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 Every year millions of construction workers are exposed to dust in levels that create a 

hazard to them (Fundukian, 2011). Their environment is contaminated by activities such as 

cutting, chipping, grinding and sanding building materials. The Occupational Safety and Health 

Administration (OSHA) refers to this general collection of building materials debris and fine 

particulates as nuisance dust. Some of the particles in nuisance dust possess properties that 

make them especially hazardous, such as their shape or specific gravity.  It has been found by 

the Center for Disease Control (CDC) that inhalation of quantities of silica dust above the 

permissible exposure limit (15.0 mg/m3) causes a deterioration of the outside lining of the lung. 

This research seeks to limit this exposure by a pretreatment process using acid application and 

then absorbed moisture content that reduces airborne particulate during the removal of cement 

stucco surfacing materials. Successful pretreatment would allow removal of CSSM from 

substrates such that the release of airborne particulates does not exceed the permissible 

exposure limits (PEL) found in the 29 CFR-Table Z-3 for mining applications (15-mg/m3). 

 Concrete blocks were prepared with 5/8-inch stucco, cured for at least 28 days, and were 

exposed to nine different conditions, which were the result of the application of sulfuric acid 

solutions for 0-hours, 2-hours, and 72-hours. These acid treated blocks then had the moisture 
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content adjusted by adding water or drying the blocks in an oven to produce three moisture 

ranges (e.g. ≤5%WME, 15%WME, and ≥30%WME) for each acid treatment level. Moisture 

content were measured using a Tramex moisture meter. Blocks were placed in a 1-m3 

environmental chamber, and stucco was removed using an air-powered chipping hammer. The 

dust generated during the removal process was measured using a particulate meter (PDR-1000). 

Post-processing statistical analysis was accomplished using Excel and analytical software Matlab 

and included producing graphs of the data as well analysis of statistical measurers of the samples 

such as mean, median, deviation, variance, and error.  

 It was found that moisture played the dominate role in the generation of airborne 

particulate.  During acid treatments of 0, 2, 72-hours at stucco moisture contents of 5% and 

15%, median particulate levels were substantially greater than OSHA’s PEL of 15.0 mg/m3, and 

statistical similarities to each other were observed.  However, stucco with 30% WME was found 

to be statistically different than all the 5% and 15% WME treated samples, and stucco with 30% 

WME that received 0-hours of acid treatment only generated a maximum median particulate 

value of 15.4 mg/m3, which is nearly at the PEL. These findings indicate that absorbed moisture 

at 30%WME or greater can provide significant reduction in particulate generation. This implies 

that adding moisture to the surface can be a feasible method of pretreatment of cement stucco 

surfacing material that will reduce the workers' exposure to nuisance dust.   
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1.0 INTRODUCTION 

Every year millions of construction workers are exposed to dust that creates a hazard to 

their lungs (Fundukian, 2011) from activities such as cutting, chipping, grinding, and sanding 

building materials. The Occupational Safety and Health Administration (OSHA) refers to this 

general collection of building materials debris and fine particulates as nuisance dust. Some of the 

particles typically found in nuisance dust possess properties that make them particularly 

hazardous, such as their shape or specific gravity.  It has been found by the Center for Disease 

Control (CDC) in 2002 that inhalation of quantities of silica dust above the permissible exposure 

limit will cause a deterioration of the outside lining of the lung. 

1.1 CEMENT STUCCO MATERIAL 

Portland cement concrete is named after the cliffs in England that the material originates 

from and is one of the most heavily used materials in the construction industry (Mamlouk, 2011). 

The current manufacturing process for the production of Portland cement begins with the mining 

of raw materials containing calcium and silica. Once the raw material is heated to temperatures 

between 2550°F to 3600°F, clinker is formed. The cl inker is mixed with gypsum in proprietary 

blends and ground to a common grain size. The material mix typically contains additives such as 

calcium silicates, calcium sulfate, aluminum, and ferric calcium compounds in different 

percentages. Inclusion of other metals such as aluminum and iron in the raw material stream 

produces a lower fusion point for the cement clinker formation (Mindess, 2003).  

Cement is the glue that holds the aggregates in the concrete together. Plaster is a 

mixture of Portland cement and sand used for the surfacing and finishing of buildings. Plaster 

used to finish exterior walls is called stucco (Mamlouk, 2011).  
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The strength of the cement can be predicted by its composition. By varying the 

percentage of each additive and the fineness of the grain of aggregate, five types of cement have 

been defined by the American Society of Testing and Materials (ASTM) as shown in Table 1.  

 

Table 1: Types of cement and properties defined by ASTM C150 (2012) 

Type  Proprieties  Applications  
Type I No Special Properties  General construction  

Type II 
Moderate Strength Development, 
Moderate Heat of Hydration  

Applications were Type IV slow strength 
development will not work 

Type III 
Rapid Setting, Cures at Lower 
Temperatures  

Precast work and cold climates  

Type IV Low Heat of Hydration  
Thick mass concrete such as bridge 
abutments  

Type V Low C3A Ratio by Weight  Resistant to sulfate attack  
 

For cement, stucco to have the desired final properties and performance, the mix must be 

controlled.  Cement stucco has to remain plastic or semi-fluid and have mild adhesive properties 

(workable) as well as retain water while being applied. Typically, Type I cement is used in stucco 

mixes. The cement is combined with other fine cementitious materials such as lime, talc, and 

ground limestone as aggregate to form stucco. The proper proportion of cement, water, and fine 

aggregate for stucco is defined in ASTM C91 (Mindess, 2003). When cement is hydrated, the 

compounds in the cement undergo an exothermic chemical reaction. This hydration process 

occurs in three steps: 1) the dissolution of anhydrous compounds 2) the formation of hydrates in 

solution, and 3) the precipitation of hydrates from supersaturated solution (Mamlouk, 2011). This 

precipitated hydrate product is the lattice that holds the aggregate together in the final concrete 

product. 

1.2 CONSTRUCTION USES 

Concrete is used in many forms in the construction process. Typically, Type 1 and Type 3 

cement with coarse aggregate, which is rock material that will not pass a number 4 sieve with 

openings of 4.75-mm, are used in structural applications such as slabs and beams of buildings. 

Specialty cement mixes that may have high plasticity with slumps greater than 8-inches or low 
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thermal conductivity with U-values lower than 0.69-(Btu/hr*ft2*oF) can be used for everything from 

insulation to structural repair of cracks. The intended use of the cement mix will dictate the size 

and type of aggregate chosen.  

 Perlite, vermiculite, and pumice have all been used in the past as lightweight aggregate 

in low-density concrete as insulation. Aeration without the use of fines in the mix can also 

produce concrete with low density such as 115 lb/ft3 compared to 150 lb/ft3  which is a density low 

enough for use as thermal blocks (Mindess, 2003). Other materials used as aggregate for 

insulation historically were a class of silicate amphiboles. These naturally forming fiber minerals 

resist heat transfer up to 5000°F  and are entrained into cement as fireproofing. After several 

building fires causing numerous deaths, fireproofing of buildings became an architectural 

imperative. To address this issue, thermally-resistant cement mixes, including amphibole fibers, 

were used as finishes on concrete and block structural members as well as applied to steel 

members from the 1920’s to the late 1960’s (EPA, 1985).  It was found that entrainment of these 

mineral fibers improves the plasticity of cement mix (Bartos, 1993). Decorative architectural 

features are also created using cement mixes. Concrete could be cast in forms of creative 

sculptures. Additionally, with the use of plasticizers and admixtures fine aggregate cement stucco 

could be troweled in elaborate patterns or as a smooth finish coat to cast-in-place or block-and-

mortar construction. 

Fine aggregate concrete (plaster or stucco) is also used to create a vapor-retarding layer 

in building construction. Its fluid nature allows it to be applied over small areas such as window 

returns as well as the field of a wall. This property allows it to bridge gaps that would have 

typically created capillary action. Stucco, having a low porosity and high density, due to the 

increased surface area of its fine aggregate, works well as a base for waterproofing coatings to 

shed bulk water from buildings (Mamlouk, 2011). 

1.3 CONDITIONS THAT REQUIRE REMOVAL  

The removal of stucco generates large amounts of dust. Fine aggregate cement stucco 

materials must be removed to complete the replacement of egress features of buildings. The 

stucco over the perimeters of doors and windows are removed to expose fasteners holding the 
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feature in place. When cracks in the cement stucco façade of a building form, removal of stucco 

must be completed to facilitate application of sealant to substrate. During major renovations and 

additions to historical buildings, stucco-surfacing material will be removed to allow connections 

between buildings while creating a continuous appearance. Interior renovation of historical 

buildings may require the removal of cementitious surfacing materials to expose lathing to create 

openings for doors, remove walls, or access piping and wiring. Lastly, cementitious materials 

containing amphibole structures that were used for fireproofing or architectural features may be 

regulated under air quality standards and may require removal prior to demolition of a building 

using specified methods (EPA NESHAP, 1973). 

1.4 HEALTH EFFECTS 

During construction activities, workers are exposed to hazards related to health and safety. 

Each year, estimates indicate 2 million construction workers risk devolving fibrotic scaring of the 

lungs and nodules in the alveoli (Suarez, 2005). This damage is caused by inhalation of fine 

particulates deep into the pleural (outer shell of lungs) where they can become trapped. If the 

particulate is silica dust, exposure can lead to a specific form of lung disease referred to as 

silicosis (Fundukian, 2011). Fine particulates can be spherical in shape or occur as thin needle-

shaped structures called amphiboles (Figure 1). Figure 2 shows two forms of asbestos fibers: 

amosite (a), which naturally forms in the shape of amphiboles, and chrysotile (b), which is  

asbestos with a serpentine natural form that will break into an amphibole when disturbed.  Two 

common diseases caused by exposure to construction particulates are silicosis and asbestosis. 
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Figure 1: Amphibole in lungs of individual with ple ural lung disease (Farver, 2015) 

 

  (a)                        (b) 

Figure 2 : Amosite (amphibole) (a) and Chysotile (serpentine structures) (b) at 500x 

magnifications (Roberts, 2014)  
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1.4.1 SILICOSIS  

Silicosis is the scarring of the lungs resulting from the breathing of silica dust and is 

characterized by shortness of breath and chronic cough (Fundukian, 2011).  Silicosis varies in 

form based on the exposure concentration. Acute silicosis is when exposure occurs at levels 

above the permissible exposure limit (PEL) of 15 mg/m3, which places individuals at high risk of 

tuberculosis or dyspnea (constant shortness of breath).  Low-level exposures to particulates over 

long latency periods may also lead to chronic silicosis, which is a debilitating disease progressive 

in nature and sometimes resulting in death (Fundukian, 2011). Of the estimated 2 million 

construction workers who are exposed to environments that could cause silicosis (OSHA, 2015), 

about 100,000-500,000 are classified as working in high risk exposure settings such as quarries, 

tunnels, and foundries, or in situations where sandblasting, stone cutting/drilling, and grinding of 

silica-containing materials is occurring (Gunston,2013). During the period between 2000 and 

2013, at least 200 and as many as 800 deaths were reported from chronic silicosis (OSHA, 

2013), Gunston (2013), NIOSH,(2015) and other health safety professionals. It is estimated by 

the National Institute for Occupational Safety and Health (NIOSH) that about 300 workers 

contract silicosis every year (NIOSH, 2015) and the International Agency for Research for Cancer 

has identified silica as a potential carcinogen (Park, 2002).  

Recently, NIOSH has published research results on the effects of silica dust and effective 

ways to prevent exposure to workers (NIOSHTIC-2, 2015). Four specific construction activities 

were evaluated including jackhammer use, tuck-pointing, cut-off saw use, and concrete grinding. 

It was found that the use of water sprayed on jackhammer and cut-off saw activities could reduce 

the particulate levels by 70-90%. Using local exhaust was found to reduce the exposure of the 

worker by 92-95% (Collingwood 2006).  Though both of these methods were found to reduce 

workers’ exposure by actively removing particulates in the air once generated, they are not 

preventative of dust generation.  A preferred option is a pretreatment action that can be 

completed prior to removal to reduce the release of fine airborne debris during removal. 
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1.4.2 ASBESTOSIS   

Asbestosis is a lung disease that is related to the breathing of silica compound fibers, 

which in the past were typically entrained in stucco materials to improve workability or fire 

resistance. During the removal of cement stucco material, asbestos fibers are broken into strands 

that measure less than 100-microns in length. The hazards of asbestos have been well 

documented for decades (CDC 2014 and references within); such that current industry work 

practices have been developed to reduce the risk to the asbestos worker. These work practices, 

which have not evolved much over the last several decades, include the use of water droplet 

sedimentation to cause airborne fibers to fall more rapidly from the air, wetting materials prior to 

removal, and negative exhaust to prevent the fibers from migrating from the source of removal 

(EPA 560, 1985). Although effective engineering controls have been developed, workers are still 

exposed to asbestos, when they fail to perceive a risk because they cannot see the particles in 

the air or when failures of engineering controls occur. The CDC (2005) comments that even with 

the current knowledge of the hazards of asbestos and the reduction of asbestos products in the 

market, asbestos has still been found to cause cancer and other lung diseases, such that from 

the years 1999 to 2005, the number of  fatal malignant mesothelioma cases reported was 18,068. 

Practical experience of monitoring asbestos exposure by the author has shown reduction of dust 

generated as a whole is not the current practice. Workers relay on personal protective equipment 

(PPE) heavily regardless of the fact that control of dust prior to generation is currently the industry 

best management practices. Reduction of dust generation at the source has also been 

accomplished in the lead abatement industry. 

1.5 ANALOGS OF REMOVAL METHODS  

Historically, lead-based paint was used due to its resistance to fading and durability. In 

1977, the hazard of lead paint had been determined to the point that the Consumer Product 

Safety Commission (CPSC) banned the use of lead paint in residential structures (CPSC, 2015). 

The regulations required that any house constructed prior to 1978 needed to be sent a notification 

of the risk of lead. Between 1978 and 1992, revisions and additions to this regulation have 
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resulted in many attempts to find the most effective ways to remove lead paint from structures 

(EPA, 2011 and references within).  Currently, the CDC estimates that 4 million homes with 

children living in them are being exposed to lead paint hazards. Children under the age of 6 are 

especially at risk, while 1 in 5 children have lead levels in the blood above the current action level 

of 10-µg/dL (CDC, 2002).  

Mickelsen and Haag (1997) were commissioned to monitor lead exposure for different job 

types associated with the repainting of a bridge that contained lead-based paint. A chemical 

stripping aid was evaluated for the removal of lead paint on an overpass bridge. The removal 

method was carried out in four steps: 1) spraying and spreading the paste to lift the coating, 2) 

scraping off the lifted coating, 3) rinsing residual paste from the surface, and 4) blasting the 

stripped surface to remove any trace amounts of paint. During a typical day, a worker would apply 

a caustic paint remover to the bridge to help decompose the paint as other workers manually 

removed treated areas with scrapers. It was noted that exposure recorded for the workers 

removing the paint with scrapers or the person applying the paint removal agent ranged from 0.04 

to 0.18-mg/m3 while the traditional blasting process ranged from 2.0 to 4.7- mg/m3. This 

pretreatment method for the removal of lead paint was a 26-fold reduction in exposure for these 

workers. 

1.6 REMOVAL METHODS 

As with the lead paint, there exist conditions that require the removal of cement stucco. 

