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Abstract: The wide use of concrete in construction has significantly impacted energy use and 

environmental quality. Fortunately, the emergence of sustainable concrete, made with 

alternative or recycled waste materials, offers great opportunities to improve concrete 

sustainability. This paper studies the current status of sustainable concrete production in the 

U.S. through a questionnaire survey. It revealed that the surveyed companies varied largely in 

their recognition and adoption of supplementary cementitious materials (SCMs) and 

alternative aggregates (AAs). Of the various alternative materials available, the most widely 

used by survey participants were limited to the three SCMs (fly ash, slag cement, and silica 

fume) and two types of aggregates (lightweight and recycled concrete aggregates).  Multiple 

benefits and barriers to the adoption of SCMs and AAs, e.g., concrete properties, cost, and 

local availability, were also disclosed by survey participants.  Statistical comparisons 

identified differences in sustainable concrete production between ready mixed concrete 

suppliers and concrete prefabricators, as well as in its applications in structural and non-

structural concrete components. The findings provide a better understanding of the U.S. 

sustainable concrete production and offer insights into how researchers can help address 

industry concerns about the implementation of sustainable concrete. 

Keywords: Sustainable concrete; Sustainable development; Supplementary cementitious 

material (SCM); Alternative aggregate (AA); Waste; Construction. 

1. Introduction 
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The production and use of concrete, the most widely used building material worldwide, raises 

significant environmental concerns (Aïtcin, 2000; Henry and Kato, 2014; Meyer, 2005; 

Mobasher, 2008). Especially, the manufacturing of Portland cement (PC) is energy-intensive 

while releasing a large amount of greenhouse gases (Bentz, 2010; Bondar et al., 2011; Meyer, 

2005). Also, extraction, processing and transportation of virgin aggregates cause various 

environmental issues such as loss of habitat, erosion and sedimentation, and greenhouse gas 

emissions (Langer and Arbogast, 2002; USGS, 2009).  In recent years, the concept of 

sustainable concrete has emerged and been frequently referred to as concrete with lower 

environmental and economical impacts, which can be achieved by: 1) using supplementary 

cementitious materials (SCMs), recycled aggregates or other industrial wastes in concrete 

mixtures to reduce the use of cement and virgin materials, and/or 2) enhancing the 

performance, durability and service life of concrete to lower its life cycle impact/cost (Aïtcin, 

2000; Lepech et al., 2008; Malhotra, 1999; Mehta, 2009; Sakai, 2009; Susilorini et al., 2014). 

In this study, aggregates from recycled waste or other non-conventional aggregate materials 

such as lightweight aggregates (LWA) are defined as alternative aggregates (AAs); both 

SCMs and AAs are referred to as sustainable raw materials. According to Mannan and 

Ganapathy (2004), using agricultural and industrial wastes as replacement materials in 

concrete has dual advantages of cost reduction and a better means of waste disposal. The 

material recovery from the conversion of these wastes into useful materials benefits the 

environment and conserves natural resources.  

Although concrete sustainability can be improved by using waste materials, adding SCMs 

or AAs could impact concrete properties, including compressive strength, workability, 

permeability, etc. In addition, concrete made with waste materials is not necessarily 

considered sustainable unless its durability has been proven (Lepech et al., 2008). To address 

these potential issues, researchers have conducted extensive studies to identify waste 
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materials that can be used as SCMs and AAs in concrete production (Alsheyab and  

Khedaywi, 2013; Bondar et al., 2011; Limbachiya et al., 2012; Manso et al., 2006; Polanco et 

al., 2011; Sabai et al, 2013; Topçu and Boga, 2010; Trussoni et al., 2012).  Despite all these 

efforts, a gap still exists between academic research and industry practice; i.e., materials 

studied in academia may have critical restrictions to limit their wide application in industry. 

For example, researchers have advocated producing new concrete using recycled concrete 

aggregate (RCA), a waste material recovered during demolition activities. However, this type 

of concrete has been recognized by its inferior quality and lower strength (Etxeberria et al., 

2007; Limbachiya et al., 2012). To achieve higher strength, concrete made with RCA may 

require a higher amount of cement than conventional concrete (Etxeberria et al., 2007), or the 

source and mechanical properties of RCA have to be strictly controlled (Alam et al., 2013). 

So far there are still limited studies (Ling et al., 2013) of linking SCMs or AAs to their 

industrial practices in concrete products.   

By adopting a questionnaire survey approach, this study aims to: 1) investigate the status 

of sustainable concrete production in the U.S. construction industry and the associated 

benefits and barriers from the perspectives of concrete suppliers/manufacturers, 2) identify 

available industry guidelines and applications related to the use of sustainable raw materials 

in concrete, and 3) provide insights into how academic research could better serve the 

industry’s felt needs. The ultimate goal is to bridge the gap between academia and industry in 

their understanding of sustainable concrete production and types of waste/alternative 

materials that might have broad industry applications, and are therefore worthy of further 

investigation. The survey results from concrete suppliers/manufacturers are presented and 

analyzed in this paper. 

2. Background 

2.1 Sustainability of Concrete Production 
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Concrete has become the second most-consumed resource worldwide (only next to water) 

(Sakai, 2009). The annual concrete production was estimated by Meyer (2009) at 10 billion 

tons, and this amount was expected to grow to 18 billion tons by 2050 (Metha and Monteiro, 

2006). The enormous environmental impacts of concrete production have already been 

widely recognized. According to Mehta (2002), 10 billion tons of sand and rock, 1 billion 

tons of water, 1.6 billion tons of cement, and 3 billion tons of related raw materials were 

consumed each year in the concrete industry. As estimated by Meyer (2005), the cement 

industry alone generates 7% of CO2 emissions globally. At present, it is technically 

impossible to lower the energy consumption below 3.79 million British thermal units (Btu) 

per ton of concrete.  In the U.S., concrete production had almost doubled from 170 million m3 

per year in the early 1990s to more than 330 million m3 in 2004 (Mobasher, 2008). According 

to the U.S. Geological Survey (USGS, 2015), domestic production of cement reached its 

highest of 99 million tons in 2005 and decreased to around 87 million tons in 2014 due to the 

downturn of the construction industry; recent years’ data showed that about 70% of cement 

was used for making ready-mix concrete while 11% was used to manufacture concrete 

products.  

Using SCMs and other alternative/waste materials in concrete saves energy, protects the 

environment, and conserves natural resources, e.g., virgin aggregates. Malvar et al. (2002) 

estimated that replacing 25% of all cement used in concrete with SCMs could save the U.S. 

economy more than $1 billion per year. A life cycle inventory analysis conducted by Nisbet 

et al. (2002) quantified the effects of SCMs on energy savings as: 1% replacement of cement 

with fly ash (the by-products of coal-fired furnaces at power generation facilities) resulted in 

0.7% reduction in energy consumption of cement production.  In addition, Portland limestone 

cement (PLC), which has been used in Europe for decades, recently became available in 

North America as a lower carbon footprint alternative to conventional Portland cement. 
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Previous research also confirmed that using LWA in concrete production would result in 

environmental benefits: Although extra energy is needed to expand shale, clay or slate in a 

rotary kiln to produce LWA, the energy expenditure could be easily recovered from 

associated materials savings in constructed facilities, where the use of lightweight concrete 

leads to lighter structures, reduced footing, column and beam sizes, and reduced amounts of 

reinforcement (Haque et al., 2002). LWA concrete can also achieve superior structural and 

thermal performance (Bremner, 1976; Haque et al., 2002).  

