77.79 07/25/2016 

12C 7/22/2016 Y   150.92 161.58 10.66 7.06 31.19 07/25/2016 

12D 7/22/2016 Y   155.66 162.51 6.85 4.40 57.13 07/25/2016 

13A 7/22/2016 N 0 155.86 170.91 15.05 9.66 5.93 07/25/2016 

13B 7/22/2016 N   144.43 158.79 14.36 9.94 3.14 07/25/2016 

13C 7/22/2016 N   144.02 158.23 14.21 9.87 3.88 07/25/2016 

13D 7/22/2016 Y   145.4 159 13.6 9.35 8.88 07/25/2016 
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14A 7/22/2016 N 0 155.02 156.4 1.38 0.89 91.33 07/25/2016 

14B 7/22/2016 N   145.05 146.21 1.16 0.80 92.21 07/25/2016 

14C 7/22/2016 N   145.3 146.45 1.15 0.79 92.29 07/25/2016 

14D 7/22/2016 Y   145.3 146.41 1.11 0.76 92.56 07/25/2016 

15A 7/22/2016 Y 0 143.13 145.19 2.06 1.44 85.98 07/25/2016 

15B 7/22/2016 Y   144.16 146.15 1.99 1.38 86.55 07/25/2016 

15C 7/22/2016 Y   144.86 146.78 1.92 1.33 87.09 07/25/2016 

15D 7/22/2016 Y   143.61 145.82 2.21 1.54 85.01 07/25/2016 

16A 7/22/2016 Y 0 143.82 145.72 1.9 1.32 87.13 07/25/2016 

16B 7/22/2016 Y   143.23 145.09 1.86 1.30 87.35 07/25/2016 

16C 7/22/2016 Y   144.23 146.34 2.11 1.46 85.75 07/25/2016 

16D 7/22/2016 Y   134.43 136.09 1.66 1.23 87.97 07/25/2016 

17A 7/22/2016 Y 0 134.15 135.52 1.37 1.02 90.05 07/25/2016 

17B 7/22/2016 Y   134.97 136.28 1.31 0.97 90.54 07/25/2016 

17C 7/22/2016 Y   135.4 136.73 1.33 0.98 90.43 07/25/2016 

17D 7/22/2016 Y   134.46 135.59 1.13 0.84 91.81 07/25/2016 

18A 7/22/2016 N 
0.75
* 135.27 149.62 14.35 10.61 -3.35 07/25/2016 

18B 7/22/2016 N   136.57 150.6 14.03 10.27 -0.08 07/25/2016 

18C 7/22/2016 N   135.26 149.67 14.41 10.65 -3.79 07/25/2016 

18D 7/22/2016 Y   135.7 148.48 12.78 9.42 8.25 07/25/2016 

19A 7/22/2016 N 0 130.12 132.22 2.1 1.61 84.28 07/25/2016 

19B 7/22/2016 N   137.5 140.54 3.04 2.21 78.46 07/25/2016 

19C 7/22/2016 N   137.12 141.31 4.19 3.06 70.23 07/25/2016 

19D 7/22/2016 Y   137.82 140.45 2.63 1.91 81.41 07/25/2016 

20A 7/22/2016 Y 0 138.64 140.42 1.78 1.28 87.49 07/25/2016 

20B 7/22/2016 Y   137.76 139.43 1.67 1.21 88.19 07/25/2016 

20C 7/22/2016 Y   137.97 139.79 1.82 1.32 87.15 07/25/2016 

20D 7/22/2016 Y   130.55 137.03 6.48 4.96 51.65 07/25/2016 

21A 7/22/2016 N 0 138.04 139.56 1.52 1.10 89.27 07/25/2016 

21B 7/22/2016 N   137.93 139.48 1.55 1.12 89.05 07/25/2016 

21C 7/22/2016 N   137.67 139.3 1.63 1.18 88.47 07/25/2016 

21D 7/22/2016 Y   137.96 139.16 1.2 0.87 91.53 07/25/2016 

22A 7/22/2016 N 0 138.31 139.77 1.46 1.06 89.72 07/25/2016 

22C 7/22/2016 N   130.02 131.16 1.14 0.88 91.46 07/25/2016 

22B 7/22/2016 N   129.8 130.92 1.12 0.86 91.59 07/25/2016 