This removal of stucco creates hazards for the workers that must be managed. This section 

discusses the current removal methods, engineering controls that are currently used in the 

industry to manage the hazard as well as the how these methods perform. Additional chemical 

reaction are discussed which represent potential parallels to the chemical removal process used 

in lead paint abatements. 
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1.6.1 TRADITIONAL REMOVAL METHODS  

    Traditional removal of cement stucco does not include any pretreatment steps. These 

methods of removal of cement stucco are limited to mechanical removal such as chipping 

hammers and roto-peens, which unfortunately liberate sufficient quantities of dust and 

particulates representing an inhalation hazard. Mechanical removal is accomplished using many 

methods to control the release of these potentially dangerous fine particulates. For small areas of 

stucco manual removal, using a hand chisel and hammers is typically employed. Removal by 

hand tools imparts only a small amount of energy to the stucco surface over a long period of time, 

dependent upon the number of times a worker can hit a chisel in a minute, 15 to 45 blows per 

minute. Contractors will use air-driven tools to aid in the removal of cementitious surfacing 

material such as stucco. An air chisel can deliver 3,000 blows per minute (Centralpneumatic, 

2015). Using a roto-peen can deliver 6,500 blows per minute, chipping away the surface in small 

fragments. The author has observed the latter to visibly produce higher levels of dust exposure 

for workers. The diameter of a particulate produced by the removal of stucco can vary greatly. 

Levels of particulate range from 100-microns in diameter to smaller than 10-microns in diameter, 

which are in the inhalable range (Schlegel, 2011).  Particles on the order of 5 to 10-microns in 

diameter will readily stick to water droplets in the air (Mohan, 2013). As the energy in the removal 

process increases, the quantity of dust rises to a point that contractors often will be obligated to 

control the debris that is generated by employing either sedimentation or capture techniques. 

1.6.2 ENGINEERING CONTROL ASSISTED METHOD  

Current methods for the reduction of airborne particulates include: 1) misting the air with 

water during removal and 2) using a negative pressure enclosure attached to the removal tool to 

capture the particulates as they are ejected. The CDC (2004) found the use of water reduced 

airborne particulate concentrations in many construction activities such as tuck pointing, jack 

hammering, cutting of concrete and ceramics, and concrete grinding. Sedimentation strategies 

include misting the air with fine droplets of water during the removal process, such that the 

particulates stick to the water and settle out of the air relatively rapidly without resuspension. 
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Water is also added directly to the removal location, washing the material directly to the ground or 

other horizontal surface and out of the workers’ inhalation zone. One drawback of air misting is 

that the process does not prevent the release of particulates into the air. It only allows particulates 

to adhere to water droplets and settle to the ground where they still must be removed at a later 

time or risk being re-suspended if allowed to drying out. Concerning negative pressure 

enclosures, particulate capture technique uses air currents to move the nuisance dust away from 

the breathing zone and into storage units for subsequent disposal. The main disadvantage of this 

method is the requirement of a large enough work area to make removal efficient results in a 

containment area too large to fit into places that need removal frequently. Second the method of 

capture relies on a high flow rate of air near the area of removal and depends on this flow rate 

exceeding the ability of the particle to escape the zone. Many times, the particulate generation 

during stucco removal can easily exceed the practical suction rate of these capture devices 

(Collingwood, 2006). The typical negative pressure enclosure tool for this removal would be a 

rotary device with a wheel of straps with small tack-size hammers attached (roto-peen).  

 

Figure 3: Photos of a roto-peen negative pressure e nclosure surfacing material removal 

tool (images by Novatek Corp.) 

The roto-peen’s wheel is shrouded and attached to a vacuum. As the roto-peen wheel 

turns, the strap of hammers impacts the CSSM and chips small fragments from the substrate.  

The negative pressure shroud catches dust and fragments. It was personally observed by the 

author when a contractor gets to locations where the shrouded device does not fit, these types of 

engineering controls are typically set aside for chipping hammers subsequently resulting in 

uncontrolled dust release. It has been observed by the author, in over nine years of experience in 
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consulting to the construction industry, that often engineering controls are not used during 

removal because of the time required to set up, the mess they make, the perceived decrease in 

work efficiency or decreased work product. Many have to be larger than the area in which they 

operate, and then they become ineffective tools for removal. An example of this would be the 

removal of CSSM on a wall with plumbing that cannot be relocated. Material is missed during 

removal adjacent to pipes when the space around the pipe and behind the pipe does not allow 

the negative pressure enclosure access. 

Since the 1970’s, water has also been used in the removal of asbestos that is bound in a 

matrix that cannot be pulverized or crumbled by hand pressure (non-friable) to prevent the 

NIOSH limit of detection 0.01-fibers per cubic centimeter from being reached.  The down side and 

deterrent for many contractors regarding the use of water is the mess generated by its use. Jack 

hammering, concrete cutting, and asbestos removal all use active water application as the 

method of wetting the material. This wets the debris as it is generated and washes it to a location 

to be cleaned up later. In asbestos removal, the work area is wetted, and the air is misted during 

the removal process. This causes the airborne debris to fall to the ground more quickly and 

allows the wet debris field to be swept up. It is anticipated that an acceptable level of airborne 

dust reduction can be achieved by bringing the stucco material to equilibrium moisture content 

above typical ambient conditions. If the additional absorbed moisture provides a reduction in dust 

levels, the process would be expected to provide a safer environment.  It is also most likely that it 

will produce less mess to cleanup than the traditional method due to the reduced airborne debris. 

If this method produces less mess for the contractor to cleanup than directly applied bulk water, it 

will be more readily accepted.  

1.6.3 CHEMICAL ASSISTED REMOVAL VIA SULFATE ATTACK 

Currently, Winter and references within (2015) are conducted research on conditions that 

produce rapid deterioration of cementitious materials such as sulfate attack. The chemical 

composition of cement stucco is abbreviated C-S-H, which stands for the specific products of the 

reaction involving cement with water (i.e. CaO, SiO, Ca(OH)2) and the residual H2O. When 
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combined with H2SO4, the reaction yields CaSO4 (calcium sulfate) and calcium silica oxides as 

byproducts that happen to be weaker than the initial hydrated cement. This reaction can cause 

cracking and weakening of the cement aggregate bond. In the presence of excess sulfate, the 

final formation will result in gypsum, which has a chemical formula of CaSO4·2H2O(Winter, 2015).  

Based on this research it is hoped that the use of excess sulfuric acid in the pretreatment will 

convert enough of the cement stucco to gypsum that the removal of the stucco will be easier and 

produce less dust.  

1.7 OBJECTIVES 

Currently the industry lacks an effective method of pretreating cement stucco surfacing 

material (CSSM) such that removal would pose a nominal risk. The goal of this project is to 

develop a method for CSSM removal from substrates using conditions that minimize the release 

of particulates into the air. Two methods were investigated: 1) sulfate attack and 2) adding 

moisture to create an easily wetted and friable (crushable by hand) gypsum material after 

pretreatment. Successful pretreatment would allow removal of CSSM from substrates such 

that the release of airborne particulates does not exceed the permissible exposure limits (PEL) 

found in the 29 CFR-Table Z-3 for mining applications (15-mg/m3).  
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2.0 METHODOLOGY 

This section describes the experimental design and the fabrication of the testing chamber. An 

explanation of sample development and critical control points, as well preparation of the 

pretreatment process. The pretreatment process included the stucco being exposed to acid for 

periods of time as well as increasing or decreasing moisture content and combinations of both. 

CSSM samples will be exposed to sulfuric acid for 2-hours, 72-hours, and not at all. After CSSM 

samples have been treated with acid, they will be brought to a prescribed moisture level as 

measured in wood moisture equivalent (WME) units 5%WME, 15%WME, or 30%WME. Removal 

of pretreated sample from substrate will be monitored with Personal Data Ram 1000 to determine 

what reduction of particulate release is achieved by the moisture/acid pretreatment The 

equipment used in the testing process and the calibration procedures for the equipment will be 

discussed. Additionally, methodology will be outline for all pilot studies, general testing 

procedures as well as statistical methods used in the research for analysis and validation. 

2.1 LABORATORY SET UP, SAMPLE AND SAMPLING EQUIPMENT  

This section discusses the resources that were needed to complete the research and the 

steps that were taking. First, a suitable testing area had to be set-up for the project. Samples 

needed to be produced for testing, and tested to determine appropriate size of removal. Solutions 

of acid were prepared and plastic testing chambers were built to confine a 1-m3 volume of air 

during the removal process. Removal of stucco was accomplished using air driven chipping 

hammers and particulate generation was logged using a National Institute of Standards and 

Technology (NIST) calibrated particulate meter.  
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2.1.1 LABORATORY SPACE REQUIREMENTS  

The majority of the experiments described herein were carried out in Boca Raton, FL at 

Florida Atlantic University.  Initial construction and setting of samples were accomplished inside 

the Materials Laboratory (Room 152 in Building EW36). Prior to construction, the testing location 

was conceptualized (Figure 4). Laboratory benches were constructed (Figure 5) using 5/8-inch 

plywood and dimensional lumber to produce two 8-foot long and 4-foot wide benches.  

 

Figure 4: Conceptual laboratory set up in Engineeri ng West (36) Room 152 with 

environmental chambers and samples visible (created  using sketch-up) 

Due to a major laboratory renovation project that began in December 2014, it became necessary 

to move testing to an alternative location (Figure 6).  An area was deemed suitable if it provided 

sufficient cover for the samples and the environmental test chambers from the elements. 

Additionally the area had to be well lit to allow the sampler to see into the chamber during testing. 

Samplers worked at night many times to avoid the heat of the day and other scheduling conflicts, 

so overhead lighting was needed.  
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Figure 5: Workbenches were constructed and utilized  indoors initially to set samples and 

provide an elevated surface to work on  

 

 

Figure 6: Outside laboratory location containing ov erhead lights and covered working area 

bench high enough to hold environmental control cha mbers at waist height 
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2.1.2 SAMPLE PRODUCTION  

Samples were made in three batches to allow for testing differences in particulate 

concentrations generated by current marketplace ready-to-use mixes of stucco (MPRM1) and 

(MPRM2) as well as a stucco mix based on the standard ASTM C 270 mortar designation M 

(SMBS). MPRM1 and SMBS were both mixed and applied to the substrate September 25, 2014. 

MPRM2 was mixed and applied to substrate February 7, 2015. Stucco mix proportions were 

measured by weight using a Fairbanks Digital Scale model IND-R2300. Amerimix SI 700 pre-

blended stucco mix which the manufacturer states has a 28-day compressive strength of 2,500-

psi was used. It was important to develop an ASTM standard mix with this approximate strength.  

An ASTM C 270 mortar designation M for exteriors was chosen for its 28-day compressive 

strength of 2,200-psi.  This called for proportions by weight of cement : lime : sand of 1:1/4:3-3/4 

respectively. The Sakrete brand multi-use sand that conformed to ASTM C 144 was used as 

aggregate.  Because sand was called for in the highest proportion in the mix, it became the 

limiting factor in the mix design.  In order to fit the proportioned ingredients in the plastic 5-gallon 

mixing pails, the amounts were split into equal halves.  Each mix had 30-lb of sand, 2-lb of lime 

and 16-lb of ASTM C 150 Portland cement.   

Table 2: Samples produces sample code used througho ut testing, mix design and date 
samples were produced  

Sample 
Code  Sample Mix  

Anticipated 
Compressive             

28-Day Strength  

Date 
Samples 
Produced  

  Cement  Lime  Sand      

SMBS 16-lbs 2-lbs 30-lbs 2,200-psi 9/25/2015 

MPRM1 Proprietary mix  2,500-psi 9/25/2016 

MPRM2 Proprietary mix  2,500-psi 2/07/2015 
 

Once these ingredients were carefully measured they were combined with 1/3-lb of red 

stucco dye powder (Sakrete cement color). The red dye allowed the sampler to determine when 

the stucco had been completely removed from the grey-colored substrate.  The final ingredient in 

the stucco mix design was the water.  This mix called for roughly 30-lb of water; however, the 
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consistency of the final mix is important in the application and should be similar to the thick 

viscosity of peanut butter.  In order to limit the variability in the consistency between mixes, a 

procedure was implemented where 75% of the water was added initially and then the ingredients 

were mixed.  Once the consistency was checked, water would be added slowly as the stucco was 

mixed and then stopped once the desired consistency was reached.  This is the same procedure 

that would be used in the field.  In the first batch, 24-lb of water was used and in the second 

batch, 26-lb of tap water was used.   

 Murphy (2014) found that stucco is applied in several layers, a common practice 

accepted as standard in the construction industry. The layers are typically applied to a thickness 

of 5/8-inch. To ensure the applications of stucco in these samples resulted in a thickness of 5/8-

inch, a probe to measure the depth of the stucco was created using a micropipette tip wrapped 

with tape (Figure 7). This technique was used to check the thickness of the stucco applications in 

the first batch of samples set which included one ASTM based batch and one ready mix batch.    

 

Figure 7: Micropipette tip used to ensure 5/8-inch stucco thickness  

Six blocks were set using stucco mix based on ASTM standards (SMBS), while fourteen 

blocks had ready mixed stucco applied (MPRM1). An additional twenty blocks were set as a 

second batch of samples (MPRM2). This MPRM2 stucco was the primary testing material for the 

final set of samples in the research. Stucco was then mixed in small batches using a paddle 

mixer and high torque power drill (Figure 9).  Blocks were stacked in a trapezoidal pattern and 
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wetted with a hose and tap water. Using a mason’s trowel, flat square trowel, and hawk as seen 

in Figure 8, the stucco mix was applied to the wetted block in two layers. Layer one, the scratch 

coat, was approximately 5/16-inch thick and once applied was lightly scratched using a scarifier 

tool, which resembles a metal comb with a handle. Scratching the surface provides mechanical 

keys to lock the stucco layers together (Figure 10). The scratch coat was allowed cure for several 

hours to develop strength. Then it was wetted, and a second finish coat was applied to develop 

the 5/8-inch stucco thickness as seen in Figure 10.  

 

Figure 8: Traditional tools for stucco application including mason’s trowel, flat square 

trowel, and hawk 

The method for maintaining a precise thickness of stucco was modified in MPRM2. A thin 

sheet of metal was placed between each course of block at 5/8-inch. This metal provided a level 

surface to screen the stucco material against, as seen in Figure 11 and Figure 12. This guide not 

only provided a flat surface to push the trowel against to create a single thickness but made 

separation of the blocks after curing for 28-days easier.  

 

 

Flat Square Trowel 

Mason’s Trowel 

Hawk 
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Figure 9: Small batch stucco mixing process in plas tic 5-gallon pail (left), example of 

viscosity of stucco mix (right) 

 

 

 

Figure 10: Key joints visible after scarifier was u sed to scratch base coat of stucco 
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Figure 11: Aluminum valley flashing sheet metal use d to ensure 5/8-inch stucco thickness  

 

Figure 12: Side view of sheet metal guide used to e nsure stucco thickness during 

application  
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 After stucco that was applied to the block and had started to cure for 2-hours, the 

moisture content in %WME was measured using a Tramex Moisture Encounter Plus as seen in 

Figure 13. The Tramex moisture meter contains three scales for different substrates and was set 

to scale three labeled for masonry and brick. Due to the fact that the curing process is a chemical 

reaction that occurs in the presence of water, the stucco was misted daily for seven days with tap 

water from a pump sprayer. Prior to misting, the moisture content of the stucco was measured to 

confirm that %WME had not fallen below 30% wood moisture equivalent (30%WME) on the 

masonry brick scale of the meter. In contrast to the first batch (MPRM1), the second batch of 

stucco samples (MPRM2) was maintained at the proper moisture content by wrapping the block 

with wetted burlap material and a layer of 6-mil plastic sheeting (Figure 14).   

 

Figure 13: Measurements of %WME with Tramex in stuc co during curing process 
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Figure 14: Moisture content of stucco maintained du ring curing process by placing wetted 

burlap around the samples and wrapping with plastic  sheeting 

Stucco cured for six months and not exposed to constant moisture was found to maintain 

a WME of 5%. Stucco treated with no acid treatment but having a WME of 5% was selected to 

represent traditional stucco removal as the control for the experiment. All samples can be 

compared to this as a surrogate of what a contractor would most likely be exposed to in the field.  