2.2 Green Rating Systems Promoting the Use of Sustainable Concrete 

The sustainability and green building movement has grown into the mainstream of the U.S. 

construction industry. Using selected green rating systems to evaluate the sustainability of 

built facilities also becomes common practice. To reduce the environmental impacts from 

material use, most green rating systems promote the reuse and recycling of waste materials in 

building and infrastructure projects. For example, the Leadership in Energy and 

Environmental Design (LEED®) green building rating system (version 3) developed by the 

U.S. Green Building Council (USGBC) contains a sustainable category titled “Materials and 

Resources (MR).” This category is dedicated to minimizing the environmental impact of 

building materials and reducing wastes sent to landfills and incinerators (USGBC, 2009). The 

LEED requirements that can be applied to concrete production are listed below: 

 Construction Waste Management (MR Credit 2): Old concrete from demolition 

projects can be diverted from landfills by recycling. The amount of old concrete 

recycled will contribute to the total waste diversion rate calculation to earn this credit.  

 Recycled Content (MR Credit 4): This credit aims to reduce impacts from extraction 

and processing of virgin materials. The value of SCMs and other recycled raw 

materials (e.g., RCA) used in new concrete or concrete products for a project can be 

counted toward this credit. It is worth noting that RCA concrete will need strict 
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quality control for structural applications or it can be used for non-structural 

applications, including foundation trenching, levelling surfaces, driveways, sidewalks, 

etc. RCA can also be widely applied as backfill/subbase materials for roadways, 

buildings, and airport structures to help achieve this LEED credit. 

 Regional Materials (MR Credit 5): The use of regional materials reduces the 

environmental impacts from transportation. The LWA used in sustainable concrete 

would be a regional material for many projects (i.e., within 500 miles of the building 

site) due to the wide presence of LWA manufacturers in the U.S. (see Fig. 1). Locally 

available SCMs (e.g., fly ash) or AAs can also be counted toward this credit.  

In addition, sustainable concrete such as LWA concrete with improved thermal performance 

could help lower a building’s heating and/or cooling loads, contributing to the energy saving 

LEED points.  Similarly, the Greenroads Rating System developed by the University of 

Washington and CH2M HILL, Inc. has MR requirements on using sustainable concrete in 

roadway projects (University of Washington, 2011). The increasing use of green rating 

systems in practice will promote the use of sustainable concrete to benefit the environment 

and potentially reduce construction costs. However, so far many existing rating systems have 

not adopted or fully adopted a life cycle assessment approach for material selection, if 

implemented, which would provide a complete, balanced, and quantitative evaluation on the 

life cycle impact of sustainable concrete and concrete products.   
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Fig. 1. Locations of LWA manufacturers in the U.S. and 500-mile regional material circles 

(Adapted from ESCSI, 2010). 

2.3 The Emergency and Potential Use of Sustainable Raw Materials for Concrete  

The use of emerging SCMs and AAs in concrete production has been widely investigated, 

particularly on how these materials impact concrete properties.  The frequently studied SCMs 

are fly ash (Basri et al., 1999; Kevern et al., 2011), furnace slag (Kevern et al., 2011), silica 

fume (Limbachiya et al., 2012), etc. The investigated AAs include, but are not limited to, 

RCA (Alam et al., 2013; Etxeberria et al., 2007; Limbachiya et al., 2012; Sabai et al., 2013), 

building rubbles (Khalaf and Devenny, 2004), tire rubber (Nehdi and Khan, 2001), oil palm 

shells (Basri et al., 1999), and waste glass (Berry et al., 2011; Ling et al., 2013). Several 

researchers further investigated the structural applications of sustainable concrete in 

reinforced concrete beams or slabs (Akhtaruzzaman and Hasnat, 1986; Berry et al., 2011; 

Mannan and Ganapathy, 2004; Kumar et al., 2007).  The research findings were mixed. 

While the use of an SCM or AA could improve certain concrete properties, it might 

simultaneously compromise some other properties (Batayneh et al., 2007; Berry et al., 2011; 

Sabai et al., 2013; Siddique et al., 2008; Yang et al., 2005).  This is partially due to the 

presence of so many concrete properties, e.g., workability, compressive strength, 
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tensile/flexural strength, and durability. The replacement rate used for SCMs and AAs in 

concrete mix design is another factor that may even impact the same concrete property (e.g., 

workability) differently. Compared to conventional concrete, there are inadequate 

quantitative data in support of the use of sustainable concrete (Duxson et al., 2007). 

In addition to these technical barriers, other factors also hinder the wide application of 

SCMs and AAs in concrete. For example, recycling and reusing wastes requires extra labor 

and energy input (e.g., for crushing old concrete), and may also incur additional 

transportation cost compared to the use of virgin materials such as gravel (Batayneh et al., 

2007; Meyer, 2009). Also, the construction and building products industries are conservative 

due to fear of product failure. They tend to follow existing building codes and standards and 

are resistant to new technologies, including the utilization of waste materials. The industries 

also had some negative perceptions towards non-conventional practices in concrete 

production, which might not hold true; e.g., fly ash-contained cement perceived to have poor 

freeze-thaw resistance (Duxson et al., 2007). Therefore, it is extremely important to advance 

the understanding of sustainable concrete properties and to address these real-world barriers.   

3. Research Methodology 

This study aims to investigate the current status of sustainable concrete production in the U.S. 

construction industry. The researchers developed a structured 18-item questionnaire (see 

Appendix) and used it to 1) conduct face-to-face interviews with local concrete 

suppliers/manufacturers and related organizations and 2) survey their counterparts from other 

U.S. regions online. Architects and engineers were not included in the survey because they 

usually do not specify concrete mix design; instead, concrete suppliers design the mixture to 

ensure that the produced concrete meets the specification requirements (e.g., strength). The 

questions in the survey were in multiple-choice and open-ended formats. They were 

organized into three parts: background about survey participants and their involvement in 
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sustainable concrete production; the use of SCMs; and the use of AAs. Survey questions in 

the second and third parts were designed to learn: What types of sustainable raw materials are 

or could be potentially used in the concrete industry? What are the benefits and barriers to 

using them? What are the industry guidelines or standards for using these sustainable raw 

materials in concrete applications? And what are the applications of sustainable concrete in 

structural and non-structural concrete components?  

The local area surveyed in this study represents Central Ohio, a metropolitan area with a 

population of around 1.9 million in the U.S. Midwest. Before the interviews and online 

surveys were conducted, the questionnaire was reviewed by a representative (Mark Pardi, 

Central/Southeast Director) from the Ohio Ready Mixed Concrete Association (ORMCA) to 

determine its relevance and accuracy to the industry. The questionnaire was then revised 

based on the feedback. Both the finalized questionnaire and survey procedures were reviewed 

and approved by the University Institutional Review Board.  

Survey participants from Central Ohio were first identified by searching two publicly 

available directories: the ORMCA membership list containing mainly concrete producers and 

the membership directory book of the Builders Exchange of Central Ohio. Then, the list of 

selected companies was revised based on the feedback from the ORMCA representative 

(Mark Pardi, personal communication, April 16, 2012). The researchers then contacted these 

companies and explained the purpose of this study and the measures to ensure the 

confidentiality of participants’ information. After obtaining their commitment, researchers 

interviewed one person (recommended by the company to have the best knowledge or 

expertise in concrete production) per company. Concrete companies selected for online 

survey were found through the websites of the National Ready Mixed Concrete Association 

and the Precast/Prestressed Concrete Institute in the field of concrete 

production/manufacturing. As of July 2012, 152 ready mixed concrete suppliers and 71 
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prefabricators were listed on these websites as registered members. Considering the low 

response rate often associated with online survey, all of these 223 companies were invited for 

the survey to ensure that a reasonable sample size could be achieved. To administer the 

online survey, researchers directly contacted these companies through their email addresses. 