22D 7/22/2016 Y   130.18 131.02 0.84 0.65 93.71 07/25/2016 

23A 7/22/2016 Y 0 137.23 138.56 1.33 0.97 90.56 07/25/2016 

23B 7/22/2016 Y   130.32 131.37 1.05 0.81 92.15 07/25/2016 

23C 7/22/2016 Y   135.39 136.55 1.16 0.86 91.65 07/25/2016 

23D 7/22/2016 Y   135.84 136.83 0.99 0.73 92.90 07/25/2016 

24A 7/22/2016 Y 0 134.56 135.55 0.99 0.74 92.83 07/25/2016 

24B 7/22/2016 Y   135.04 135.96 0.92 0.68 93.36 07/25/2016 

24C 7/22/2016 Y   134.51 135.44 0.93 0.69 93.26 07/25/2016 

24D 7/22/2016 Y   129.4 130.45 1.05 0.81 92.10 07/25/2016 

25A 7/22/2016 N 0 134.21 136.37 2.16 1.61 84.32 07/25/2016 

25B 7/22/2016 N   135.9 137.8 1.9 1.40 86.38 07/25/2016 

25C 7/22/2016 N   135.63 137.47 1.84 1.36 86.78 07/25/2016 

25D 7/22/2016 Y   135.43 136.83 1.4 1.03 89.93 07/25/2016 
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26A 7/22/2016 N 0 134.97 136.87 1.9 1.41 86.29 07/25/2016 

26B 7/22/2016 N   135.44 137.45 2.01 1.48 85.54 07/25/2016 

26C 7/22/2016 N   136.21 138.11 1.9 1.39 86.41 07/25/2016 

26D 7/22/2016 Y   134.74 136.01 1.27 0.94 90.82 07/25/2016 

27A 7/22/2016 N 0 135.13 137.07 1.94 1.44 86.01 07/25/2016 

27B 7/22/2016 N   134.6 136.48 1.88 1.40 86.39 07/25/2016 

27C 7/22/2016 N   135.38 138.91 3.53 2.61 74.60 07/25/2016 

27D 7/22/2016 Y   137.68 139.23 1.55 1.13 89.03 07/25/2016 

28A 7/22/2016 N 0 136.71 138.52 1.81 1.32 87.10 07/25/2016 

28B 7/22/2016 N   137.41 139.23 1.82 1.32 87.10 07/25/2016 

28C 7/22/2016 N   136.96 138.77 1.81 1.32 87.13 07/25/2016 

28D 7/22/2016 N   137.36 138.6 1.24 0.90 91.21 07/25/2016 

29A 7/22/2016 N 0 137.49 138.83 1.34 0.97 90.51 07/25/2016 

29B 7/22/2016 N   137.84 139.17 1.33 0.96 90.60 07/25/2016 

29C 7/22/2016 N   137.67 138.99 1.32 0.96 90.66 07/25/2016 

29D 7/22/2016 Y   138.58 139.52 0.94 0.68 93.39 07/25/2016 

30A 7/22/2016 N 0 137.36 138.84 1.48 1.08 89.50 07/25/2016 

30B 7/22/2016 N   137.47 138.85 1.38 1.00 90.22 07/25/2016 

30C 7/22/2016 N   137.75 139.3 1.55 1.13 89.04 07/25/2016 

30D 7/22/2016 N   137.7 138.91 1.21 0.88 91.44 07/25/2016 

31A 7/22/2016 Y 0 152.53 154.35 1.82 1.19 88.38 07/25/2016 

31B 7/22/2016 Y   153.6 155.39 1.79 1.17 88.65 07/25/2016 

31C 7/22/2016 Y   153.07 154.83 1.76 1.15 88.80 07/25/2016 

31D 7/22/2016 N   153.23 155.08 1.85 1.21 88.24 07/25/2016 

32A 7/22/2016 Y 0 152.55 154.25 1.7 1.11 89.14 07/25/2016 

32B 7/22/2016 Y   152.23 153.9 1.67 1.10 89.31 07/25/2016 

32C 7/22/2016 Y   152.98 154.75 1.77 1.16 88.73 07/25/2016 

32D 7/22/2016 Y   152.5 154.09 1.59 1.04 89.84 07/25/2016 
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