 

2.1.3 ACID PREPARATION  

The acid used for the treatment of samples was diluted from a reagent grade 

concentrated sulfuric acid supplied by J.T. Baker (Lot number B48024) with an analytical 

concentration of 18-M. The acid was mixed with deionized water produced using a Barnstead 

D12651 Reverse Osmosis System to make a pH of one at a concentration of 0.1-M. Acid was 

prepared in 2-liter batches and then tested with a mini Lab pH meter to ensure that the 

concentration was correct and the pH level was within ±0.5 pH of one. Batches of acid were 

blended in trays that were used to soak stucco samples. Final pH of blended acid was measured 

to be 1.00 to 1.23 pH. The anticipated pH of a 0.1-M sulfuric acid solution was 1.00 pH. 
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Concentration mixes that produced acid with a pH of 1 ± 0.5 were considered acceptable for use 

due to the rapid change of pH once in contact with the cement stucco product. Samples were 

placed in a 20-inch x 36-inch HDPE tray, and acid was then added to the tray to prevent 

splashing. The pH of the solution was verified to be near 1 ± 0.5 at the end of the filling process 

due to the need to make multiple batches of acid to reach the desired liquid level in the tray.  

2.1.4 ENVIRONMENTAL CONTROL CHAMBER CONSTRUCTION  

Testing was conducted in an environmental control chamber to capture the dust 

generated during the removal process. The test chamber was constructed to have a 1-m3  

volume, which served to control the environment that the removal occurred in and provided some 

protection to the sampler from debris and dust during the removal. Two chambers were 

constructed for testing, using 3/4-inch PVC piping and matching fittings to create an internal 

structure 1-meter x 1-meter x 1-meter (Figure 8). The use of two chambers allowed for 

simultaneous testing of blocks. With an internal structure created from PVC piping, the frame was 

wrapped with 2-mil polyethylene sheeting folded “present wrapping style” with bulk plastic on the 

sides so that only one thickness of plastic was in the front and back. Having only one layer of 

plastic in the front and back allowed the sampler to more easily view the removal process through 

the plastic. Additionally one layer of plastic on the back of the chamber allowed the prefabricated 

store bought zipper door to be applied cleanly along one side and the bottom edge, such that the 

one lower corner could be lifted for access.  Two holes were cut in front of the chamber and fitted 

with plastic sleeves. These sleeves were fabricated by wrapping 36-inch x 18-inch plastic sheet 

rectangle into a cylinder than taping seams. These sleeves discourage any migration of 

particulates out of the chamber during testing and during the post-testing dust settling process. 

On the same side with the sleeves, a 3-inch x 5-inch area of the plastic was removed centered 

and at eye level and covered with clear high-strength 4-inch wide packing tape to create a 

viewing port in addition to having only one layer of plastic in the front. Seams created by the 

wrapping and folding of plastic around frame were sealed using the same packing tape. The 

testing chambers can be seen in Figure 15 through Figure 17. To protect the bottom of the testing 
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chamber, a 52-inch x 52-inch piece of additional plastic was cut and placed in the bottom of the 

chamber to act as a “drop cloth” to collect falling debris during trials.  

 

Figure 15: Construction of environmental testing ch ambers internal frame prior to 

wrapping with 2-mil polyethylene    

 

   

Figure 16: Construction of chamber systematically i ncluding present style wrapping of 
chamber (left) completely wrapped chamber front vie w (center) and application 
of zipper door (right)  
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Figure 17: Construction of chamber systematically i ncluding open zipper door for access 
of interior of chamber (left) arm sleeves viewed fr om the interior (center) and 
sleeves viewed from exterior (right) 

 

2.1.5 EQUIPMENT CALIBRATION  

During construction of the environmental chamber, a piece of #18 nylon mason line was 

connected to the top horizontal support of the chamber. The Personal Data Ram 1000 (PDR-

1000) by Thermal Fisher Instruments was suspended by a hook from this string as seen in Figure 

18 (center). Two PDR-1000 meters were used in the experiments. Each meter was NIST 

calibrated prior to the start of testing. Calibration certificates can be found in Appendix C. Once 

calibrated, each meter was plugged into a computer using the serial interface cord. Through the 

PDR-1000 software, the logging interval of a data point was set to average the previous 30 

seconds for every 30 second interval and store a data point. One of the meters was selected to 

be the “control meter” (PDR5929).  This meter is termed the “non-test meter” and was used to 

verify the zero setting and perform quality assurance / quality control (QA/QC).  Prior to hanging 

the other PDR-1000 from the support string, the “testing meter” (PDR6250) was zero calibrated 

against the non-test meter using the manufacturer’s zero calibration procedure (Appendix D), as 

shown in Figure 18(left). Additionally prior to each trial, the chamber was verified to be clean 

using a white glove test, and the meter calibrations were verified by conducting a short duration 
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side-by-side test log at the beginning of each sampling day.  A typical duration for the side-by-

side testing was 6 to 15 minutes. This QA/QC process ensured that the testing meter was reading 

within ±1-mg/m3 of the NIST calibrated non-test meter prior to a day of sampling and that no 

residual accumulation of background dust was occurring in the environmental chamber over time. 

A difference less than 0.1-mg/m3 was ever observed during all QA/QC testing.  

   

Figure 18: Preparation of PDR prior to testing in e nvironmental chamber, PDR in zero 

calibration mode (left), PDR hanging for string rea dy for testing, drop-cloth 

visible (center), block in place with chamber ready  for testing (right)  

Once the chamber had been verified to be dust free with the drop cloth in place, the 

meter was set to logging mode, and this was verified before any removal began, as seen in 

Figure 19. Additionally, once the meter has initiated a logging event, an asterisk (*) symbol will 

appear between the abbreviation “CONC” and the concentration displayed (Figure 20). This 

asterisk indicates that the PDR is logging the event in progress. During each sampling event, the 

meter was allowed to run for a minimum of three minutes to record a baseline, before chipping 

started.  After removal was completed, each sample was allowed to decay, such that a minimum 

of 10 total minutes of log time was collected including baseline, chipping time, and decay time.   
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Figure 19: Series of screen shots of engaging the l ogging feature of the PDR, start-up 

screen (left), screen to toggle logging mode (cente r), screen after logging 

started (right)  

   

Figure 20: PDR in logging mode “asterisk” visible i ndicating logging in progress   

2.2 EXPERIMENTAL DESIGN  

A sample in this study is the removal of a prescribed amount of stucco from a substrate. A 

standardized method of preparing the chamber and removing the stucco was developed and was 

referred to as the general testing procedure. Several experiments were conducted including a set 

to determine the best dimension of stucco to remove, how to test the resulting pH of the stucco 

surface, and what would be the pH of the debris generated from the removal process. Additionally 
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tested, was how long and by what method a solution would have to be applied to the surface of 

the block to wet the entire cross-section.  

 After preliminary experiments were completed, the general testing process was refined to 

the procedure used in the research presented. Experiments that used the refined procedure 

included acid treatment, varying moisture content, and combinations of the two. After a 

preliminary review of initial results, additional testing included replicates of promising acid 

treatments/moisture content to test repeatability across batches. Preliminary results were post-

processed using several parametric and non-parametric statistical methods. The methods of 

analysis and statistical test and tools are outlined herein and the results are presented in the 

following Section 3.  

2.2.1 GENERAL TESTING PROCEDURE  

During preliminary experiments, the same method was used for all samples regardless of 

the amount of hours of acid treatment and starting %WME level. Prior to any sampling event, all 

interior surfaces were cleaned, this could be done without disassembling of the chamber. Prior to 

the sample being placed in the chamber, all six interior surfaces of the chamber and around the 

PVC frame were physically inspected to verify that they were free of dust and debris. This 

inspection is typically referred to as “the white glove test” where all surfaces should be able to be 

wiped with a hand or a white glove with no residue visible from the wiping process. A 

polyethylene sheet drop cloth was used to protect the bottom of the chamber and collect 

accumulation of gross debris. The corner of the drop cloth was wrapped around the vertical posts 

of the environmental chamber approximately 6 inches from the base of the post. A small piece of 

packaging tape was placed on the end of the wrapped corner to ensure that the drop cloth would 

remain in place during testing. Additionally, a 2 to 3-inch piece of tape was placed centered on 

the drop-cloth’s edge to hold the drop cloth against the side of the chamber and encouraging as 

much as possible the debris to fall into the bathtub shape created by the drop-cloth (Figure 21). 
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Figure 21: Drop cloth placed in chamber to protect chamber floor and catch removed 

stucco debris. Before removal (left), during remova l (center), after removal 

(right)  

The chipping hammer selected as the removal tool for the testing was a Central 

Pneumatic medium barrel air hammer with chisel that provides 3,000 blows per minute when 

operated at 90 psi.  This devise requires 90 psi and 15 cfm to ensure proper functioning of this 

chipping hammer.  It was found during the preliminary phase of testing that failure to provide 

sufficient compressed air during removal would result in multi-modal data sets. To ensure enough 

compressed air supply was provided, two compressors were connected in series. A Central 

Pneumatic 17 gallon, 1.8 HP, 150 psi provided direct air pressure with an FS-Curtis 120 gallon, 

10 HP, two-stage 150 psi compressor to provide backup air pressure when needed (Figure 22). 
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Figure 22: Photos of air chipping hammer (left) 1.8  HP primary compressor (center) and 10 

HP back up air supply (right) 

 Samples were prepared for testing by selecting one block from the group of samples 

conforming to the sample criteria.  Using the Tramex moisture meter in the masonry setting, the 

%WME of the stucco sample was measured just prior to testing. Then a mark was placed 1.5-

inch measured from the center rib of the cells of the concrete masonry unit (CMU), and an 

appropriate length line was drawn parallel to the center rib of the CMU block. Additionally, lines 

were drawn parallel or perpendicular as needed to complete a box of the appropriate size for 

removal.  

 

Figure 23: Permanente marker was used to mark remov al area on stucco prior to removal  
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Each block was placed on a Fairbanks Digital scale with an accuracy of ±0.2-lb, and the 

weight of the block was recorded prior to any removal of stucco. The block was then placed in the 

environmental chamber with an OMEGA digital hygrometer RH83, and the zipper door was 

closed. After allowing 1 to 2 minutes for the hygrometer to stabilize, the temperature and relative 

humidity was recorded. Then the hygrometer was removed, the chipping hammer was placed in 

the chamber, and the PDR-1000 was verified to be powered on and set to data logging mode. 

Next, the PDR-1000 data logging session was started. A tag # is automatically generated by the 

meter in sequence when logging is initialized, this number was recorded to relate the data set 

with the experiment’s assigned sample number, and the zipper door was then closed.  The time 

that the sample log was started was recorded, and a minimum of 2.5-minutes was allowed to 

elapse prior to the starting of stucco removal activities. When stucco removal was started, the 

time was again recorded. During the pre-test stabilization period, background particulate air 

readings were logged to establish the pre-testing baseline, and during this time, the sampler’s 

personal protective equipment (PPE) was donned, which included an N95 dust mask, Zen-Tex 

EM101 over the ear hearing protection, and Sol-Vex II heavy-duty nitrile flock lined with 330-mm 

length gauntlets (Figure 24). 

 

Figure 24: Researcher in PPE during removal nitrile  gloves not visible but in use  
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 Removal was performed by reaching through the plastic sleeves into the sample 

chamber and using the chipping hammer to outline the previously marked dimension on the 

sample. The chipping hammer was used to penetrate the stucco level in a few locations so that 

the dimension could still be observed if the stucco fell from the substrate. Working with a 

penetrating, then prying motion, the stucco was chipped from the surface. Once all bulk stucco 

removal was completed, the remaining surface coat was removed with a scanning motion, 

chipping a fine layer of stucco and substrate. The time that stucco removal was stopped was 

recorded in the field log at the end of each removal phase, times ranged for 1 to 15 minutes but 

95% of removals occurred in 2 minutes ± 30 seconds as seen in Appendix B. The chipping 

hammer was left in the chamber as the dust was allowed to settle. Samples were allowed to 

settle for a minimum of 10-minutes from the time that removal was started.  

 Once the post-test settling process was complete, the sample chamber was opened, and 

the logging event was terminated and stored. The CMU block that the sample was previously 

contained on was weighed to determine the amount of material that had been removed. The drop 

cloth that was used during the sampling process was removed and weighed as well. Debris that 

remained on the drop cloth was retained in a small plastic package for subsequent sieve analysis 

for determining the size distribution of the stucco removed.  

 The sample chamber was prepared for the next sample by vacuuming all internal 

surfaces with a shop-vac outfitted with a filter bag and HEPA filter. The use of a wet nozzle 

squeegee accessory on the end of the vacuum helped to prevent the plastic sheeting from being 

sucked into the vacuum hose end (Figure 25). Additionally, once all surfaces had been 

vacuumed, the bottom perimeter was vacuumed with an open hose-end while lifting the PVC 

frame to help dislodge all debris from under and behind the frame. The interior surfaces of the 

sample chamber were then wet wiped with disposable paper towels. The towel was wetted in a 

bucket of water, and then the surface was wiped clean. When the towel became soiled, it was 

thrown away, typically 5 to 10 towels was enough to clean chamber. This wipe and discard 
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process removed the fine particulate from the chamber as opposed to creating a fine film on the 

surface. Once the surface had been completely cleaned, the chamber was ready for the next test. 

  

Figure 25: Photos of wet nozzle squeegee accessory (left) and open end hose cleaning 
process around frame (right)  

2.2.2 PRELIMINARY TESTING FOR EXPERIMENTAL DESIGN 

Research of this nature is limited, as such preliminary research had to be completed 

before the final experiment could be designed or executed. Information need for the design of the 

experiment included the determination of the sample size to be removed, the resulting pH of 

stucco after being exposed to acid, as well as how long moisture took to travel through the 

stucco.  

2.2.2.1 DETERMINATION OF SAMPLE DIMENSIONS 
 

 A preliminary experiment was conducted to determine the appropriate sample removal 

size for subsequent testing. The researchers sought to recreate an environment that was not only 

representative of the high exposures that a construction worker may encounter in a confined 

space with nuisance dust, but also would generate a maximum exposure of at least one order of 

magnitude greater than OSHA permissible exposure limit (PEL) of 15-mg/m3 so that at least 90% 

reduction in airborne particles could be recorded. To accomplish this, several dimensions of 

stucco removal were tested (Table 3) until a test area produced repeatable results in this 
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particulate range. Sizes considered as dimensions started at 4-inch × 4-inch with a maximum 8-

inch × 16-inch, if necessary (Figure 26). A removal area of 4-inches × 4-inches was arbitrarily 

chosen as a starting point from which the size would be increased or decreased based on results 

until the desired magnitude of 10 times the PEL with a time-weighted average (TWA) greater than 

75 mg/m3 was observed. Stucco samples were removed using the procedure outlined in Section 

2.2.1. At the completion of each removal, the time weighted average (TWA) was recorded, which 

served as an indicator of the direction in which the dimension should be increased or decreased. 

Results of this pilot study are summarized Section 3.1.1. 

   

Figure 26: Pilot study to determine sample dimensio n pre-removal stucco sample (left), 

removal process in progress (center), and post remo val example (right)  

2.2.2.2 DETERMINATION OF STUCCO PH WHEN TREATED WITH ACID  
 

The pH of the debris created from the removal of the stucco after any acid treatment 

would be of concern for the health and safety of the researchers and the construction worker 

using the method later. Heng (2004) found that filter paper could be brought to pH equilibrium 

with the surface of concrete and measured using a handheld pH meter. To confirm the feasibility 

of using this method, a quality control and quality assurance test was conducted. Solutions used 

in the test included BDH general buffers pH standard solutions with pH of 4 (red), pH of 7 (yellow) 
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and pH of 10 (blue). Additionally sulfuric acid of 0.1-M with pH of 1 and deionized water (pH = 

6.5) was used for entire pilot study. A Pyrex glass dish 13-inch × 9-inch was used with a piece of 

paper beneath to mark the location of each sample (refer to Figure 27). Volume measurements of 

aqueous substances were taken with VWR Ergonomic High-performance micropipettes. 