In each email, an online survey recruitment script and a link to the web survey were included. 

The interviews and online surveys were performed between July and October, 2012. No 

identifiable information was collected from participants.  

Besides summarizing the survey results, this study adopted a one-tailed Barnard’s exact 

test (Barnard, 1945) to compare survey responses between selected subgroups, i.e., subgroups 

based on the services they provide, years in business, and the number of full-time employees. 

This study also compared the applications of sustainable concrete in structural and non-

structural concrete components. These statistical tests were all based on the null hypothesis 

that there was no difference in percentage of responses to a specific answer between 

subgroups at a level of significance of 0.05. A p value lower than 0.05 would reject the null 

hypothesis and indicate a significant difference between the two sample groups. 

Barnard’s exact test used in this paper is a statistical significance test for analyzing 

contingency tables. The other two widely applied methods in 2×2 contingency tables, i.e., 

Pearson’s chi-squared test (Pearson, 1900) and Fisher’s exact test (Fisher, 1925), were not 

considered a good fit for this study. This is because the chi-squared test is not suitable for 

smaller samples and Fisher’s exact test, though valid for small sample sizes, is conservative 

and not as powerful as Barnard’s exact test (Mehta and Hilton, 1993; Mehta and 

Senchaudhuri, 2003; Lydersen et al., 2009). As a non-parametric alternative to Fisher’s exact 

test (Galili, 2010), Barnard’s exact test is more powerful because the loss of power due to the 

greater discreteness of the Fisher statistic is somewhat offset by the requirement that 

Barnard’s exact test must maximize over all possible p-values by considering the nuisance 
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parameter(s) (Mehta and Senchaudhuri, 2003). Andrés and García (2009) compared various 

statistical methods including Barnard’s method, Fisher’s method, and others in 2×2 

multinomial trials, and concluded that Barnard’s method was most powerful and “the best.”  

The reason to adopt a one-tailed test lies in that it can provide more power to detect an effect 

and is appropriate when consequences of missing an effect in the untested direction are 

negligible and irresponsible (UCLA: Statistical Consulting Group, 2015). For each question 

involved in this statistical analysis, the percentage of respondents from each comparing 

subgroup who chose each particular answer option was calculated and compared, which 

provided a hypothesis about which one of the comparing subgroups might have a 

significantly higher response rate to a particular answer option. Therefore, the one-tailed test 

is sufficient.  

4. Results and Discussion 

In this study, five local concrete suppliers, one trade organization (ORMCA), and one state 

agency (the Ohio Department of Transportation [ODOT]) were interviewed for their opinions 

on and experience with sustainable concrete production. Note that these five local suppliers 

were selected based on a review of their background, including the number of trucks, plants, 

and years of business in the region, as well as the recommendation from the ORMCA 

representative. They were considered the major players in the Central Ohio concrete industry 

and could represent the local practice. Of the 152 ready mixed concrete suppliers and 71 

concrete prefabricators invited for the online survey, 23 and 11 of them had responded and 

completed the questionnaire, representing response rates of 15.1% and 15.5%, respectively. 

The overall response rate for this online survey was 15.2% (34 out of 223 companies). The 

background of these companies (e.g., company business, products, and number of plants) 

were then carefully reviewed and considered typical for ready-mixed concrete suppliers or 

prefabricators. More importantly, the size of these surveyed companies was reasonably 
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distributed to represent various practices from small, mid-size, and large businesses, 

reflecting the fragmented nature of the U.S. concrete industry. It is worth noting that although 

questionnaire response rates in construction-related research could reach 20-30%, e.g., Li et 

al. (2005) and Yuan et al. (2009), many studies received much lower response rates, such as 

7.4% in Abdul-Rahman et al. (2006) and 7.5% in Jaapar and Torrance (2009). Gibson and 

Whittington (2010) reviewed survey research methods employed extensively to study 

construction industry related topics and indicated that responses rates for national 

questionnaire surveys could range as low as the single digit percentages and response rates at 

15% were usually considered acceptable.  

4.1 Background about Survey Participants and Their Involvement in Sustainable Concrete 

Production 

The results obtained through interviews and online surveys were combined for the data 

analysis (N=39).  The background information regarding the size of company, years the 

company has been in business, and years that the survey respondents have worked in the 

concrete industry is summarized in Figs. 2 and 3. As shown in Fig. 2, of the 39 companies 

surveyed, their maximum and minimum years in business were 130 and 6, respectively. The 

mean value was 50 years. For individual survey respondents, their maximum and minimum 

years of concrete industry experience were 44 and 3, respectively. The mean value was 23 

years. The distribution of respondents’ years of experience is close to a normal distribution 

while the distribution of companies’ years in business is slightly skewed. Since 82% of 

surveyed individuals had at least 10 years of experience, the information provided by them 

should be able to reflect industry practice. The box-plot for the company size is not available 

since the survey only asked companies to choose a proper range for their employment 

numbers (e.g., 10-49). This made the survey easier for the participants. Fig. 3 shows that the 

survey participants represented different sizes of companies: approximately 70% for small 



13 

 

and mid-size businesses (<200 employees) and 30% for larger companies (≥200 employees). 

 

Fig. 2. Box-plot for company history and survey participants’ experience (N=39). 

 

Fig. 3. Number of full time employees of surveyed companies (N=39). 

The services provided by these companies include ready mixed concrete (64% of the total 

number of companies), prefabricated concrete components (44%), and others such as 

quarrying or manufacturing concrete/construction aggregates (22%). The total percentage 

(130%) is greater than 100% since some companies provide more than one service (e.g., both 

ready mixed concrete and aggregates). A similar scenario applies to the following two 

questions. When asked what industry sectors their companies’ concrete served, their 
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responses were distributed as follows: the building sector (89%), roadways/bridges (84%), or 

other sectors such as industrial or agricultural (39%). When asked what method(s) they used 

for concrete mix design, 81% of them said that they used industry specifications or the 

standards of the American Concrete Institute (ACI), American Society for Testing and 

Materials (ASTM), the Department of Transportation (DOT) in their states, etc. About 68% 

of them stated that their mix design was based on their own companies’ historical data, and 

19% mentioned other methods such as trial batches.      

The survey results also showed that 73% of companies surveyed had utilized sustainable 

raw materials and 74% had received inquiries from customers for sustainable concrete, 

showing a strong interest among their clients in using environmentally friendly building 

materials. According to a couple of companies, one driving force for using sustainable 

concrete was the LEED project requirements. To study subgroup differences in producing 

and receiving inquiries about sustainable concrete, the survey sample was divided into three 

pairs of subgroups by type of service provided, years in business, and number of full-time 

employees. Under “type of service provided,” the sample selected in the analysis excluded 

companies whose service only fell under “others.” There were also four companies supplying 

both ready mixed concrete and prefabricated products, so they were counted in both 

subgroups. Table 1 displays the one-tailed statistical analysis results. (Ling et al., 2013, 

Alsheyab and Khedaywi, 2013) 

Table 1 Statistical analysis of subgroups using Barnard’s exact test on producing and 

receiving inquiries about sustainable concrete. 