Readings of pH were acquired using a mini Lab pH meter, and the filter paper used was 

Whatman number 5 (Figure 29).  

 The experiment began by first developing a matrix of samples to be tested. This matrix 

included three replicates of each solution, both in wet and dry-out forms (Figure 27).    

 

 Figure 27: Replicates used in preliminary testing of methods to measure the pH surfaces 

treated with acid solution   

Next, 0.1-mL of each solution was placed on a glass tray and set out in ambient building air for 

three days to dry as seen in Figure 28. After three days, filter paper (¼-inch ×½-inch in size to fit 

in the testing junction of the pH meter) was placed on the locations in the matrix labeled “Wet 

Wells” and on top of locations that previously contained pH solutions. Using a pipette, an 

additional 0.1-mL of each solution was added to the matrix in locations labeled “Wet,” while 0.1-

mL of deionized water was added to the wells labeled “Dry Wells.” The pH solutions and paper 
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were allowed to reach equilibrium for 15 minutes before using a set of forceps to place the filter 

paper on the pH meter’s reference cell and sensor junction (Figure 29 right). 

   

Figure 28: Initial matrix of pH solutions set out t o dry (left) and the same samples dried 

after 3 days (right)  

It was found that the mini Lab pH meter would fluctuate with only the wetted filter paper 

bridging the reference probe and the sensor. Due to this fluctuation, an additional 0.05-mL of 

deionized water was placed on the filter paper where the junction of the sensor and reference 

probe interfaced Figure 29  shows how the pH of the surface of the glass plate was measured by 

the Heng (2004) procedure.  
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Figure 29: Set-up of controlled pH of a surface tes t with filter paper placed on sample 

locations prior to rewetting/wetting (left), sample s after wetting and at 

equilibrium (center), and filter paper placed on th e junction of the reference cell 

and sensor of the pH meter    

Stucco samples that had been exposed to acid by the different methods were also 

measured. The stucco was sprayed, dipped, or soaked in acid for a certain period of time, and 

then allowed to dry (Figure 30).  Small pieces of filter paper (¼-inch ×½-inch in size to fit in the 

testing junction of the pH meter) were placed on the cement stucco (Figure 31).  Each treated 

block was wetted with 0.1-mL of deionized water. Filter paper was then applied to the block with 

MPRM1 applied to its surface and wetted with 0.1-mL of deionized water. The treated block and 

filter paper were allowed to come to equilibrium for 15-minutes after which the pH of the surface 

of each block was recorded.  

The process for determining the surface pH of a block treated with 0.1-M acid can be 

seen in Figure 30 through Figure 31. One block was exposed to acid for 10-min for the dipped 

treatment, while other samples were placed to soak for 7-days. The preliminary samples were 

wrapped with 6-mil plastic in the glass dish as seen in Figure 30. 
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Figure 30: Preparation of stucco mix to be dipped o r soaked in acid (left), stucco sample 

soaking for 2-hours (center), samples soaking for 7 -days wrapped in plastic 

(right)  

 

Figure 31: Testing of the surface pH of the stucco set-up after acid treatment with filter 

paper allowed to come to equilibrium after being we tted  

Three sample blocks were exposed to sulfuric acid by several different application 

methods: 1) spray application: a sample block was sprayed with a approximately 10-15 sprays of 

acid on the surface of a block, but the danger of over-spraying and safety hazards meant that this 

Sprayed 2-hours 
Soaked 

7-day 
Soaked 
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application method was discontinued; 2) dip application: a sample block was placed in a glass 

tray for 10-minutes such that the acid was covering the stucco CMU interface; or 3) soak 

application: a sample was allowed to remain in contact with 1500-mL of acid for 7-days covered 

with plastic to minimize evaporation. The change in the surface pH from the application of acids 

to the surface of the cement stucco is difficult if not impossible to predict due to several factors. 

The exact composition of cement stucco is unknown due to the proprietary protection of the ready 

mix. In addition, mixes will tend to have variation due to the required workability desired (variable 

water content). It is believed that a chemical reaction will occur between the stucco and the acid, 

and some of the hydrogen ions will be consumed in this reaction.  

 

2.2.2.3 DETERMINATION OF MOISTURE EFFECTS OF ROLLING WATER ON SURFACE 
OF STUCCO   

 

To determine the amount of time a construction worker would need to apply acid with a 

roller, a preliminary experiment was conducted by continuously rolling a stucco block with tap 

water for a specified period of time (1-hr). The moisture content was measured with the Tramex 

meter on the backside of the block cell Figure 33(left).  

 

Figure 32: Initial equilibrium moisture content of block at beginning of test 
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When elevated levels of moisture were detected at the 1-hour mark, the block stucco 

sample was then deconstructed to determine the precise depth that the water had penetrated. 

Figure 33 shows the testing process used to determine the amount of time in hours needed for 

full penetration of solution in contact with stucco surfacing material.  

        

Figure 33: Moisture content backside of block at on e hour near 20% (left) and material 

noted wet at 1/16-inch from substrate surface (cent er and right) 

2.2.3 EXPERIMENT TO TEST ACID TREATMENT 

 

Each sample block was prepared to meet the criteria of treatment as described in the 

following sections. After the construction of samples and the curing process, the stucco samples 

were shuffled. Block selection for acid treatments was done from this shuffled pile arbitrarily. Acid 

was applied to the stucco by placing samples into a bath of sulfuric acid as described in Section 

2.1.3 that had a depth greater than 5/8-inch as necessary to completely cover the connection of 

the block substrate and stucco surfacing material (Figure 34). The blocks were then allowed to sit 

in the acid bath for 2-hours as seen in Figure 35. At the end of the 2-hour period, each block was 

removed from the acid bath. Blocks were flipped such that the acid treated surface faced up 
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allowing excess surface acid to absorb into the block by gravity. Each block was then placed in 

20-inch x 36-inch HDPE trays (Figure 35-top) and covered for 3-days with 4-mil polyethylene 

sheeting to minimize evaporation (Figure 35-bottom). 

 

Figure 34: Acid treatment solution greater than 5/8 -inch deep just above stucco line to 

ensure complete saturation within 2-hours   

 

Figure 35: Stucco soaking in sulfuric acid bath for  2-hours (top), blocks wrapped in plastic 

to prevent evaporation soaking for 3-days (bottom)  
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At the end of 72-hours, blocks were uncovered, and then all samples were rinsed with tap 

water. Blocks having been treated with acid were then prepared for moisture content conditions.  

2.2.4 EXPERIMENT TO TEST MOISTURE CONTENT EFFECTS  

 

Blocks chosen to be dried to 15%WME and 5%WME were selected with no consideration 

to previous choices. Eight blocks that had been treated with acid for 2-hours or 72-hours were set 

aside to be brought to near 15% and less than 5% WME in ambient conditions. The remaining 

samples were then placed in a clean tray containing only tap water to maintain the moisture 

content greater than 30%WME. Due to the fact that 2-hours acid treatment samples are on the 

opposite side of the block of 72-hours, soaking blocks in water allowed different acid treatment to 

be exposed to ambient conditions and soaked at the same time (Figure 33 ). 

 

Figure 36 Example of how one CMU block contains bot h 2-hour acid treatment and 72-
hours acid treatment 

Prior to testing, blocks were removed from trays and allowed to dry for 1-hour. This 

ensured that no free water was available on the surface of the block such that only the moisture 

that had been absorbed by the cement stucco was present.  

 After acid treatment, moisture contents between 15 - 17% WME were not measured even 

after the blocks were left for several days to dry in a low humidity environment chamber. The 

WME level would not progress below 22% WME. Therefore, to reduce the %WME level in the 

Acid Treatment 2-hours 

Acid Treatment 72-hours 
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stucco samples to a range of 15 to 17%WME, the samples were placed in a Shel Lab Model-

1350F drying oven at 101.5°C for 3 to 5-hours (Figu re 37). The WME was checked each hour 

and when samples reached the desired %WME, they were removed from the oven and set aside 

to cool. After blocks had reached room temperature (~5-hours), the %WME was checked to 

ensure that it remained in the desired range for testing. As with the 15%WME, a moisture content 

of 5%WME was not measured and samples would not progress below 22% WME. To reduce the 

%WME to a range of less than 5%WME, the samples were placed in the drying oven at 101.5°C 

overnight. The %WME was checked the following day to confirm desired %WME was achieved. 

At this point, the samples were removed from the oven and allowed to cool for (~5-hours). After 

blocks were cooled, the %WME was checked to ensure WME was still less than 5% and then 

used in the testing process. 

 

Figure 37: Block being dried in oven to reduce mois ture content to a level of 15% or 5% 

WME  
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2.2.5 EXPERIMENT TO TEST FINAL RESULTS ACROSS BATCHES OF STUCCO AND 
SAMPLERS  

Stucco is a variable material due to the effect of mix design, mixing process, aggregate 

additives, and application process. Separate batches of stucco may produce different levels of 

airborne particulates even if performing the same removal process. Would similar results be 

produced from different batches and samplers, was one question in this research. To address this 

question, several batches of stucco were mixed and used to conduct tests. Three batches were 

created as described in Section 2.1.2. To test the effect that batch production and changing 

samplers has on replication, several samplers were asked to remove the same treatment 

5%WME and 0-hours acid treatment using the method of removal described in Section 2.2.1 

across several batches, the results were tested for statistical similarity as described in section 

2.3.4. Additionally, at the completion of the full-scale experiment, results appeared to meet the 

criteria of the hypothesis, additional testing was conducted to determine if results would replicate 

across batches of stucco production. 

 
2.3 STATISTICAL ANALYSIS OF DATA 

To determine if results found in the experiment truly represent a true reduction in the 

generation of particulate, a statistical analysis must be conducted. The assumption that the data 

follows a known distribution (i.e. Gaussian) must be checked.  If normality is not statistical 

indicated or visual inspection of the data indicate that an assumption of normality may be flawed, 

then non-parametric tests must be used. Non-parametric tests for analysis of variance in small 

sample populations can now be completed much easier with the use of computer software 

programs like Matlab, which is a powerful analytical software package that can perform simulation 

and mathematical analysis (Schreiber, 2007). Included in the Matlab software are a series of 

build-in functions and statistical analysis tools. Three of these functions “propplot” and “kstest” 

can help test samples for normality and “kruskalwallis” test can be used for analysis of variance. 
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2.3.1 TESTING FOR NORMALITY  

The data sets were first evaluated for normality using two different techniques. The first 

graphical test for normality relies on the analyst’s judgment and interpretation of a histogram 

probability plot. If the data closely adheres to the standard normal distribution plot, it will appear 

as a diagonal line. The test developed by Kolmogorov and Smirnov (K-S test) (1933) provides 

test statistics regarding the goodness of fit and a p-value. K-S test method works well with non-

parametric data, and assumptions about distribution are not needed through a ranking of data 

prior to analysis. This ranking of data is also the weakness in the K-S test, as the power the test 

is lost by not using the data directly in the analysis. Each method was used to evaluate the 

normality of the sample distribution, but due to the consequences of false assumptions of 

normality and availability of statistical tests for non-parametric data, any indication of non-

normality in either technique was justification for not accepting the normality assumption.   

At the end of testing, nuisance particulate readings recorded by the PDR-1000 were 

downloaded to “.csv” files. In this format the data could be copy and pasted into Matlab and 

saved as a variable. Once data was loaded into the software as a variable, it was entered in the 

software function “probplot.” The software returns a plot as seen in Figure 38. The analyst must 

then interpret  the goodness-of-fit of the data to the diagonal line. Due to the judgment needed by 

the analyst, this method should be verified with other methods if the normality assumption is 

required for following tests. The benefit of this technique is the ability to screen a large quantity of 

data to decide which data, if any, requires additional tests for normality such as the K-S test.   

 



46 

 

      (a)                                    (b)   

Figure 38: Two representative probability plots for  (a) plausible normality and additional 

validation of normality required and (b) normality not likely such that use of 

parametric test is not appropriate  

Data that displays plausible normality graphically can be re-tested using the K-S test in 

Matlab. The building function in Matlab is “kstest” and the response variables for the hypothesis 

test is an “h.” The h-value is a comparison of the p-values and the test statistic. If the comparison 

finds significant evidence to reject the null-hypothesis that the sample is from a normal 

distribution, then h=0, if not than h=1. Matlab also records and displays the p-value for reference. 

The benefit of the use of an analysis software package is the time that is saved and the ability to 

test all samples used in the final experiment. 

2.3.2 KRUSKAL–WALLIS NON-PARAMETRIC ANALYSIS OF VARIANCE OF MEDIANS 

Traditional analysis of variance (ANOVA) cannot be done on data that does not follow 

normality and thus is non-parametric and may have different numbers of measurements per data 

set. Data such as this cannot reliably be tested using traditional statistical methods such as t-test 

or standard ANOVA tables. Kruskal and Wallis (1952) developed an ANOVA process based on 

the work previously conducted by Mann-Whitney-Wilcoxon (MWW). Matlab contains functions 

that perform the Kruskal–Wallis non-parametric analysis of variance of medians test (K-W 

ANOVA). Using Matlab and the built-in function “kruskalwallis,” each sample was tested against 



47 

all other samples where the null hypothesis was “medians are equal with a 0.15 significance 

level.” In addition to performing the K-W ANOVA, Matlab will plot a ranked analysis of the data for 

comparison of range of ranked values. This plot produces a symbolic representation of the 

ranked expected median, min, and max (Figure 39). Overlap in these ranked ranges represents 

correlation in the data with respect to the medians (Montgomery,2013).  

 

Figure 39: Screenshot example of representative ran ked plot for analysis produced by 

Matlab the number assigned by Matlab for each sampl e is the y-axis and the 

ranking of the values is the x-axis (the center dot  is the ranked median, while 

the line passing through the dot is the sample’s ra nked range)  

2.3.3 BINNING DATA FOR GRAPHIC ANALYSIS  

For rapid analysis, each group of replicates were binned or aggregated to create 

representative values and reduce the noise in the data, based on the median tendency. Four 

replicate tests were conducted; post-processing included downloading the data log and aligning 

the data series. The data was aligned to the point when removal started, which was obvious from 

the data set. Background measurements in all data logs recorded were all below 1-mg/m3. It 

appeared that six background measurements were sufficient to observed the condition of the 
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chamber and were retained and all additional background points were truncated prior to the first 

measurement of greater than 1-mg/m3 for analysis. This process allowed a visual analysis of the 

data for trends. The median of each time step in the replicates was found with the median 

function in excel (binned), this value was used to represent the replicates in graphical analysis 

when comparing treatments (Figure 40). 

 

Figure 40: Example of graph of replicate samples wi th dotted line to represent median for 
each series color-coded and overlaid on series 

 
2.3.4 ERROR ANALYSIS OF SAMPLERS AND SAMPLE DIMENSIONS  

To examine the amount of error associated with differences in each sample and across 

replicates or differences in samplers or tool use, the absolute mean deviation from the median 

and the absolute median deviation from the median were calculated.  For the sampler’s removal 

of MPRM1, 5%WME, 0-hours acid and 5-inch x 5-inch samples was used; the median of the 

replicate for each sampler was compared to the median of all the samples. To examine the 

effects of tool use (equipment malfunction) MPRM1, 5%WME, 0-hours acid and 5-inch x 5-inch 

was removed with malfunctioning equipment (chipping hammer supplied less than 90-psi and 15-

cfm) and with one sampler, the replicates were compared to the median of the replicates.  This 
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error analysis was also done for the control in the experiment MPRM2, 5%WME, 0-hours acid 

and 5-inch x 5-inch with one sampler, and replicates were compared to the median of the 

replicates.   
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3.0 RESULTS AND DISCUSSION 

 
3.1 EXPERIMENTAL RESULTS  

The preliminary experiments sought to first determine the required sample dimension and 

the effects that the sampler would have on results. During initial research, concern arouse of an 

effective ways to measure pH and the pH of the debris that was generated. This research also 

relied on the wetting of the cement stucco layer with both acid and water to reduce the airborne 

particulate levels. As such, research was done to determine the rate at which these solutions 

would move into the stucco.  These preliminary studies allowed the final research experiments to 

be completed, which tested the effects of acid treatment, moisture content and the combination of 

the two on the generation of particulate during the stucco removal process. The results of these 

experiment are presented herein.    

3.1.1 DETERMINATION OF SAMPLE DIMENSIONS   

The first preliminary trials focused on determining the necessary sample dimensions to 

produce ten times the value of OSHA’s nuisance particulate PEL (15-mg/m3). The plausibility of 

normality or non-likelihood of normality was recorded in Table 3 according to Section 2.3.1. Table 

3 can also be used to identify the dimension of the stucco removed in each tag. Stucco type 

MPRM1 was used for all sample dimension testing, and no sample number was assigned to the 

tags used in this phase of the experiment.  It was found, that probability plots of removal data in 

both the 4-inch x 4-inch and 5-inch x 5-inch samples did not have significant correlation to 

normality curve. Further testing of the data using the K-S test confirmed this with p-values all less 

than 2.78x10-17 also indicating non-normality and the need for non-parametric testing when 

evaluating the results of the sample dimension experiment (Table 3). 
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Table 3: Normality test results of samples used to determine dimensions of samples for 
further testing, removal of MPRM1, 5%WME and 0-hour s 

Sampler Cowan Murphy Cowan Trosek Shaw Cowan Cowan Cowan Cowan 
Tag # Tag#2 Tag#4 Tag#6 Tag#7 Tag#8 Tag#10 Tag#11 Tag#12 Tag#13 

Dim. of 
Sample 

4x4 5x5 6x6 6x6 6x6 5x5 5x5 5x5 5x5 

Normality 
Test 

Normality 
Not 

Likely 

Normality 
Not 

Likely 

Normality 
Plausible 

Normality 
Plausible 

Normality 
Plausible 

Normality 
Not 

Likely 

Normality 
Not 

Likely 

Normality 
Not 

Likely 

Normality 
Not 

Likely 
K-S Test 
α=0.15 

<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 

The K-S test shows that non-normality was the most common finding in the dimensional 

determination data set (Table 3). The Kruskal–Wallis non-parametric test that provides an 

analysis of variance of medians (K-W ANOVA) was used to evaluate the median tendency of the 

dimensional stucco removal. Four tags during the testing process were not used due to reasons, 

which include, false starts, failed test due to unforeseen circumstances, abandoned runs, or 

verification of chamber background levels thus were not analyzed or presented in the report. 

Table 4 is a summary of the K-W ANOVA.  
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Table 4: Results of Kruskal–Wallis ANOVA of dimensi ons of samples 

Medians in 
Comparison  

P-value  
(α=0.15) 

Test of 
Median 
Results    

Medians in 
Comparison  

P-value  
(α=0.15) 

Test of 
Median 
Results  

Tag #2 Tag #4 0.001 
Diff. 

Median   Tag #6 Tag #11 0.843 
Median 
Similar 

Tag #2 Tag #6 0.790 
Median 
Similar   Tag #6 Tag #12 0.947 

Median 
Similar 

Tag #2 Tag #7 0.918 
Median 
Similar   Tag #6 Tag #13 0.996 

Median 
Similar 

Tag #2 Tag #8 0.003 
Diff. 

Median   Tag #7 Tag #8 0.196 
Median 
Similar 

Tag #2 Tag #10 0.023 
Diff. 

Median   Tag #7 Tag #10 0.539 
Median 
Similar 

Tag #2 Tag #11 0.043 
Diff. 

Median   Tag #7 Tag #11 0.674 
Median 
Similar 

Tag #2 Tag #12 0.096 
Diff. 

Median   Tag #7 Tag #12 0.844 
Median 
Similar 

Tag #2 Tag #13 0.252 
Median 
Similar   Tag #7 Tag #13 0.972 

Median 
Similar 

Tag #4 Tag #6 0.176 
Median 
Similar   Tag #8 Tag #10 1.000 

Median 
Similar 

Tag #4 Tag #7 0.086 
Diff. 

Median   Tag #8 Tag #11 1.000 
Median 
Similar 

Tag #4 Tag #8 1.000 
Median 
Similar   Tag #8 Tag #12 0.981 

Median 
Similar 

Tag #4 Tag #10 0.993 
Median 
Similar   Tag #8 Tag #13 0.873 

Median 
Similar 

Tag #4 Tag #11 0.975 
Median 
Similar   Tag #10 Tag #11 1.000 

Median 
Similar 

Tag #4 Tag #12 0.904 
Median 
Similar   Tag #10 Tag #12 1.000 

Median 
Similar 

Tag #4 Tag #13 0.686 
Median 
Similar   Tag #10 Tag #13 0.994 

Median 
Similar 

Tag #6 Tag #7 1.000 
Median 
Similar   Tag #11 Tag #12 1.000 

Median 
Similar 

Tag #6 Tag #8 0.346 
Median 
Similar   Tag #11 Tag #13 0.999 

Median 
Similar 

Tag #6 Tag #10 0.734 
Median 
Similar   Tag #12 Tag #13 1.000 

Median 
Similar 

 

Tag#2 (4-inch x 4-inch) was found to be statistically different than all other samples except 

samples Tag#6, Tag#7, and Tag#13. Additionally the time-weighted average was not at or above 

the 75-mg/m3 at the completion of removal and as such did not meet the requirement for 

particulate generation.  Tag#6, Tag#7, and Tag#8 all were samples with dimensions of 6-inch x 6-

inch, these were the results of several samplers on the same-dimension of removal. Some 

similarity was observed in the medians of these samples, but acceptance of the null hypothesis of 
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similar medians could not be concluded with p-values<0.001. Qualitatively, the use of a 6-inch x 

6-inch sample placed removal near the edge of block and caused the substrate to break in Tag 

#8. The 6-inch x 6-inch dimension became a non-preferred option due to this variability and lack 

of statistical conformity, and damage to the substrate. Tags#4, and Tag#10-13, were all 5-inch x 

5-inch were found to have statistically similar medians. This similarity was found in comparisons 

of samples done by the same sampler and by different samplers. Due to the fact that dimensions 

larger and smaller  than 5-inch x 5-inch having values with time weighted averages below the 75-

mg/m3 or variability found in the median of the sample, the 5-inch x 5-inch was found to be the 

most desirable dimension for stucco removal testing for the generation of nuisance particulate. 

3.1.2 EXPERIMENTS TO DETERMINE THE PH OF STUCCO SAMPLES TREATED WITH 
ACID  

During the initial planning of the experiment, the resulting pH of the stucco was of 

concern. Using an acid with a pH of one presented the possibility of waste products that may be 

as hazardous or nearly as hazardous as the initial components.  In the preliminary experiment, 

three replicates were used to test the effectiveness of Heng’s (2004) method of determining the 

pH of a surface, as described in Section 2.2.2.2. Figure 41 shows the replicates used in the 

preliminary testing and the results are summarized in Table 5.   

 

Figure 41: Replicates used in preliminary testing o f methods to measure the pH surfaces 

treated with acid solution   
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Table 5: Summary of pH test measurements on glass s urface using pH standards, 0.1-M 
sulfuric acid, and deionized water 

Sample Type pH 10 pH 7 DI Water pH 4  pH 1 (H2SO4) 
Wet Well 1 10.06 7.35 6.27 4.23 1.31 
Wet Well 2 10.12 7.32 4.86 4.23 1.26 
Wet Well 3 10.01 7.32 7.27 4.22 1.27 
Dry Well 1 10.48 7.41 7.25 4.23 1.16 
Dry Well 2 10.44 7.40 5.53 4.25 1.66 
Dry Well 3 10.47 7.44 6.13 4.16 1.40 

 

Wet well 1, 2, and 3 of each solution represent the control for that solution test. The 

measurements observed were tested to determine if all replicates were within two standard 

deviations of each other (Table 6).  

Table 6: Summary of standard deviation ranges and a verages from pH test on glass 
surface using pH standards, 0.1-M sulfuric acid, an d deionized water 

  Wet Wells  Dry Wells  

Solution  Average   x̅ ± 1s x̅ ± 2s Average  x̅ ± 1s x̅ ± 2s 

(H2SO4) pH 1  1.28 1.25 -1.31 1.16 -1.36 1.41 1.16 - 1.66 0.91 - 1.91  

Standard pH 4  4.23 4.22 - 4.23 4.22 - 4.24 4.21 4.17 - 4.26 4.12 - 4.31 

DI Water  6.13 4.92 - 7.34 3.36 - 9.77 6.30 5.43 - 7.18 4.56 - 8.05 

Standard pH 7 7.33 7.31 - 7.35 7.23 - 7.38 7.42 7.40 - 7.44 7.38 - 7.46 

Standard pH 10 10.06 10.01- 10.12 9.57 - 10.23 10.46 10.44 - 10.48 10.42 - 10.50 

All control replicates were within two standard deviations of each other, and only one replicate in 

the deionized water was found to be greater than one standard deviation, this is most likely due to 

the unstable nature of deionized water and its tendency to change pH because of its low buffering 

capacity. All dry well replicates were also tested to determine if they were within two standard 

deviations of each other, and only two replicates one in the deionized water and one in the pH 4 

were found to be greater than one standard deviation, while all were within two standard 

deviations. To determine if the pH results measured using the method described in Section 

2.2.2.2 could be relied upon to measure pH of a surface, a t-test was performed on the 

measurement of pH wet well versus dry well to test if the mean was found to be different from 

each other. The test summary statistics can be found in Table 7. 
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Table 7: Summary of two-tail t-test from pH test on  glass surface using pH standards, 0.1-
M sulfuric acid, and deionized water wet wells vs. dry wells  

Wet Wells average Vs. Dry Wells Average  
  (H2SO4) pH 1  Std. pH 4  DI Water  Std. pH 7 Std.  pH 10 
Mean Wet  1.28 4.23 6.13 7.33 10.06 
Mean Dry 1.41 4.22 6.3 7.42 10.46 
Variance Wet  0.0007 <0.0001 1.46 0.0003 0.0003 
Variance Dry  0.063 0.0022 0.76 0.0004 0.0004 
Observations 3 3 3 3 3 
p-values 
(α=0.05) 0.509 0.635 0.821 0.039 0.011 

 

Statistical similarities in means were found in pH 1 and 4, and deviation in pH never 

varied beyond one pH unit. It was noted that a significant difference was in the means of the pH 7 

and pH 10 samples wet vs. dry. The relative error was than calculated and summarized in Table 

8. The average percent error ranged from 2.2% for a pH of 10 to 33.2% for pH of one with an 

average percent error of 12%. The power of these test were low due to the low number of 

samples in this preliminary test the error could be reduced by using more samples in further 

testing. Additionally, it is notable that a pH of one is very close to the meters functional range and 

error may be due to equipment vs. test method.  

Table 8: Summary of pH test measurements on glass s urface using pH standards, 0.1-M 
sulfuric acid, and deionized water with (percent er ror) in parentheses next to 
measured value  

Sample Type pH 10 pH 7 DI Water pH 4  pH 1 (H2SO4) 
Wet Well 1 10.06 (0.6) 7.35 (5.0) 6.27 (3.5) 4.23 (5.8) 1.31 (31.0) 
Wet Well 2 10.12 (1.2) 7.32 (4.6) 4.86 (25.2) 4.23 (5.8) 1.26 (26.0) 
Wet Well 3 10.01 (0.1) 7.32 (4.6) 7.27 ( 11.8) 4.22 (5.5) 1.27 (27.0) 
Dry Well 1 10.48 (4.8) 7.41 (5.9) 7.25 (11.5) 4.23 (5.8) 1.16 (16.0) 
Dry Well 2 10.44 (4.4) 7.40 (5.7) 5.53 (14.9) 4.25 (6.3) 1.66 (66.0) 
Dry Well 3 10.47 (4.7) 7.44 (6.3) 6.13 (5.7) 4.16 (4.0) 1.40 (40.0) 

 

After stucco had dried, the sample had undergone several visible changes, evidence of 

white efflorescence could be observed on the surface of the block from the reaction of the acid 



56 

with the carbonates in the material, and the color tone of the stucco had changed to a lighter red 

(Figure 42). This was most likely calcium salt based on the chemistry of stucco and sulfuric acid, 

but was not verified as part of this experiment. Again, pH values were measured for all three 

stucco samples using three replicates, and the results were summarized in Table 9. It is notable 

that regardless of the duration, all stucco samples pH were near pH 7 (or neutral).   

 

Figure 42: Pilot test of acid application to determ ine post pH value after treatment: sprayed 

(left), dipped (center), and soaked (right) 

Table 9: Summary of pH readings for acid treatment The results of the experiment to 

determine the pH of stucco treated with acid averag ed and std. dev.  

Sprayed with Acid              Dipped in Acid       Soaked in Acid  

Replicate 1 - 6.19 Replicate 1 - 6.38 Replicate 1 - 6.68 

Replicate 2 - 7.08 Replicate 2 - 6.68 Replicate 2 - 6.57 

Replicate 3 - 6.92 Replicate 3 - 6.38 Replicate 3 - 6.01 

Average - 6.73 Average - 6.48 Average – 6.42 

Std. Dev – 0.47 Std. Dev – 0.17 Std. Dev – 0.36 

 

Measurement validation results typically resulted in no more than one standard deviation 

from the mean. Based on the preliminary surface pH research, the pH values for stucco treated 

with sulfuric acid with a pH 1 ranged from 6.25 to 6.89 after 72-hours of exposure and allowing 
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the acid to completely dry. Considering the 12% error from the testing with pH standards on the 

glass tray;  the pH could be as low as 5.5 and as high as 7.7.  Blocks appeared to be in a pH 

range that would not pose a hazard to the samplers after acid treatment; as such, full-scale 

batches of acid treated blocks were generated.   

After acid was prepared for the large-scale batch as described in Section 2.1.3 and 

added to the trays containing the samples as in section 2.2.3, the final measured pH of acid was 

verified to be 1.2 pH at the conclusion of filling the tray. The pH of the acid in the trays was 

measured for the next 3 days. The pH values increased each day as seen in Figure 43.  

 

 

Figure 43: Change in solution pH over time during a cid treatment of three replicate trays of 

stucco samples 

The pH of the acid solution in contact with the stucco samples was found to be 7.2 and 

when plotted appeared to be moving towards an asymptotic line below a pH of 7.7.   This was a 

neutral pH safe to work with, and presumably the majority of the acid ions had been consumed in 
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the process and little additional effect could be expected from extended contact time with the 

initial acid now near neutral solution.  

3.1.3 EXPERIMENTS TO DETERMINE MOISTURE EFFECTS OF ROLLING WATER ON 
SURFACE OF STUCCO 

One of the objectives of the research was to examine the effect of acid or moisture 

absorbed throughout the full extent of the stucco layer. Moisture measurement on the backside of 

the CMU block indicated the moisture in the cross-section of stucco and CMU had increased from 

5% to 20%WME. The %WME of the surface cannot be measured during the water application 

process as the moisture provides a continuous conductive surface and confounds the meter. As 

stucco was removed cautiously, as described in Section 2.2.2.3, it was recorded that moisture 

had reached within 1/16-inch from the CMU surface as seen in Figure 44. Based on this finding, it 

was determined that soaking a cement block with stucco surfacing material in direct contact of 

aqueous solutions for 2-hours would ensure complete penetration through the stucco to the 

substrate. 