 Question Analysis items 

Subgroup categorization 

Type of service 

provided 

Years in 

business 

Number of full-

time employees 

Serving 

ready mixed 

concrete 

Prefabricating 

concrete 

products 

< 50 

years 

≥ 50 

years <100 ≥100 

Whether they 

produced 

sustainable 

concrete 

Total sample size (N) 23 15 16 21 19 18 

Number of companies 

that answered “yes” 

21 9 12 16 13 15 

Percentage of “yes” 91% 60% 75% 76% 68% 83% 

p value 0.016a 0.499 0.501 
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Whether they had 

received inquiries 

about sustainable 

concrete 

Total sample size 23 15 16 21 19 18 

Number of companies 

that answered “yes” 20 9 12 15 13 14 

Percentage of “yes” 87% 60% 75% 71% 68% 78% 

p value 0.042a 0.463 0.300 
aDenotes a statistically significant difference between the two subgroups. 

In these comparisons, two statistically significant differences (having a p value of less than 

0.05) existed between ready mixed concrete suppliers and prefabricators (providing 

prefabricated concrete products including precast/prestressed concrete companies). 

Specifically, a higher percentage of ready mixed concrete suppliers (91%) were producing 

sustainable concrete than that of prefabricators (60%). Also, a higher percentage of ready 

mixed concrete companies (87%), compared to only 60% of concrete prefabricators, had 

received inquiries about sustainable concrete. These implied that, in practice, client interests 

in freshly mixed sustainable concrete might be higher than that in prefabricated sustainable 

concrete products.  Factors, including years in business and company size, did not cause 

differences between subgroups.    

4.2 The Use of SCMs 

The second part of the survey asked specific questions related to the use of various SCMs. 

First, survey participants were asked to describe their use of five pre-specified SCMs, 

including fly ash Class C, fly ash Class F, ground-granulated blast-furnace slag (GGBFS) or 

slag cement, silica fume, and calcined shale. They were also allowed to name any other 

SCM(s) they used.  Fig. 4 illustrates the percentage of companies using each pre-specified 

SCM. It can be seen that currently fly ash (including Class C and Class F), GGBFS, and silica 

fume are the three major SCMs used in the U.S. concrete industry. In addition, Portland 

limestone cement (PLC) was used by 19% of respondents. Other SCMs include metakaolin 

(mentioned by two participants) and rice hull ash (mentioned once). Survey participants were 

also asked to list three most commonly used SCMs based on their industry experience. As 

shown in Fig. 5, the top three most commonly used SCMs are GGBFS, fly ash and silica 
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fume, consistent with the earlier findings. Since some participants only mentioned fly ash but 

did not specify Class C or F, “fly ash” was counted separately.   

  

Fig. 4. Percentage of companies using each 

pre-specified SCM (N=36). 

Fig. 5. Percentage of companies that named 

each material as one of the three most 

commonly used SCMs in the industry 

(N=32). 

When asked what SCMs could be potentially used in the concrete industry, fewer responses 

(N=17) were received. Those additional SCMs include rice husk ash (mentioned by 2 

participants), grounded limestone, leachates from petroleum waste, natural pozzolans, 

ultrafine fly ash, metakaolin, and bottom ash (all mentioned once). This shows different 

levels of knowledge on possible SCMs among industry practitioners. While some materials 

such as metakaolin and rice husk ash had already been used by a few companies, they were 

only considered potential SCMs or not recognized at all by others.  This implies that there 

may not be enough information to prove the applicability of those not widely used SCMs, or 

such information exists (e.g., data generated by researchers or historical data from individual 

industry practitioners), but is not made widely available to the industry. The SCM usage was 

compared between ready mixed concrete suppliers and prefabricators and the results are 

shown in Table 2. Statistically, the percentage of ready mixed concrete suppliers using fly ash 

Class F and GGBFS is higher than that of prefabricators. Percentage-wise, the major SCMs 

have been more commonly used by ready mixed concrete suppliers than prefabricators.  

Table 2 Comparison of SCM usage between ready mixed concrete suppliers and 

prefabricators. 
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Subgroups and analysis items 

Pre-specified SCM 

Fly ash 

Class C 

Fly ash 

Class F GGBFS 

Silica 

fume PLC 

% of ready mixed concrete suppliers selecting an SCM (N=23) 61% 65% 65% 48% 17% 

% of concrete prefabricators selecting an SCM (N=19) 37% 37% 26% 42% 11% 

p value 0.074 0.043a 0.007a 0.399 0.385 
aDenotes a statistically significant difference between the two compared subgroups. 

Participants were then asked to select or name benefits and barriers to using each of the three 

most commonly used SCMs they mentioned. The frequency of each benefit or barrier 

mentioned by participants is summed up in Figs. 6 and 7.   

 
 

 
 

Fig. 6. Benefits for the use of SCMs (N=123). Fig. 7. Barriers to the use of SCMs (N=92). 

This research found that the three most frequently mentioned benefits and barriers were the 

same: impact on concrete properties (either improved or lowered quality), cost, and local 

availability. Among them, concrete properties were the most important factor in adopting an 

SCM. The advantage (e.g., local availability) an SCM could provide for one company might 

be a disadvantage for another company. Also, due to the existence of various concrete 

properties, one SCM could have both advantages and disadvantages as existing studies have 

noted. Noticeably, suppliers/manufacturers were not widely aware that using sustainable raw 

materials in concrete production was environmentally beneficial. This benefit was mentioned 

by only 2% of those surveyed. Besides the top three, two other frequently mentioned barriers 

were slowing/hindering production and the lack of specifications or restrictions from 

authorities such as engineers. 
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The perceptions of ready mixed concrete suppliers and prefabricators regarding the 

benefits and barriers to using SCMs were compared. As shown in Table 3, the two subgroups 

shared consistent views regarding the top three benefits. Inconsistency existed in the top three 

barriers. Whereas increased cost and slowing down/hindering production were two of the top 

three concerns for both subgroups, local availability, deemed as the third biggest barrier by 

ready mixed concrete suppliers, was not mentioned by any prefabricator. A statistical 

difference was found in that prefabricators had more concerns about quality than ready mixed 

concrete suppliers. This is understandable since prestressed concrete manufacturers are 

always more concerned with concrete chemistry because of prestressed steel corrosion, rate 

of strength gain for casting bed turnover, bond, creep, and other concrete properties. Thus, 

alternative raw materials such as SCMs are only considered when they have been proven by 

extensive research and industry practice. However, for the three most commonly used SCMs, 

especially GGBFS, there is still room for continuously promoting their usage among concrete 

prefabricators based on the survey results. In this analysis, some responses were counted 

under both subgroups if they came from a company providing both ready mixed concrete and 

prefabrication services. On the other hand, responses from companies that provide neither of 

these two services were excluded.  

Table 3 Comparison of perceptions between ready mixed concrete suppliers and 

prefabricators regarding SCM usage. 
 

Item 

Ready mixed suppliers Prefabricators 

p value 

Number of 

comments 

% in total 

responses 

Number of 

comments 

% in total 

responses 

Benefits Improved concrete properties 39 40% 12 43% 0.396 

Cost saving 22 22% 8 29% 0.325 

Local availability 19 19% 4 14% 0.407 

Ease concrete production (e.g., 

improving pumpability) 

9 9% 1 4% 0.233 

Being sustainable 4 4% 2 7% 0.458 

Aesthetic 3 3% 0 0% 0.344 

Specifications available 2 2% 1 4% 0.659 

Subtotal 98 100% 28 100% - 

Barriers Increased cost 18 26% 4 22% 0.468 

Slowing/barricading production 15 22% 4 22% 0.535 

Local availability 12 18% 0 0% 0.062 

Lower qualities 11 16% 8 44% 0.020a 
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Lack of specifications or restrictions 

from authorities 

7 10% 0 0% 0.118 

lack of acceptance or understanding 2 3% 1 6% 0.579 

Safety 2 3% 0 0% 0.483 

Aesthetic 1 1% 1 6% 0.303 

Subtotal 68 100% 18 100% - 
aDenotes a statistically significant difference between the two compared subgroups. 

Survey participants were asked whether there were industry guidelines or standards 

governing the use of SCMs and if so what their companies followed. Of the 29 participants 

answering this question, 28 of them (97%) indicated specific specifications, standards or 

guidelines used by their companies. These include project specifications, construction 

specifications/codes from related cities, and guidelines from ACI or DOT in the states in 

which they operated.  

To understand to what extent SCM-based concrete is applied in the industry, participants 

were asked in separate questions whether their companies used SCMs in non-structural or 

structural concrete components. Up to 93% of companies surveyed had applied SCMs in 

structural components, such as footing, columns, grade beams, walls, slabs, bridge piers and 

decks, and drilled shafts/caissons. This implied that such concrete could achieve good 

strength. On the other hand, 89% of companies had applied SCMs in non-structural 

components, including sidewalks, curbs, driveways, etc. Companies not using SCMs in non-

structural components provided the following reasons: the color variation of architectural 

concrete caused by SCMs, increased cost, or the company simply did not use any SCM. 

The responses regarding SCM applications were also compared between ready mixed 

concrete suppliers and prefabricators. As shown in Table 4, no significant difference was 

found in the use of SCMs in structural components. In contrast, the statistical test found a 

significant difference in SCM usage in non-structural components. Prefabricators seemed to 

have more limitations in applying SCMs due to the aesthetic or cost reasons mentioned above.     

Table 4 Comparison of SCM applications between ready mixed concrete suppliers and 

prefabricators.  
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Subgroups and analysis items 

Non-structural components Structural components 

Number 

of total 

responses 

Number of 

companies 

using 

SCMs 

% of 

respondents 

using SCMs 

Number 

of total 

responses 

Number of 

companies 

using 

SCMs 

% of 

respondents 

using 

SCMs 

Ready mixed concrete 

suppliers 

21 20 95% 18 17 94% 

Prefabricators 6 3 50% 10 9 90% 

p value - - 0.010a - - 0.588 
aDenotes a statistically significant difference between the two compared subgroups. 

4.3 The Use of AAs 

Similar questions were asked in the third part of the questionnaire regarding the use of AAs 

in the industry. Fig. 8 shows the AAs currently used by surveyed companies, of which 

lightweight aggregate (LWA) and RCA are the most widely used. These two materials were 

also more frequently perceived by survey participants as the most commonly used aggregates 

in the industry (shown in Fig. 9). However, the open-ended feedback from concrete suppliers 

showed their concerns about using RCA in concrete production. The uncertainty in the 

sources of old concrete made it hard to determine the original concrete properties (e.g., 

strength). Difficulties also existed in controlling the size of crushed concrete. Other concerns 

included the inferior engineering properties of RCA due to its higher water absorption and 

affinity, the lack of specifications, and the risk of quality control. All of these made RCA, 

seemingly promising in utilizing recycled waste streams to produce new concrete, limited in 

its real-world applicability. Other AAs such as crushed glass, tire rubber, and brick rubble, 

although studied by researchers, had limited use in practice. When asked about other 

potential AAs, fewer participants provided feedback. Only cullet pumicite and natural zeolite 

sludge were mentioned.  
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Fig. 8. Percentage of companies that had used 

each specified AA (N=29). 

Fig. 9. Percentage of companies that had named each 

AA as one of the three most commonly used 

aggregates (N=24). 

Similar to the comparison of SCM usage between ready mixed concrete suppliers and 

prefabricators, a comparison of AA usage between these two subgroups was also conducted. 

The results are displayed in Table 5. The only inconsistency was found in the usage of LWA. 

Compared to prefabricators, a higher percentage of ready mixed concrete suppliers have 

applied LWA in concrete production. 

Table 5 Comparison of AA usage between ready mixed concrete suppliers and prefabricators.  
 

Subgroups and analysis items 

Pre-specified AA 

LWA RCA 

Crushe

d glass 

Tire 

rubber 

Brick 

bubble 

% of ready mixed concrete suppliers selecting an AA 

(N=23) 
70% 30% 17% 13% 0% 

% of prefabricators selecting an AA (N=19) 42% 5% 5% 11% 5% 

p value 0.041a 0.085 0.147 0.660 0.319 
aDenotes a statistically significant difference between the two compared subgroups. 

Compared to the number of times that benefits and barriers of using SCMs were mentioned 

by survey participants (123 and 92, respectively), fewer responses were received on the 

benefits (37) and barriers (47) to using AAs. This was likely due to less knowledge and 

experience practitioners had in AAs. As shown in Figs. 10 and 11, the top three benefits and 

barriers to using AAs were not consistent. While the structural advantage and cost saving 

were the two most frequently mentioned benefits by survey participants, being “green” was 

ranked the third highest. As further explained by survey respondents, using AAs could 
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recycle waste materials and save natural resources. In terms of barriers, the top three 

frequently mentioned items were cost increase (34%), local availability (23%), and technical 

barriers (17%). Technical barriers were clarified as the difficulty in controlling aggregate 

gradation and the complexity in mix design. The findings on the major barriers to using 

SCMs and AAs are consistent with what have been identified in the literature (e.g., Batayneh 

et al., 2007; Duxson et al., 2007; Meyer, 2009). 

 

 

 

Fig. 10. Benefits for the use of AAs (N=37). Fig. 11. Barriers to the use of AAs (N=47). 

Similarly, a comparison study of the benefits and barriers to using AAs was performed 

between ready mixed concrete suppliers and prefabricators. The statistical analysis results 

shown in Table 6 indicate no significant difference between the two subgroups. Noticeably, 

all positive perceptions of using AAs regarding being “green” and using local materials came 

from ready mixed concrete suppliers. It seems that prefabricators surveyed in this study were 

less environmentally conscious or they just focused on cost saving, structural advantage (e.g., 

light weight), and improved concrete properties when considering the adoption of an AA.  

Table 6 Comparison of perceptions between ready mixed concrete suppliers and 

prefabricators regarding AA Usage. 
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Benefits Cost saving 8 35% 4 40% 0.398 

Structural advantage 4 17% 4 40% 0.116 

Being “green” 4 17% 0 0% 0.114 

Local availability 4 17% 0 0% 0.114 

Improved concrete properties 2 9% 2 20% 0.244 

Usability 1 4% 0 0% 0.535 

Subtotal 23 100% 10 100% - 

Barriers Cost increase 11 35% 6 46% 0.341 

Slowing/hindering production 4 13% 3 23% 0.275 

Local availability 6 19% 3 23% 0.528 

Technical barriers related to aggregate 5 16% 0 0% 0.106 

Lower qualities 3 10% 0 0% 0.201 

Lack of data on concrete properties 1 3% 1 8% 0.487 

Aesthetic 1 3% 0 0% 0.558 

Subtotal 31 100% 13 100% - 

 

When asked whether there were industry guidelines to follow in applying AAs, only 29% of 

participants answered “yes,” which is quite low compared to 97% of respondents answering 

“yes” to a similar question for the use of SCMs. It seemed that fewer or limited specifications 

or standards were available for the use of AAs. Most of specifications or standards mentioned 

by respondents were for the use of LWA from ACI and ASTM. This may help explain why 

LWA is currently the most widely used AA. Through the interview, the researchers learned 

that ODOT had already published a standard for using RCA in Ohio transportation projects 

(ODOT, 2011). However, the survey results did not show that the Central Ohio survey 

participants were aware of the standard, suggesting a potential problem of information 

dissemination.  