 

Figure 44: Sample removed from face of block stucco  mix MPRM1, 0-hours acid treatment, 

moisture has passed 90% through the profile of the stucco at 1-hour 
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3.1.4 EXPERIMENT FOR STUCCO AT 5% WOOD MOISTURE EQUIVALENT WITH ACID 
TREATMENT OF 0-HOURS, 2-HOURS, AND 72-HOURS  

It was found that blocks that had cured for 6-months or more maintained a WME of 5% to 

7%, and even when wetted returned back to this WME within 2 to 3-days in outside ambient 

conditions in South Florida during the months of December 2014 to July  2015. These blocks 

were considered as the control samples in this research. This behavior can be described as a 

function of the measurement of WME and the relationship to relative humidity (RH) as seen in 

Figure 45 (General Electric, 2015).  

 

Figure 45: Graph of relationship between RH and sof t wood moisture at 

equilibrium with plausible masonry relationship (Ge neral Electric, 2015)  

General Electric provides the function of moisture content of a softwood and RH in the solid line 

depicted in Figure 45. A similar relationship can be constructed for stucco on CMU based on the 

measurements collected during this experiment. The dots on the graph represents the WME of 

CMU block at 50% RH equilibrium and 80% RH equilibrium, while the dotted line represents the 

researcher’s proposed curve if CMU remained linear as with the wood in these ranges. This 
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indicates that stucco would need to have additional moisture added to reach greater than 

15%WME after curing in ambient conditions.  

Samples were tested using methods described in Section 2.2.1.  The resulting data logs 

can be found in Appendix A. Each data log was post-processed and statistically analyzed using 

methods described in Section 2.3.3. Examples of pre- and post-tested samples can be seen in 

Figure 46, in which the stucco was completely removed from the substrate for an area equal to 

25-in2. The PDR-1000 also records the maximum value during the tag, and these values were 

informative during the initial screening process.  

 

Figure 46: Example of sample removed in experiment pre-removal (left) and post-removal 

(right) 

Each replicate was tested for normality as described in Section 2.3.1. It was found 

adherence to the normal distribution was not likely in the MPRM2 samples treated 0-hours, 2-

Hours and 72-hours of acid and tested at 5% WME, because p-values were less than 9.66x10-8 in 

all 5-inch × 5-inch samples Table 10 

 

.  
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Table 10: Normality test results of replicates MRPM 2, 5%WME, 5-inch × 5-inch 

Sample Description K-S Test 
α=0.15 

Probability Plot 
Interpretation 

5% WME 0 Hours Replicate 1 <0.001 Normality Not Likely 
5% WME 0 Hours Replicate 2 <0.001 Normality Not Likely 
5% WME 0 Hours Replicate 3 <0.001 Normality Not Likely 
5% WME 0 Hours Replicate 4 <0.001 Normality Not Likely 
5% WME 2 Hours Replicate 1 <0.001 Normality Not Likely 
5% WME 2 Hours Replicate 2 <0.001 Normality Not Likely 
5% WME 2 Hours Replicate 3 <0.001 Normality Not Likely 
5% WME 2 Hours Replicate 4 <0.001 Normality Not Likely 
5% WME 72 Hours Replicate 1 <0.001 Normality Not Likely 
5% WME 72 Hours Replicate 2 <0.001 Normality Not Likely 
5% WME 72 Hours Replicate 3 <0.001 Normality Not Likely 
5% WME 72 Hours Replicate 4 <0.001 Normality Not Likely 
 

Each replicate sample in a treatment was analyzed using the K-W ANOVA, and results 

are summarized in Table 11 through Table 13. There was no evidence in the replicate samples 

medians from stucco batch MPRM2, 5%WME and 0-hours acid were different. This was also 

found in MPRM2, 5%WME, 2-hours and 72-hours acid treatments. Matlab provides a multiple 

rank series comparison, which is shown in Figure 47. This plot is of samples MPRM2, 5%WME 

treatments; the circle represents the median value of the measured recorded values in each 

sample once ranked, while the line represents the range of measured values. Significant overlap 

in the ranges and medians of all samples in the 5%WME treatment were found. 

Table 11: Results of Kruskal–Wallis ANOVA of treatm ent 0-hours of acid and 5% WME 

Medians in Comparison 
p-value  
(α=0.15) 

Test of Median 
Results 

5%_0 Hours_R1 5%_0 Hours_R2 0.998 Median Similar 

5%_0 Hours_R1 5%_0 Hours_R3 0.579 Median Similar 

5%_0 Hours_R1 5%_0 Hours_R4 0.875 Median Similar 

5%_0 Hours_R2 5%_0 Hours_R3 0.469 Median Similar 

5%_0 Hours_R2 5%_0 Hours_R4 0.790 Median Similar 

5%_0 Hours_R3 5%_0 Hours_R4 0.954 Median Similar 
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Table 12: Results of Kruskal–Wallis ANOVA of treatm ent 2-hours of acid and 5% WME 

Medians in Comparison  
p-value  
(α=0.15) 

Test of Median 
Results  

5%_2 Hours_R1 5%_2 Hours_R2 0.824 Median Similar 

5%_2 Hours_R1 5%_2 Hours_R3 0.696 Median Similar 

5%_2 Hours_R1 5%_2 Hours_R4 1.000 Median Similar 

5%_2 Hours_R2 5%_2 Hours_R3 0.996 Median Similar 

5%_2 Hours_R2 5%_2 Hours_R4 0.809 Median Similar 

5%_2 Hours_R3 5%_2 Hours_R4 0.678 Median Similar 

 

 
Table 13: Results of Kruskal–Wallis ANOVA of treatm ent 72-hours of acid and 5% WME 

Medians in Comparison  
P-value  
(α=0.15) 

Test of Median 
Results  

5%_72 Hours_R1 5%_72 Hours_R2 0.824 Median Similar 

5%_72 Hours_R1 5%_72 Hours_R3 0.696 Median Similar 

5%_72 Hours_R1 5%_72 Hours_R4 1.000 Median Similar 

5%_72 Hours_R2 5%_72 Hours_R3 0.996 Median Similar 

5%_72 Hours_R2 5%_72 Hours_R4 0.809 Median Similar 

5%_72 Hours_R3 5%_72 Hours_R4 0.678 Median Similar 

 

 

   
         20                  40                  60                   80                 100                120                140 

         Kruskal-Wallis Ranked Value 

Figure 47: Representative plot of ranked means from  K-S Test for 5% replicate samples 
with acid treatment of 0-hour, 2-hours, and 72-hour s, Y-axis stucco sample 
legend  
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Graphs of  particulate released by the removal of MPRM2, 5%WME and acid treatments 

of 0, 2, and 72-hours were produced using methods described in Section 2.3.3 and can be seen 

in Figure 48 for the 5%WME data set. The dashed line in the graph is the representative median 

line of the replicates in that treatment. All samples were found to be well represented by this 

median line, with no indication that the medians were significantly different. The median line of 

each sample was carried forward for further analysis. Each median of the medians was tested 

using K-W ANOVA, to test for similarity between acid treatments with 5%WME, and results are 

summarized in Table 14.  

 

Figure 48: Graph of replicate samples of MPRM2, 5% WME 0-hours, 2-hours, and 72-hours 
of acid treatment with dotted represented median li ne for each series color-
coded and overlaid on series 

 

Table 14: Results of Kruskal–Wallis ANOVA on the me dians of the replicate series MPRM2 
with 0, 2, and 72-hours of acid at 5% WME 

Medians in Comparison  
p-value  
(α=0.15) 

Test of Median 
Results  

5%_0 Hours 5%_2 Hours 0.754 Median Similar 

5%_0 Hours 5%_72 Hours 0.987 Median Similar 

5%_2 Hours 5%_72 Hours 0.659 Median Similar 
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It was found that there was no reason to believe the median graphs were different in the MPRM2, 

5% WME treatment between different durations of acid treatment. Matlab provides a multiple rank 

series comparison, which is shown in Figure 49. This plot provides a graphic analysis of the 

location of the median value for each of the representative median series and the range of the 

series. There did not appear to be a significant difference in the medians of the representative 

series of acid treatment in the MPRM2, 5%WME tests.   

    
   16         18          20          22         24          26          28          30          32          36         38 
            Kruskal-Wallis Ranked Value 

 

Figure 49: Plots of the representative median serie s as ranked values for acid treatment of 
0, 2, and 72-hours with 5% WME  
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3.1.5 EXPERIMENT FOR STUCCO AT 15% WOOD MOISTURE EQUIVALENT WITH ACID 
TREATMENT OF 0-HOURS, 2-HOURS, AND 72-HOURS  

Four replicate tests were conducted for each acid treatment for blocks with 15% WME. 

Post-processing included downloading the log and aligning the data series as described in 

Section 3.1.4.   Table 15 shows the results of the K-S test for 15%WME treatment and acid 

treatments of 0, 2, and 72-hours. Strong evidence suggested that these samples did not follow 

the normal with all p-values being below 2.88x10-8. The lack of evidence to support normally 

distributed data requires non-parametric ANOVA.  

Table 15: Normality test results of replicates MRPM 2, 15%WME, 5-inch × 5-inch 

Sample Description K-S Test 
α=0.15 

Probability Plot 
Interpretation 

15% WME 0 Hours Replicate 1 <0.001 Normality Not Likely 
15% WME 0 Hours Replicate 2 <0.001 Normality Not Likely 
15% WME 0 Hours Replicate 3 <0.001 Normality Not Likely 
15% WME 0 Hours Replicate 4 <0.001 Normality Not Likely 
15% WME 2 Hours Replicate 1 <0.001 Normality Not Likely 
15% WME 2 Hours Replicate 2 <0.001 Normality Not Likely 
15% WME 2 Hours Replicate 3 <0.001 Normality Not Likely 
15% WME 2 Hours Replicate 4 <0.001 Normality Not Likely 
15% WME 72 Hours Replicate 1 <0.001 Normality Not Likely 
15% WME 72 Hours Replicate 2 <0.001 Normality Not Likely 
15% WME 72 Hours Replicate 3 <0.001 Normality Not Likely 
15% WME 72 Hours Replicate 4 <0.001 Normality Not Likely 

 

An analysis of each replicate was conducted using the K-W ANOVA. Only in one 

comparison was the p-value less than the α=0.15 which occurred in the MPRM2 15%WME and 

72-hours sample set. This p-value of 0.082 indicates a lack of evidence that the samples have the 

same median, results are summarized in Table 16 through Table 18.  
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Table 16: Results of Kruskal–Wallis ANOVA of treatm ent 0-hours of acid and 15% WME 

Medians in Comparison 
P-value  
(α=0.15) 

Test of Median 
Results 

15%_0 Hours_R1 15%_0 Hours_R2 0.9989 Median Similar 

15%_0 Hours_R1 15%_0 Hours_R3 1.0000 Median Similar 

15%_0 Hours_R1 15%_0 Hours_R4 0.2362 Median Similar 

15%_0 Hours_R2 15%_0 Hours_R3 0.9976 Median Similar 

15%_0 Hours_R2 15%_0 Hours_R4 0.3054 Median Similar 

15%_0 Hours_R3 15%_0 Hours_R4 0.2176 Median Similar 

 

Table 17: Results of Kruskal–Wallis ANOVA of treatm ent 2-hours of acid and 15% WME 

Medians in Comparison  
P-value  
(α=0.15) 

Test of Median 
Results  

15%_2 Hours_R1 15%_2 Hours_R2 0.3129 Median Similar 

15%_2 Hours_R1 15%_2 Hours_R3 0.7709 Median Similar 

15%_2 Hours_R1 15%_2 Hours_R4 0.3931 Median Similar 

15%_2 Hours_R2 15%_2 Hours_R3 0.8732 Median Similar 

15%_2 Hours_R2 15%_2 Hours_R4 0.9989 Median Similar 

15%_2 Hours_R3 15%_2 Hours_R4 0.9282 Median Similar 

 

Table 18: Results of Kruskal–Wallis ANOVA of treatm ent 72-hours of acid and 15% WME 

Medians in Comparison  
P-value  
(α=0.15) 

Test of Median 
Results  

15%_72 Hours_R1 15%_72 Hours_R2 0.8397 Median Similar 

15%_72 Hours_R1 15%_72 Hours_R3 0.0816 Diff. Median 

15%_72 Hours_R1 15%_72 Hours_R4 0.9531 Median Similar 

15%_72 Hours_R2 15%_72 Hours_R3 0.4102 Median Similar 

15%_72 Hours_R2 15%_72 Hours_R4 0.9900 Median Similar 

15%_72 Hours_R3 15%_72 Hours_R4 0.2492 Median Similar 

 

Matlab provides a multiple rank series comparison which can be found in Figure 50. 

Review of this graph shows that a significant different existed between the ranked median of 

replicate 4 MPRM2 15%WME and 0-hours sample and replicate 3 MPRM2 15%WME and 72-

hours sample. Due to no significant difference being found in 5% WME and closer inspection of 
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the 15%WME revealing that this difference is less than five ranked units, the result indicates that 

the effects of acid treatment are muted by at lower %WME levels.   
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Figure 50: Representative plot of ranked medians fr om K-S Test for 15% replicate samples 
with acid treatment of 0-hour, 2-hours, and 72-hour s, Y-axis stucco sample 
legend, color indicates samples that have significa nt difference  

   

Graphs of particulates released by the removal of MPRM2, 15%WME and acid 

treatments of 0, 2, and 72-hours replicates can be seen in Figure 51, and the dashed line in the 

graph is the median line of each replicate series. Samples in the MPRM2, 15%WME 0 and 2-

hours do not have p-values that provide evidence that the median of the replicates in the series 

are different and are well represented by the median line, but MPRM2, 15%WME 72-hours, 

replicate 3 was found to have significant difference from the other replicates in that treatment. 

This difference was found to be very small in the plot of the ranked medians and as such this 

sample is represented by the median with a limited confidence. 
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Figure 51: Graph of replicate samples series of MPR M2, 15% WME 0-hours, 2-hours, and 

72-hours of acid treatment with dotted median line for each series color-coded 

and overlaid on series  

The median line of each sample was carried forward for further analysis. Each median of the 

medians was tested using K-W ANOVA, and results are summarized in Table 19. It was found 

that there was no reason to believe the medians were different in the 15% WME treatment 

between different durations of acid treatment based on the K-W ANOVA of the medians.   

Table 19: Results of Kruskal–Wallis ANOVA on the me dians of the replicate series MPRM2 
with 0, 2, and 72-hours of acid at 15% WME 

Medians in Comparison  
P-value  
(α=0.15) 

Test of Median 
Results  

15%_0 Hours 15%_2 Hours 0.9926 Median Similar 

15%_0 Hours 15%_72 Hours 0.9834 Median Similar 

15%_2 Hours 15%_72 Hours 0.9545 Median Similar 

 

Matlab provides a graphic analysis of the rank series so that comparisons can be made of the 

range and overlap of the ranked values (Figure 52). No indication that the medians of the 

medians were significantly different was found. 
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Figure 52: Plots of the representative median serie s as ranked values for acid treatment of 
0, 2, 72-hours with 15% WME 

 
3.1.6 EXPERIMENT FOR STUCCO AT 30% WOOD MOISTURE EQUIVALENT WITH ACID 

TREATMENT OF 0-HOURS, 2-HOURS, AND 72-HOURS  

As with the 5%WME and 15%WME, four replicate tests were conducted for each acid 

treatment in the 30% WME MPRM2, post-processing was the same as explained previous in 

Section 2.3.1. Each replicate was tested for normality, and samples were not found to follow a 

normal distribution by K-S tests with p-values all below 1.04x10-5 (Table 20).  