Participants were asked in separate questions whether their companies had used AAs in 

non-structural or structural concrete components. It was found that up to 69% of respondents 

had applied AAs in non-structural components, including sidewalks, concrete barriers, 

signs/fences, and residential applications. Approximately 63% of respondents had applied 

AAs in structural components such as decks, footing, and slabs. One respondent mentioned 

that the replacement of virgin aggregate was specified in Europe (i.e., up to 20% replacement 

of virgin aggregate in non-structural components and up to 10% in structural components), 

but similar specifications were unavailable in the U.S. Due to the small number of responses 
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(12 and 13, respectively) for these two questions, no subgroup comparison was conducted.  

The one-tailed Barnard’s exact test was used to compare the actual usage of SCMs and 

AAs in structural and non-structural concrete components among the surveyed companies. 

The results shown in Fig. 12 indicate that SCMs were statistically more frequently used in 

structural concrete components than AAs (p=0.016). Although survey participants did not 

specify the lack of industry standards/guidelines as a barrier that lowered the usage of AAs in 

structural applications, improvements on standard/guideline development and information 

dissemination, especially related to the use of RCA, can certainly alleviate concerns about 

structural performance of RCA concrete and help practitioners with concrete recycling and 

mix design. 

 

Fig. 12. Statistical analysis results for the use of SCMs and AAs (X: the number of positive 

responses; N: the total responses received for the question). 

4.4 Difference between Local Companies and National Counterparts 

Further analysis revealed some differences in AA adoption between the five major concrete 

suppliers interviewed in Central Ohio and the other 34 companies surveyed online. 

Regardless of many AAs available, only one of the five local companies used LWA; the rest 

used only traditional limestone or gravel. It seemed that they were aware of some options as 

all of them suggested RCA and two of them suggested LWA as potential AAs. In contrast, 96% 

of companies surveyed online had used LWA, followed by 33% that used RCA and 17% that 

used tire rubber and crushed glass. There are many factors that could lead to the low use of 

AAs by Central Ohio concrete suppliers and prefabricators such as the relatively low tipping 
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fee for construction and demolition debris. The researchers also found that the 

aforementioned ODOT standard is stringent in that the RCA used for ODOT projects must 

also come from an ODOT project, and non-ODOT sources are not allowed. In addition, a 

survey needs to be conducted based on sublots at the roadway to determine the material 

quality and special requirements are placed on concrete mix design. This could present 

additional challenges to Central Ohio concrete suppliers and prefabricators.  (Ling et al., 2013) 

5. Conclusions 

This paper presented a questionnaire survey on the current status of using sustainable raw 

materials in the U.S. concrete industry. In this study, the background and distribution of 

survey companies were carefully analyzed to ensure that they can represent the studied 

populations. Barnard’s exact test was adopted in subgroup comparison to minimize the loss 

of statistical power due to the small sample size. It was found that despite a large number of 

academic studies on various types of SCMs and AAs, their current use in practice was still 

limited to the top three SCMs (fly ash, GGBFS, and silica fume) and two most common AAs 

(LWA and RCA). Also, the surveyed companies were at different levels of recognition and 

utilization of SCMs and AAs. One sustainable raw material used by some companies might 

still be new to their peers. This research found that the three most commonly perceived 

benefits and barriers to using SCMs in concrete production were all related to concrete 

properties, cost, and local availability of such materials. Benefits of using SCMs were more 

frequently mentioned than barriers. Comparatively, benefits and barriers regarding the use of 

AAs were mentioned fewer times by survey participants. Besides structural advantage and 

cost saving, some surveyed companies were aware of the environmental benefits from using 

AAs, e.g., the reuse of waste and conservation of natural resources. Cost increase, local 

availability and technical barriers were the three most commonly perceived barriers.  

Subgroup comparison and the one-tailed Barnard’s exact test performed in this study 
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yielded the following results: 

 Statistically, higher percentages of ready mixed concrete suppliers than prefabricators 

had produced sustainable concrete (p=0.016) and received related inquiries (p=0.042). 

No correlation existed between companies’ size or years in business and whether they 

had made sustainable concrete or received inquiries from customers. 

 Statistically, greater percentages of ready mixed concrete suppliers than prefabricators 

had utilized GGBFS (p=0.007), fly ash Class F (p=0.074), and LWA (p=0.041) in 

concrete production.  

 Prefabricators were statistically more concerned about the potential quality issues 

caused by using SCMs in their products with a p value of 0.020.  

 No significant difference was found between ready mixed concrete suppliers and 

prefabricators regarding the perceived benefits and barriers to using AAs. However, 

only ready mixed concrete suppliers had identified being “green” as one of the 

benefits of using AAs.  

 No significant difference existed between the application of SCMs or AAs in 

structural and non-structural concrete components. However, a statistically higher 

percentage of ready mixed concrete suppliers than prefabricator had applied SCMs in 

non-structural components (p=0.010).   

 Statistically, a higher percentage of companies in the survey had used SCMs than 

AAs in structural concrete components (p=0.016). No significant difference existed in 

the use of SCMs and AAs in non-structural components.  Practitioners perceived that 

there were more readily available guidelines or specifications for the application of 

SCMs than AAs. 

 The overall perception gained from this subgroup comparison was that ready mixed 

concrete suppliers were ahead of prefabricators in the utilization of sustainable raw 
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materials to produce concrete.  

This paper provides some insight into how researchers could help the industry solve its real 

problems in sustainable concrete production and application. For example, based on the 

identified benefits and barriers, researchers will need to focus their studies on the impact of 

SCMs or AAs on concrete properties (e.g., the long-term durability of concrete made of RCA 

and quality control for RCA concrete), cost effectiveness, local availability of sustainable 

materials, etc. It is also important to develop specifications and industry standards 

corresponding to any recommended new alternative materials. Furthermore, more assistance 

needs to be provided to help prefabricators address potential concerns they have in applying 

sustainable raw materials to particular products. These will increase the acceptance and 

implementation of sustainable raw materials in various concrete applications. 

It is worth noting that this study will serve as a starting point for future research in this 

area. Although the results obtained from this study allowed valuable conclusions and insights 

to be drawn on the current status of sustainable concrete production in the U.S., further 

research based on an enlarged sample size is necessary to improve the accuracy of findings 

and obtain more profound insights. Also, tailored questionnaires can be developed to collect 

more specific, in-depth information from certain subgroups (e.g., prefabricators) to help 

advance their practice in sustainable concrete production.   
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Appendix: Questionnaire for the Survey of Sustainable Concrete Production in the U.S. 

Background and Your Involvement in Sustainable Construction Production 

1. Does your company produce sustainable concrete by using waste material(s)? a. Yes; b. No. 

2. What field does your company work in? Select all that apply. a. Providing ready-mixed concrete; b. 

Providing pre-fabricated concrete products; c. Others (Please specify).  