Table 20: Normality test results of replicates MRPM 2, 30%WME, 5-inch × 5-inch 

Sample Description K-S Test 
α=0.15 

Probability Plot 
Interpretation 

30% WME 0 Hours Replicate 1 <0.001 Normality Not Likely 
30% WME 0 Hours Replicate 2 <0.001 Normality Not Likely 
30% WME 0 Hours Replicate 3 <0.001 Normality Not Likely 
30% WME 0 Hours Replicate 4 <0.001 Normality Not Likely 
30% WME 2 Hours Replicate 1 <0.001 Normality Not Likely 
30% WME 2 Hours Replicate 2 <0.001 Normality Not Likely 
30% WME 2 Hours Replicate 3 <0.001 Normality Not Likely 
30% WME 2 Hours Replicate 4 <0.001 Normality Not Likely 
30% WME 72 Hours Replicate 1 <0.001 Normality Not Likely 
30% WME 72 Hours Replicate 2 <0.001 Normality Not Likely 
30% WME 72 Hours Replicate 3 <0.001 Normality Not Likely 
30% WME 72 Hours Replicate 4 <0.001 Normality Not Likely 
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An analysis of MPRM2, 30%WME, 0, 2, 72-hours using the K-W ANOVA revealed no 

significant difference in the median of the replicates (Table 21 through Table 23). This result 

indicates that the median of the replicates at each time step represents that treatment’s time step 

well.  

Table 21: Results of Kruskal–Wallis ANOVA of treatm ent 0-hours of acid and 30% WME 

Medians in Comparison  
P-value  
(α=0.15) 

Test of Median 
Results  

30%_0 Hours_R1 30%_0 Hours_R2 1.000 Median Similar 

30%_0 Hours_R1 30%_0 Hours_R3 0.993 Median Similar 

30%_0 Hours_R1 30%_0 Hours_R4 0.991 Median Similar 

30%_0 Hours_R2 30%_0 Hours_R3 0.978 Median Similar 

30%_0 Hours_R2 30%_0 Hours_R4 0.974 Median Similar 

30%_0 Hours_R3 30%_0 Hours_R4 1.000 Median Similar 

 

Table 22: Results of Kruskal–Wallis ANOVA of treatm ent 2-hours of acid and 30% WME 

Medians in Comparison  
P-value  
(α=0.15) 

Test of Median 
Results  

30%_2 Hours_R1 30%_2 Hours_R2 0.932 Median Similar 

30%_2 Hours_R1 30%_2 Hours_R3 0.534 Median Similar 

30%_2 Hours_R1 30%_2 Hours_R4 0.991 Median Similar 

30%_2 Hours_R2 30%_2 Hours_R3 0.878 Median Similar 

30%_2 Hours_R2 30%_2 Hours_R4 0.990 Median Similar 

30%_2 Hours_R3 30%_2 Hours_R4 0.718 Median Similar 

 

Table 23: Results of Kruskal–Wallis ANOVA of treatm ent 72-hours of acid and 30% WME 

Medians in Comparison  
P-value  
(α=0.15) 

Test of Median 
Results  

30%_72 Hours_R1 30%_72 Hours_R2 1.000 Median Similar 

30%_72 Hours_R1 30%_72 Hours_R3 0.542 Median Similar 

30%_72 Hours_R1 30%_72 Hours_R4 0.993 Median Similar 

30%_72 Hours_R2 30%_72 Hours_R3 0.610 Median Similar 

30%_72 Hours_R2 30%_72 Hours_R4 0.999 Median Similar 

30%_72 Hours_R3 30%_72 Hours_R4 0.710 Median Similar 
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Matlab’s multiple rank series comparison also shows no significant difference with in the 

replicates or the treatments with can be found in Figure 53. 
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Figure 53: Representative plot of ranked means from  K-S Test for 30% replicate samples 
with acid treatment of 0-hour, 2-hours, and 72-hour s, Y-axis stucco sample 
legend 

  A graph of each sample of MPRM2, 30% WME can be seen in Figure 54. The dashed 

line in the graph is the median line of the four replicates in the sample. Notable at this point is the 

reduction in the magnitude in particulate generated. The median maximums in for MPRM2, 

5%WME ranged from 70 to 90 mg/m3 and MPRM2, 15%WME ranged from 60 to 90 mg/m3. 

However, it can be seen in Figure 54 that the magnitude of the medium maximum in MPRM2, 

30%WME has dropped to 15 to 25 mg/m3. This reduction in particulate generation will be further 

analyzed and discussed in Section 3.1.7.  
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Figure 54: Graph of 30% WME 0-hours, 2-hours, and 7 2-hours replicates with dotted 
represented median line for each series color-coded  and overlaid on series 

The median line of each sample was carried forward for further analysis. Each median of 

the median was tested using K-W ANOVA results and summarized in Table 24, which shows no 

significant difference in the medians of the MPRM2, 30% samples. This is further supported by 

the multiple rank series comparison shown in Figure 55. 

Table 24: Results of Kruskal–Wallis ANOVA p-values and results of removal of MPRM2, 
15% WME and acid treatments of 0, 2, and 72-hours 

Medians in Comparison  
P-value  
(α=0.15) 

Test of Median 
Results  

15%_0 Hours 15%_2 Hours 0.9926 Median Similar 

15%_0 Hours 15%_72 Hours 0.9834 Median Similar 

15%_2 Hours 15%_72 Hours 0.9545 Median Similar 
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Figure 55: Plots of the representative median serie s as ranked values for acid treatment of 
0, 2, 72-hours with 30% WME. 
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3.1.7 EXPERIMENT ACID TREATMENT AND MOISTURE CONTENT EFFECT 

All median lines developed previously in sections 3.1.4 through 3.1.6 were used to test 

the similarity between acid treatment and %WME treatment. An analysis of each median was 

conducted using the K-W ANOVA, and results are summarized in Table 25.  

Table 25: Results of Kruskal–Wallis ANOVA of median s of the replicates during removal of 
MPRM2, %WME and acid treatment at all levels 

Medians in Comparison p-value  
(α=0.15) 

Test of Median 
Results 

Median 5%-0 Hours Median 5%-2 Hours 0.958 Median Similar 
Median 5%-0 Hours Median 5%-72 Hours 1.000 Median Similar 
Median 5%-0 Hours Median 15%-0 Hours 1.000 Median Similar 
Median 5%-0 Hours Median 15%-2 Hours 0.998 Median Similar 
Median 5%-0 Hours Median 15%-72 Hours 1.000 Median Similar 
Median 5%-0 Hours Median 30%-0 Hours 0.001 Diff. Median 
Median 5%-0 Hours Median 30%-2 Hours 0.002 Diff. Median 
Median 5%-0 Hours Median 30%-72 Hours 0.002 Diff. Median 
Median 5%-2 Hours Median 5%-72 Hours 0.952 Median Similar 
Median 5%-2 Hours Median 15%-0 Hours 0.808 Median Similar 
Median 5%-2 Hours Median 15%-2 Hours 0.581 Median Similar 
Median 5%-2 Hours Median 15%-72 Hours 0.851 Median Similar 
Median 5%-2 Hours Median 30%-0 Hours <0.001 Diff. Median 
Median 5%-2 Hours Median 30%-2 Hours <0.001 Diff. Median 
Median 5%-2 Hours Median 30%-72 Hours <0.001 Diff. Median 
Median 5%-72 Hours Median 15%-0 Hours 1.000 Median Similar 
Median 5%-72 Hours Median 15%-2 Hours 0.999 Median Similar 
Median 5%-72 Hours Median 15%-72 Hours 1.000 Median Similar 
Median 5%-72 Hours Median 30%-0 Hours 0.001 Diff. Median 
Median 5%-72 Hours Median 30%-2 Hours 0.002 Diff. Median 
Median 5%-72 Hours Median 30%-72 Hours 0.003 Diff. Median 
Median 15%-0 Hours Median 15%-2 Hours 1.000 Median Similar 
Median 15%-0 Hours Median 15%-72 Hours 1.000 Median Similar 
Median 15%-0 Hours Median 30%-0 Hours 0.006 Diff. Median 
Median 15%-0 Hours Median 30%-2 Hours 0.010 Diff. Median 
Median 15%-0 Hours Median 30%-72 Hours 0.010 Diff. Median 
Median 15%-2 Hours Median 15%-72 Hours 1.000 Median Similar 
Median 15%-2 Hours Median 30%-0 Hours 0.020 Diff. Median 
Median 15%-2 Hours Median 30%-2 Hours 0.032 Diff. Median 
Median 15%-2 Hours Median 30%-72 Hours 0.033 Diff. Median 
Median 15%-72 Hours Median 30%-0 Hours 0.004 Diff. Median 
Median 15%-72 Hours Median 30%-2 Hours 0.007 Diff. Median 
Median 15%-72 Hours Median 30%-72 Hours 0.008 Diff. Median 
Median 30%-0 Hours Median 30%-2 Hours 1.000 Median Similar 
Median 30%-0 Hours Median 30%-72 Hours 1.000 Median Similar 
Median 30%-2 Hours Median 30%-72 Hours 1.000 Median Similar 
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MPRM2, 30%WME treatment was found to be significantly different from all acid treatments in 

MPRM2, 5% and 15%WME, regardless of acid treatment in the 30%WME samples. This 

difference is an indication of the effectiveness of absorbed moisture to reduce the generation of 

nuisance particulate. Matlab’s multiple rank series comparison provides a visual representation of 

the significant difference between the medians and ranges of the 30% WME samples and the 5% 

and 15% WME presented in Figure 56.  
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Figure 56: Representative plot of ranked medians fr om K-S test for medians of the 
treatments, Y-axis stucco sample legend  

 

Inspection of Figure 57, a graph of the medians of the medians shows several things. First, acid 

treatment does not reduce the generation of airborne particulates during removal, and appears to 

make it worse. Second, when stucco is wetted to 30%WME, the construction worker would be 

exposed to particulate levels very close to or below the PEL for a very short period of time. Also 

notable is that the particulate generated in the 30%WME is not only lower but settles much faster, 

meaning that the worker would have substantially less particulate exposure for less time.  
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Figure 57: Graph of median carried forward from pre vious analysis, %WME color coded 
and line tone adjusted based on acid treatment note d reduction in 30%WME 
maximum and nearness to dotted PEL line   

 

The absorbed moisture content of 30%WME was found to be effective in the control of 

nuisance particulates. To assist in the analysis, the 30%WME was plotted on a graph with an 

adjusted Y-axis from increments of 20-mg/m3 to 5-mg/m3. The MPRM2, 30%WME and 0-hours 

acid treatment median can be seen at the PEL (15-mg/m3) this is a difference of 80 mg/m3 in 

reduction from the maximum value graphed in Figure 57 of 95 mg/m3. Acid was found to increase 

the particulate levels during removal by approximately double. This increase was not found to be 

significantly different in the 30%WME treatment statistically.  
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Figure 58 Graph of MPRM2, median 30% WME and acid t reatments with OSHA PEL 15-
mg/m 3 line 

 This reduction in particulate released during removal by elevated absorbed moisture 

represents an important discovery.  Current recommendations by NIOSH only include application 

of running water at the location where removal is occurring to reduce particulate release. This 

recommendation is commonly ignored by the construction industry due to the mess that it 

creates. These findings provide an alternative approach to control exposure to nuisance 

particulate during the removal of cement stucco materials that the construction industry is much 

more likely to adopt.    

3.2 BATCH TESTING AND VALIDATIONS  

Results indicated that 30%WME represented an important reduction in nuisance 

particulate generation during the removal of cement stucco surfacing material. To validate the 

results, 30%WME samples, with all levels of acid treatment, were tested a second time. These 

validation tests were conducted on MPRM1 as well as a retest of MPRM2. During the sampling 

conducted in Section 3.1.4 through 3.1.7 only one sampler was used, Section 3.2.3 analysis the 

effect that samplers have on readings while removing the same stucco sample treatment.    
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3.2.1 REPLICATION ACROSS MPRM1  

All medians tested were developed as in Section 3.1.6 and were carried forward to be 

able to test the similarity between acid treatments in 30% WME. A significant difference was 

found in the median of the removal of MPRM1, 30%WME and 72-hours and the medians of 

MPRM1, 30%WME 0-hour and 2-hours acid treatment as seen by the p-values in Table 26 and 

ranked plot of range and median in Figure 59.  

Table 26: Results of Kruskal–Wallis ANOVA p-values and results of removal of MPRM1, 
30% WME and acid treatments of 0, 2, and 72-hours  

Medians in Comparison (MPRM1) 
P-value  
(α=0.15) 

Test of Median 
Results 

Median 30%-0 Hours Median 30%-2 Hours 0.4587 Median Similar 
Median 30%-0 Hours Median 30%-72 Hours 0.1004 Diff. Median 
Median 30%-2 Hours Median 30%-72 Hours 0.0034 Diff. Median 
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Figure 59:  Representative plot of ranked medians from K-S test  for medians of the removal 
of MPRM1, 30% WME and acid treatments of 0, 2, and 72-hours, Y-axis stucco 
sample legend  

Acid treatment continues negate the reduction in particulate created by the presence of absorbed 

moisture as seen in Figure 60 with MPRM1, 30%WME and 72-hours having the greatest 

particulate generation at 69-mg/m3. No treatments in this test batch were found to be at or below 

the PEL of 15-mg/m3; however, MPRM1, 30%WME, 0-hours was 40-mg/m3 while MPRM1, 

30%WME, 2-hours was the closest sample with a maximum value of 22.5-mg/m3.    
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Figure 60:   Graph of MPRM1, 30% WME 0-hours, 2-hours, and 72-h ours replicates with 
dotted represented median line for each series colo r-coded and overlaid on 
series 

 
3.2.2 REPLICATION ACROSS MPRM2  

An analysis of the removal of MPRM2, 30%WME using the K-W ANOVA resulted in a 

significant difference between the median of MPRM2, 30%WME, 0-hours and MPRM2, 

30%WME, 72-hours treatment. This can be seen summarized in the p-values in Table 27 or 

graphically in the multiple rank plot comparison in Figure 61.  

Table 27: Results of Kruskal–Wallis ANOVA p-values and results of removal of MPRM2,   
30% WME and acid treatments of 0, 2, and 72-hours 

Medians in Comparison (Batch 2) P-value  
(α=0.15) 

Test of Median 
Results 

Median 30%-0 Hours Median 30%-2 Hours 0.9255 Median Similar 
Median 30%-0 Hours Median 30%-72 Hours 0.0703 Diff. Median 
Median 30%-2 Hours Median 30%-72 Hours 0.1598 Median Similar 
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Figure 61:  Representative plot of ranked medians from K-S test  for medians of the removal 
of MPRM2, 30% WME and acid treatments of 0, 2, and 72-hours, Y-axis stucco 
sample legend.  

Notable also is the fact that statistical similarity was found in the median of MPRM2, 30%WME, 

72-hours treatment and MPRM2, 30%WME, 2-hours treatment  as well as the median of MPRM2, 

30%WME, 2-hours treatment and MPRM2, 30%WME, 0-hours treatment.  Further examination of 

Figure 61 show that the overlap of ranges in the MPRM2, 30%WME, 72-hours treatment and 

MPRM2, 30%WME, 2-hours treatment is negligible and the similarities between MPRM2, 

30%WME, 0-hours treatment and MPRM2, 30%WME, 2-hours treatment should be considered 

the dominant trend. If acid treatment had no effect in the reduction of particulate, stucco exposed 

to 0-hours of acid would have the same median of 2-hours and 72-hours of  acid treatment. The 

results show that the median of the 72-hour acid treatment and 0-hours acid treatment is 

significantly different, therefore acid cause an increase in particulate generation.   