3. For how many years has your company been involved in the concrete industry?  

4. For how many years have you been working in the concrete industry?  

5. How many full-time employees work for your company? a. Less than 10; b. 10 to 50; c. 50-100; d. 100-200; 

e. More than 200. 

6. In which industry sector is your company’s concrete used? a. Building; b. Roadway/bridge; c. Other 

sector(s) (Please specify).  

7. How does your company design concrete mix given a required concrete property? a. Using company 

historical data; b. Using industry specification(s) or standard(s) (Please specify, e.g., ACI or ASTM 

standard); c. Other ways (Please specify). 

8. Has your company received inquiries regarding the use of recycled materials in any of your mix designs? a. 

Yes; b. No. 

Supplementary Cementitious Materials (SCMs)  
9. Does your company use any of the following wastes or supplementary sources to replace portion of cement 

in your concrete? If so, please also specify the substitution percentage range of this SCM in the 

cementitious material weight and the related concrete 28-day compressive strength (e.g., 4ksi). Select all 

that apply: a. Fly ash Class C; b. Fly ash Class F; c. Ground-granulated blast-furnace slag; d. Silica fume; e. 

Calcined shale; f. Others (Please specify). 

10. Are there other potential SCMs that could be used in mix designs? Please specify. 

11. Please identify the top three most suitable SCMs and evaluate them based on the following items. For rating 

questions, please rate the SCMs on selected items on a scale of 1-5: (1) Worst, (2) Poor, (3) Neutral, (4) 

Good, (5) Very good. Select N/A when you have no idea. i. Indicate where the material comes from; ii. 

Rate local availability; iii. Rate cost effectiveness (i.e., price, labor, etc.); iv. Rate the following concrete 

properties: a. Strength; b. Workability; c. Durability; d. Other properties (Please specify); v. Other factors 

(Please specify); vi. Indicate benefits and barriers to applying this material in concrete production. . 

12. Are there any industry guidelines or standards for the use of SCMs in concrete production (e.g., the 

percentage of fly ash, slag cement, etc.)? If yes, does your company follow any of them? Please specify the 

guideline(s) or standard(s) you used. 

13. Has concrete made with SCMs been applied to non-structural and/or structural members? Select all that 

apply and provide examples. a. Non-structural members (e.g., sidewalks, concrete curbs, etc.); b. Structural 

members (e.g., building footing, columns, bridge decks, etc.).  

Alternative/Recycled Aggregates 

14. Does your company use any of the following wastes or supplementary sources to replace portion of 

aggregates in your concrete? If so, please also specify the substitution percentage range of this alternative 

aggregate in the total aggregate material weight and the related concrete 28-day compressive strength (e.g., 

4ksi). Select all that apply. a. Recycled concrete aggregate; b. brick rubble; c. Plastics; d. Tire rubber; e. 

Electric arc furnace (EAF) slag; f. Crushed ceramic; g. Crushed glass; h. Waste-expended polystyrene; i. 

Others (Please specify). 

15. Are there other potential alternative aggregates that could be used in concrete mix design? Please specify. 

16. Please identify the top three most suitable alternative/recycled aggregates and evaluate them based on the 

following items. i. Indicate where the material comes from; ii. Rate local availability; iii. Rate cost 

effectiveness (i.e., price, labor, etc.); iv. Rate the following concrete properties: a. Strength; b. Workability; 

c. Durability; d. Other properties (Please specify); v. Other factors (Specify); vi. Indicate benefits and 

barriers to applying this material in concrete production. 

17. Are there any industry guidelines or standards for the use of recycled concrete aggregates in concrete 

production (e.g., its percentage in the total aggregate weight)? If yes, does your company follow any of 

them? Please specify the guideline(s) or standard(s) you used. 

18. Has concrete made with alternative/recycled aggregates been applied to non-structural and/or structural 

members? Please select all that apply and provide examples. a. Non-structural members; b. Structural 

members.  



29 

 

References 

Abdul-Rahman H, Berawi MA, Berawi AR, Mohamed O, Othman M, Yahya IA. Delay 

mitigation in the Malaysian construction industry. J Constr Eng Manage 

2006;132(2):125-33. 

Aïtcin PC. Cements of yesterday and today: concrete of tomorrow. Cem Concr Res 

2000;30(9):1349-59.  

Akhtaruzzaman AA, Hasnat A. Shear and flexural behavior of brick-aggregate concrete 

beams without web reinforcement. ACI Mater J 1986;83(2):284-9. 

Alam MS, Slater E, Billah AHMM. Green concrete made with RCA and FRP scrap aggregate: 

fresh and hardened properties. J Mater Civ Eng 2013;25:1783-94. 

Alsheyab, Mohammad AT,  Khedaywi, Taisir S. Effect of electric arc furnace dust (EAFD) 

on properties of asphalt cement mixture. Resources, Conservation and Recycling 2013: 

70: 38-43.  

Andrés AM, García JMT. Optimal unconditional test in 2×2 multinomial trials. Comput Stat 

Data An 1999;31(3):311-21. 

Barnard GA. A new test for 2 × 2 tables. Nature 1945;156:177. 

Basri HB, Mannan MA, Zain MFM. Concrete using waste oil palm shells as aggregate. Cem 

Concr Res 1999;29(4):619-22. 

Batayneh M, Marie I, Asi I. Use of selected waste materials in concrete mixes. Waste 

Manage 2007;27(12):1870-6. 

Bentz DP. Powder additions to mitigate retardation in high-volume fly ash mixtures. ACI 

Mater J 2010;107(5):508-14. 

Berry M, Stephens J, Cross D. Performance of 100% fly ash concrete with recycled glass 

aggregate. ACI Mater J 2011;108(4):378-84. 

Bondar D, Lynsdale CJ, Milestone NB, Hassani N, Ramezanianpour AA. Engineering 

properties of alkali-activated natural pozzolan concrete. ACI Mater J 2011;108(1):64-72. 

Bremner TW. Lightweight aggregates can reduce energy needs for buildings. In: Energy and 



30 

 

Resource Conservation in the Cement and Concrete Industry, Construction Materials 

Section, Mineral Science Laboratories, CANMET, Ottawa, Canada; 1976. 

Duxson P, Provis JL, Lukey GC, Deventer JSJV. The role of inorganic polymer technology 

in the development of “green concrete.” Cem Concr Res 2007;37(12):1590-7.  

Expanded Shale, Clay, and Slate Institute (ESCSI); 2010. 

http://www.escsi.org/membermap.aspx (accessed February 2015). 

Etxeberria M, Vázquez E, Marí A, Barra M. Influence of amount of recycled coarse 

aggregates and production process on properties of recycled aggregate concrete. Cem 

Concr Res 2007;37(5):735-42. 

Fisher RA. Statistical methods for research workers. Edinburgh: Oliver and Boyd; 1925. 

Galili T. Barnard’s exact test – a powerful alternative for Fisher’s exact test (implemented in 

R); 2010. http://www.r-bloggers.com (accessed August 2015). 

Gibson GE, Whittington DA. Charrettes as a method for engaging industry in best practice 

research. J Constr Eng Manage 2010;136(1):66-75. 

Haque MN, Kayali O, Al-Khaiat H. Structural lightweight concrete—an environmentally 

responsible material of construction. In: Sustainable Concrete Construction: Proc. of the 

International Challenges of Concrete Construction Congress, Scotland, UK; 2002. p. 

305-12. 

Henry M, Kato Y. Understanding the regional context of sustainable concrete in Asia: Case 

studies in Mongolia and Singapore. Resources, Conservation and Recycling 2014: 82: 

86-93. 

Jaapar A, Torrance JV. Contribution of value management to the Malaysian construction 

industry: a new insight. In: Proc. of the International Conference of Construction 

industry, Padang, Indonesia; 2009. p. 1-9. 

Kevern JT, Schaefer VR, Wang K. Mixture proportion development and performance 

evaluation of pervious concrete for overlay applications. ACI Mater J 2011;108(4):439-

48.   



31 

 

Khalaf FM, Devenny AS. Recycling of demolished masonry rubbles as coarse aggregate in 

concrete: review. J Mater Civ Eng 2004;16(4):331-40. 

Kumar PS, Mannan MA, Kurian VJ, Achuytha H. Investigation on the flexural behavior of 

high-performance reinforced concrete beams using sandstone aggregates. Build Environ 

2007;42(7):2622-9. 

Langer WH, Arbogast BF. Environmental impact of mining natural aggregate. In: Fabbri et 

al., editors. Deposit and Geoenvironmental Models for Resource Exploitation and 

Environmental Security. U.S. Government; 2002. p. 151-70. 

Lepech MD, Li VC, Robertson RE, Keoleian GA. Design of green engineered cementitious 

composites for improved sustainability. ACI Mater J 2008;105(6):567-75. 

Li B, Akintoye A, Edward PJ, Hardcastle C. Critical success factors for PPP/PFI project in 

the UK construction industry. Constr Manage Econ 2005;23(5):459-71. 

Limbachiya M, Meddah MS, Ouchagour Y. Performance of Portland/silica fume cement 

concrete produced with recycled concrete aggregate. ACI Mater J 2012;109(1):91-100.  

Ling TC, Poon CS, Wong HW. Management and recycling of waste glass in concrete 

products: Current situations in Hong Kong. Resources, Conservation and Recycling 

2013:70: 25-31. 

Lydersen S, Fagerland MW, Laake P. Tutorial in biostatistics: recommended tests for 

association in 2×2 tables. Statist Med 2009;28(7):1159–75. 

Malhotra VM. Making concrete ‘greener’ with fly ash. Concr Int 1999;21(11):61–6. 

Malvar LJ, Cline GD, Burke DF, Rollings R, Sherman TW, Greene J. Alkali-silica reaction 

mitigation: state-of-the-art and recommendations. ACI Mater J 2002;99(5):480-9. 

Mannan MA, Ganapathy C. Concrete from an agricultural waste-oil palm shell (OPS). Build 

Environ 2004;39(4):441-8. 

Manso JM, Polanco JA, Losañez M, González JJ. Durability of concrete made with slag as 

aggregate. Cem Concr Compos 2006;28(6):528-34. 



32 

 

Mehta CR, Hilton JF. Exact power of conditional and unconditional tests: going beyond the 

2x2 contingency table. Am Stat 1993;47:91-8. 

Mehta CR, Senchaudhuri P. Conditional versus unconditional exact tests for comparing two 

binomials. Cytel Software Corporation, Cambridge, MA; 2003. 

Mehta PK. Global concrete industry sustainability. Concr Int 2009;32(2):45–8. 

Mehta PK. Greening of the concrete industry for sustainable development. Concr Int 

2002;24(7):23-7.   

Metha PK, Monteiro PJM. Concrete: microstructure, properties, and materials. 3rd ed. New 

York: McGraw-Hill; 2006. 

Meyer C. Concrete as a green building material. In: Proceedings of the 3rd International 

Conference on Construction Materials: Performance, Innovations and Structural 

Implications. Vancouver, Canada; 2005. 

Meyer C. The greening of the concrete industry. Cem Concr Compos 2009;31(8):601-5. 

Mobasher B. USA-concrete construction industry-cement based materials and civil 

infrastructure. CBM-CI International Workshop, Karachi, Pakistan; 2008. p. 73-90. 

Nehdi M, Khan A. Cementitious composites containing recycled tire rubber: an overview of 

engineering properties and potential applications. Cem Concr Aggr J 2001;23(1):3-10. 

Nisbet MA, Marceau ML, VanGeem MG. Environmental life cycle inventory of Portland 

cement concrete. PCA R&D Serial No. 2137a, Skokie, IL: The Portland Cement 

Association; 2002. 

Ohio Department of Transportation (ODOT). Concrete recycled coarse aggregate for 

concrete pavement and incidental items. Supplement 1117, ODOT, Columbus, OH, USA; 

2011. 

Pearson K. On the criterion that a given system of deviations from the probable in the case of 

a correlated system of variables is such that it can be reasonably supposed to have arisen 



33 

 

from random sampling. Philos Mag Series 5 1900;50(302):157–75.  

Polanco JA, Manso JM, Setién J, González JJ. Strength and durability of concrete made with 

electric steelmaking slag. ACI Mater J 2011;108(2):196-203. 

Sabai MM, Cox, MGDM, Mato, RR, Egmond ELC, Lichtenberg, JJN. Concrete block 

production from construction and demolition waste in Tanzania. Resources, 

Conservation and Recycling 2013:72: 9-19. 

 

Sakai K. Towards environmental revolution in concrete technologies. In: Proceedings of the 

11th Annual International fib Symposium - Concrete: 21st Century Superhero. Lau-sanne: 

fib; 2009. 

Siddique R, Khatib J, Kaur I. Use of recycled plastic in concrete: a review. Waste Manage 

2008;28(10):1835-52. 

Susilorini MIR, Hardjasaputra H, Tudjono S, Hapsari G, Wahyu SR, Hadikusumo G, Sucipto 

J. The advantage of natural polymer modified mortar with seaweed: green construction 

material innovation for sustainable concrete. Procedia Engineering 2014;95:419-25. 

Topçu IB, Boga AR. Effect of boron waste on the properties of mortar and concrete. Waste 

Manage Res 2010;28(7):626-33. 

Trussoni M, Hays CD, Zollo RF. Comparing lightweight polystyrene concrete using 

engineered or waste materials. ACI Mater J 2012;109(1):101-7. 

UCLA: Statistical Consulting Group. What are the differences between one-tailed and two-

tailed tests?; 2015. http://www.ats.ucla.edu/stat/mult_pkg/faq/general/tail_tests.htm 

(accessed August 2015). 

University of Washington. Greenroads Manual v1.5; 2011. 

https://www.greenroads.org/366/download-the-manual.html (accessed April 2013).   

U.S. Green Building Council (USGBC). LEED reference guide for green building design and 

construction. 2009 ed. USGBC, Washington, DC; 2009.  



34 

 

U.S. Geological Survey (USGS). Mineral commodity summaries 2009; 2009. 

http://minerals.usgs.gov/minerals/pubs/mcs/2009/mcs2009.pdf (accessed August 2015). 

U.S. Geological Survey (USGS). Mineral commodity summaries 2015; 2015. 

http://dx.doi.org/10.3133/70140094 (accessed August 2015). 

Yang EI, Yi ST, Leem YM. Effect of oyster shell substituted for fine aggregate on concrete 

characteristics: part I. fundamental properties. Cem Concr Res 2005;35(11):2175-82. 

Yuan J, Zeng AY, Skibniewski MJ, Li Q. Selection of performance objectives and key 

performance indicators in public-private partnership projects to achieve value for money. 

Constr Manage Econ 2009;27(3):253-70. 

 

 

 

 

 

  

 

 