Analysis of Figure 62 provided insight into the effects of acid. A much higher maximum 

for MPRM2, 30%WME, 72-hours treatment just as in MPRM1, 30%WME, 72-hours treatment 

was noted. Again, no treatment in this test batch was found to be at or below the PEL of 15-

mg/m3; however, MPRM1, 30%WME and 0-hours was the closest sample with a maximum value 

of 43-mg/m3. 
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Figure 62:  Graph of MPRM1, 30% WME 0-hours, 2-hours, and 72-ho urs replicates with 
dotted represented median line for each series colo r-coded and overlaid on 
series  

 
3.2.3 REPLICATION OF RESULTS ACROSS SAMPLERS  

It is logical to expect that the sampler has an effect on the speed, pressure, and 

technique of removal and may affect the results of the experiment. To remove this variable in the 

main experiment Section 3.1.4 through 3.1.7, only one sampler performed removal of stucco in 

the replicates. To attempt to address this issue, three additional samplers were asked to remove 

four replicate 5-inch × 5-inch samples using MPRM2 stucco at 5% WME and 0-hours of acid 

treatment (Control).   

An analysis of each median was conducted using the K-W ANOVA. The results are 

summarized in Table 28, which show statistical differences between Sampler A and Sampler B.  
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Table 28: Results of Kruskal–Wallis ANOVA of the ef fect of sampler on results while 
removing MPRM2, 5%WME, and 0-hours acid treatment 

Medians in Comparison (Batch 2) p-value  
(α=0.15) 

Test of Median 
Results 

Median Sampler A Median Sampler B 0.0503 Diff. Median 
Median Sampler A Median Sampler C 0.7096 Median Similar 
Median Sampler B Median Sampler C 0.2667 Median Similar 

 

In the Matlab multiple rank series comparison (Figure 63), it can be seen that the range and 

median of Sampler B is significantly higher than Sampler A and Sampler C. This difference in 

samplers confirms that consistency in the sampler in a set of replicates and treatments is required 

unless additional work is done to develop standard operating procedures (SOP) to ensure 

consistency across samplers. Notable in Figure 63 is that Sampler A and Sampler C have similar 

results indicating that samplers can perform removal and achieve statistically similar results. 

   

Figure 63: Representative ranked plot of sampler’s effect  

  Inspection of Figure 64 the removal of several control condition replicates by several 

samplers shows difference in shape of the graph for all samplers. The dashed line in the graph is 

the median line of the replicates for each sampler. This difference in form, function, and 

magnitude again indicates the need for both SOP’s and a norming process in further research.  
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Figure 64: Graph of medians of different sampler’s removal of MPRM1, 5%WME, 0-hours 
acid treatment 

 
3.2.4 ERROR ANALYSIS  

To examine the effect of error four replicates of MPRM2, 5%WME, 0-hours, 5-inch x 5-

inch (control sample) where removed from CMU blocks by the control sampler. Additional to 

compare the effects of changing samplers three additional samplers were asked to remove the 

control as well.  Final the control sampler removed the control using a tool malfunctioning (not 

supplied enough air during testing) and the error this causes was examined. The magnitudes of 

error that exist in the samples were measured with the mean and the median of the absolute 

deviations. In these test no error in the samples would result in a zero in both the mean and 

median of absolute deviation. Table 29 through Table 31 provide a complete summary of the 

mean absolute deviation and median absolute deviations for all error calculations.  
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Table 29: Results of error testing of removal of MP RM2, 5%WME, 0-hours acid and 5-inch x 
5-inch sample (control)  

  
Control 

Replicate 1  
Control 

Replicate 2 
Control 

Replicate 3 
Control 

Replicate 4 

Mean Absolute 
Deviation (mg/m3) 3.52 3.80 4.06 4.06 

Median  Absolute 
Deviation (mg/m3) 3.16 2.52 3.13 1.29 

 

The control was found to have a relatively small error in comparison, to the values across 

samplers and tool malfunction, with a maximum mean absolute deviation (MAD) of 4.06 for 

replicate 3 and 4 as well as a median absolute deviations of 3.16 for replicate 1. If the mean did 

not represent the sample well the MAD would be large (MAD>5) and the same could be said for 

the median as well.  Due to the fact that the MAD is less than 5 in the mean and median the 

control contains little error. 

Table 30: Results of error testing of removal of MP RM1, 5%WME, 0-hours acid and 5-inch x 
5-inch sample using different samplers  

  
Control 
Sampler Sampler A Sampler B Sampler C 

Mean Absolute 
Deviation (mg/m3) 3.86 6.83 24.07 9.82 

Median  Absolute 
Deviation (mg/m3) 2.52 4.28 16.27 4.90 

 

The effect of sampler’s contained larger variances that the control, with a maximum mean 

absolute deviation of 24.07 and median absolute deviation of 16.27 for Sampler B. The MAD in 

the sampler analysis is greater than the control thus indicating that the samples introduce 

additional variance in the experiment that must be controlled if multiple samplers are used. 
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Table 31: Results of error testing of removal of MP RM1, 5%WME, 0-hours acid and 5-inch x 
5-inch sample with equipment error due to tool malf unction 

  

Tool 
Malfunctioning  

Replicate 1  

Tool 
Malfunctioning  

Replicate 2 

Tool 
Malfunctioning  

Replicate 3 

Tool 
Malfunctioning  

Replicate 4 

Mean Absolute 
Deviation (mg/m3) 36.98 24.94 16.19 11.94 

Median  Absolute 
Deviation (mg/m3) 37.98 23.49 12.32 6.96 

 

The tool malfunction appeared to induce considerable variance compared to the control with 

mean absolute deviation of 36.98 and median absolute deviation of 37.98, indicating the 

important role that properly functioning tools play. 
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4.0 CONCLUSIONS AND RECOMMENDATIONS 

4.1 SUMMARY OF FINDINGS 

Removal of cement stucco surfacing material represents a serious hazard to construction 

workers that are exposed to the particulate generated. It is believed that a pretreatment method 

can be developed for the removal of CSSM from substrates using conditions that minimize the 

release of particulates into the air. Two methods were investigated: 1) sulfate attack and 2) 

adding moisture to create an easily wetted and friable (crushable by hand) gypsum material after 

pretreatment. Successful pretreatment would allow removal of CSSM from substrates such 

that the release of airborne particulates does not exceed the permissible exposure limits (PEL) 

found in the 29 CFR-Table Z-3 for mining applications (15-mg/m3).  

To that end, stucco samples 5/8-inch thickness were tested to determine the area of 

stucco removal required to release approximately 150-mg/m3 of particulate in a 1-m3 sample 

chamber during the removal of stucco from one sample block. These parameters were selected 

to be able to demonstrate one-log removal in the test chamber. Samples ranged from 4-inch × 4-

inch to 6-inch × 6-inch square. It was found that a sample of 4-inch × 4-inch did not produce the 

desired particulate quantity and was statistically different from the 5-inch and 6-inch samples with 

α=0.15 and p-values of 0.09 or less. The 6-inch samples were found to produce particulate in 

ranges desired with TWA near 75-mg/m3 and maximum displayed concentration greater than 

150-mg/m3, but 6-inch samples were found to have a large amount of variance with of p-value = 

0.023 and had a tendency to damage the substrate during removal. The 5-inch square samples 

were found to produce maximum particulate quantities near 150-mg/m3, with TWA greater than 

75-mg/m3, and they also were found to be statistically similar to each other with α=0.15 and p-

values of no less than 0.69. This made 5-inch × 5-inch samples the preferred size for CSSM 

removal in a 1-m3  sample chamber.                                              
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  Heng (2004) found that filter paper brought to equilibrium with the surface of cement 

could be used to measure the pH of the surface. Tests to confirm this work found that the pH of a 

surface less than 7 could be measured and were statistically similar with α=0.15 and p-values 

greater than 0.50. Additional work completed on acid treated samples found that the anticipated 

surface pH of stucco treated with acid would be between 6.5 and 7.5. 

Research to determine the required time of treatment needed to completely saturate a 

5/8-inch thick stucco layer with a solution of acid or water was conducted. It was found that within 

1-hour of constant application of water with a foam roller, water had penetrated into 90% of the 

thickness of the stucco. Based on these findings, it was concluded that 5/8-inch thick stucco 

soaked in acid for 2-hours would be a sufficient amount of time to completely saturate the stucco 

layer. Additionally, treatment of the CSSM with acid for 72-hours was conducted to evaluate the 

effects of acid in contact with the stucco until ions in acid were completely neutralized.  

Each level of moisture treatment (5%, 15%, and 30% WME) was tested for normality, but 

no samples were found to follow a Gaussian distribution; therefore, non-parametric statistical 

analyses (i.e. Kruskal-Wallis ANOVA) were indicated. Tests in the MPRM2, 5%WME, found 

statistical similarities between acid treatments with α=0.15 and p-values greater than 0.66. The 

same results were found in the MPRM2, 15%WME, and 30%WME with α=0.15 and p-values 

greater than 0.95 for both conditions. It was found at constant moisture content that no statistical 

difference could be observed due to different acid treatment durations.   

Sulfuric acid was tested to see what additional reduction in particulate could be achieved 

and was found to produce no significant reduction in particulate generation. It was found that 

moisture played the dominant role in the control of dust generation. Stucco MPRM2 removed at 

30%WME was found to be statistically different than stucco MPRM2 removed at 15%WME or 

5%WME with α=0.15 and p-values of 0.033 or less. 

Samples pretreated with 30%WME with no acid were found to be statistically different 

than all the 5% and 15% moisture content treatments. In addition, those samples (30%WME with 

no acid) recorded a maximum median particulate level of 15.4-mg/m3, which is near the PEL. 
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This finding indicates that a significant reduction in hazard can be achieved with the pretreatment 

of stucco to moisture content of 30%WME or greater.  

This research represents an important step forward in research beyond the work done on 

silica exposure by NIOSH (2007) and CDC (2007), which looked at reducing the amount of 

particulate generated by applications of running water at the site where the work was being done. 

Although effective, this water application technique creates a large mess, which contractors have 

to cleanup. Due to this mess, the water application method is typically abandoned and exposure 

persists. The EPA issued the Renovation, Repair and Painting Rule (RRP Rule) in 2010. This rule 

was promulgated based on the fact that providing easy-to-follow engineering controls that 

considered diminishing return were adopted by contractors more than risk-based abatement 

procedures. This increased adoption represented a reduction in exposure compared to previously 

circumvented abatement procedures. Finding that absorbed moisture can reduce the amount of 

nuisance dust generated to levels near the PEL instead of the current state-of-the-art represents 

an opportunity to adopt procedures that reduce risk for workers without creating a mess. 

4.2 ERROR DISCUSSION 

This experiment was conducted in an outside laboratory and as such has naturally 

occurring elements that are not part of the experimental design but may play a role in the 

experiment. Current construction practices for the production of stucco rely on the skilled 

knowledge of a mason. The mason will add or reduce moisture content and mixing time in the 

production of stucco to create the desired properties for application to the substrate. The 

researchers are not masons; as such, results of the study could have effects in magnitude due to 

the craftsmanship of the stucco. Stucco strength relies on a curing process. This process is 

dependent on moisture, time and temperature. Working in an outside environment, the humidity 

of the air and the temperature were not in the researcher’s control. Stucco typically is cured on 

the exterior of a house, so the test curing process is similar to field conditions. The time of curing 

followed the industry standard of 28-day strength for testing. Stucco being removed typically has 

cured for years or decades. This may represent a difference in magnitude from the experiment 
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and the field. Error testing found a small absolute deviation from the median in the control sample 

with maximum mean and median absolute deviation of 4.06 and 3.16, respectively. Additionally 

large errors were induced by tool malfunction with maximum mean and median absolute 

deviation of 36.98 and 37.98, respectively. Finally, the moisture content in the research was 

measured in %WME, which is not a measure of moisture but of electric conductivity of the 

material converted to an empirical scale based on the moisture content of soft wood.  A more 

accurate method would be for researchers to develop a relationship curve based on moisture 

content of stucco found by percent weight reduction in oven-dried material and relate this to the 

meter’s scale. Additionally, the meter was limited to a maximum reading of 30%WME when set to 

the masonry scale. Readings above this amount could not be measured.  

 

4.3 RECOMMENDATIONS 

The following recommendations can be made from this study: 

• To limit variability among samples, a standard operating procedure (SOP) should be 

developed and verified to better control the stucco production and application to the 

substrate. Additionally, training procedures should be developed to reduce differences 

among samplers’ results during stucco removal activities.  This will make future research 

more manageable by allowing division of work and more samples to be collected using 

multiple investigators.  

• All debris that was generated during the testing process was retained. This debris should 

be characterized by passing through a standard sieve set. At a minimum, the amount of 

fines with a diameter less than a 200 sieve (75-microns) should be found, as this 

represents particles that can be easily carried on currents and inhaled. Sieve analyses 

should be paired with the data files from removal to determine if any relationships can be 

developed, prior to additional removal research. 

• Methods for applying moisture to the stucco used in this research disregarded practical 

application methods for a contractor. A method should be developed that will raise the 
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moisture content of the stucco to 30% WME or greater that can be accomplished in an 

18-hour period or less. This could be in the form of a hydrated gel or a patch and vapor 

barrier that is pre-wetted or wetted by the contractor then applied. This method should 

not require constant maintenance, so the contractor can apply the method, leave, and 

upon return, to the stucco at the desired moisture content.  

• Stucco used in the experiment was dyed; however, in the field, most stucco is painted. 

Paint may impact the efficiency at which the stucco will become wetted. A solution that 

would remove the paint or allow moisture to pass through should be developed. This 

solution should not have the counterproductive effect of sulfuric acid discovered in this 

study.  

• During the removal of stucco, small amounts of CMU are removed as well. Additionally, 

the substrate the stucco is adhered to was broken by the chipping hammer in several 

instances. These reductions of the cross-sectional area in the CMU may have an effect 

on the strength of a structure, in real world removal applications. Research should be 

done to determine the effect of large-scale stucco removal on the structural strength of 

the substrate.  

• Falling stucco from the façade of buildings injure people each year. The removal of small 

areas of stucco with methods described in this research may result in deterioration of 

surrounding stucco.  Research should be done to evaluate what additional risk of falling 

stucco may be created with use of these methods. 

• The relationship between %WME and moisture content should be established, such that 

future work can be presented in percent saturation of stucco or moisture content instead 

of wood moisture equivalents. This can be done by measuring %WME and then weighing 

the stucco sample’s mass. The sample can be dried and re-weighed, and then the 

percent moisture can be determined and plotted vs. %WME to come up with a 

relationship.  

• To create some level of randomization, each sample should be assigned a number to 

make it easier to track measurements such as moisture content, curing time and the like 
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throughout the experimental process. Prior to acid treatment and moisture content 

adjustment, a random number generator can be used to randomly select a sample for 

testing. 

• This experiment examined the dust generated in a controlled environment. In the field, 

dust may be re-entrained or blown away by the employee moving around or wind. 

Testing should be conducted to examine conditions similar to  the field environment  and 

monitored in the employees breathing zone to examine these differences.  

•  Although sulfate attack did not show promising results in this experiment, the ideal 

method for limiting nuisance dust is a chemical addition that will cause the stucco to 

become a viscous fluid that can be removed with little to no dust. Search for a chemical 

and process that can provide this removal option should not be abandoned as this 

represents the largest reduction in hazard.  
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APPENDIX B:  

DATA FOR SAMPLES TEST2 – TEST9 
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APPENDIX B: 

DATA FOR SAMPLES F1 – F36 
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