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The reuse of crushed aggregates for producing structural concrete is a major 

concern especially when it comes to its strength and durability. This study evaluated 

recycled aggregate concrete (RAC) for its strength and durability under simulated 

environmental degradation in the form of wetting-drying (W-D) cycles. The study 

consisted of two phases, each involving the determination of the compressive strength and 

modulus of elasticity using the conventional method and also a nondestructive ultrasonic 

pulse velocity method (Pundit Lab). Phase 1 involved 7-day curing followed by 30 W-D 

cycles, while Phase 2 included 28-day cured samples subjected to 15 W-D cycles. It was 

found that RAC specimens subjected to W-D cycles had minimal degradation in strength, 

making the use of RAC in construction very promising. Results from Pundit Lab compared 

reasonably well with conventional test results, showing promise as a nondestructive tool 

for the evaluation of RAC properties. 
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CHAPTER 1: INTRODUCTION 

1.1 PROBLEM STATEMENT 

Reuse of recycled crushed concrete in civil engineering construction is a sound 

concept from environmental and economic standpoints, reducing the demand on both 

natural resources and rapidly depleting landfill spaces. However, the engineering 

community is concerned about the long-term strength and durability of new concrete 

incorporating recycled aggregates, hereafter called recycled aggregate concrete, or RAC, 

which is assumed to be of marginal quality compared to original materials. Therefore, 

engineers have come up with ways to improve the durability of these recycled materials. 

This study preliminary focused on the strength and durability of RAC subjected to wet-dry 

(W-D) cycles, simulating the impact of environmental degradation. 

1.2 BACKGROUND 

The first reason to consider recycled aggregates in construction is to cut down the 

negative footprints from concrete production on the environment. Waste management of 

demolished concrete through recycling would reduce the dumping of construction debris 

in landfills, and also minimize costs. This will not only reduce the pollution associated with 

concrete production, but also lead to more efficient green projects. Construction materials 

do not have decaying properties; hence, they stay in the environment for a long time. 

Research has shown that using recycled aggregates can reduce the use of limestone 

products by 60%. This is a vital percentage because there will be a reduction in the usage 

of natural resources. This process also leads to a reduction in 
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the emission of carbon (IV) oxide by 15-20% (Etxeberria, et al.2007). 

Environmental pollution has always concerned the engineering community. There 

are many materials that are used in the construction sector, and this leads to a high rate of 

waste materials when infrastructure elements are demolished during rehabilitation. 

Scientists and engineers need to come up with ways to reduce the environmental impact 

associated with construction materials. Recycling construction aggregates is one of the 

possible solutions to limit the generation of solid waste that will be landfilled. Concrete 

makes the largest portion of the solid waste stream, and concrete debris annual production 

is estimated to be 180 million tons (Dardis, 2012). Figures 1 and 2 and Table 1 show data 

on construction and demolition waste in the United States during 2014 and 2015. Concrete 

debris waste was 28 million metric tons in total, which is at the top of the list. Recycling 

construction aggregates saves a lot of power and energy needed to produce fresh natural 

aggregates, as the energy needed to obtain, transport, and manufacture the virgin 

aggregates is vast and very costly. 
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Figure 1: Distribution of Waste Generated During Construction and Demolition in 

the United States in 2015 (U.S. Environmental Protection Agency [EPA], 2016). 

 
Figure 2: C&D Debris Generation Composition by Material in the USA (EPA, 

2016). 
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Table 1: Data on C&D Debris Generation in the USA (EPA, 2016) 

 

1.3 RECYCLED AGGREGATE CONCRETE 

Use of recycled aggregate in civil engineering construction has been the topic of 

research by the scientific community for more than a quarter of a century. However, only 

a few studies focused on the impact of W-D cycles on the performance of RAC (Gonzalez, 

2014; Sobhan et al., 2016). In this study, durability is defined as the retention of mechanical 

properties after exposing RAC to simulated environmental degradation in the form of W-

D cycles. According to Tam et al. (2005), the durability of RAC is a function of the 

durability of the materials that have been used in producing it. If the parent materials have 

poor durability, then the RAC formed will likely also have poor durability. 

One of the processes that have been used to improve the durability of recycled 

aggregate is coating the surface with pozzolanic material or mixing it with the aggregates 

during the production process (Etxeberria et al., 2007). The other process that has been 

effective in improving the durability of recycled aggregates is carbon (IV) treatment 

(Etxeberria et al., 2007). Using super-plasticizers during the concrete mixing has proven to 

be effective. Enhancing the durability of the RAC by these processes will help increase the 

wide-spread acceptance of waste materials in civil engineering construction. 

The strength and durability of concrete made of recycled concrete aggregates are 

dependent on the aggregates’ properties. Since recycled aggregates tend to be more 

permeable than natural aggregates, concrete made of those aggregates may also have high 

permeability. There is a direct relationship between aggregate permeability and amount of 
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water absorbed. When there is a lot of water in recycled aggregate, there will be an increase 

in its permeability, resulting in a more permeable concrete. Permeable materials may have 

lower durability because they absorb higher quantities of water (Xiao, 2018). 

The water to cement (w/c) ratio is one of the main factors influencing RAC strength 

and durability. The higher the percentage of the w/c ratio, the lower the strength. When 

using recycled concrete aggregates in concrete mixtures, the amount of water added has to 

be carefully monitored and accounted for due to the aggregates’ special absorption 

properties. The water added to the mix design is not only used to mix the dry contents 

together, but also it gets absorbed by the aggregates. 

The compressive strength and the modulus of elasticity are the most important 

properties to evaluate the quality of RAC. These two properties are dependent on the 

quality of the concrete aggregates, the mix design used, and the curing strategy. 

As mentioned earlier, use of recycled aggregates can boost the quality of the 

environment and improve the construction sector. Recycled aggregates are cheaper than 

natural aggregates in the market, as they require little to no transportation and less operation 

time compared to natural aggregates. Since concrete production is responsible for 10% of 

global CO2 emissions (Weinberg, 2014), considering recycled concrete aggregates in 

concrete production offers a greener and cheaper option to the industry. 

1.4 OBJECTIVES 

The following were the specific objectives of this research: 

• To develop new concrete using 100% recycled coarse aggregate such that sufficient 

compressive strength is obtained for structural applications. 

• To determine the effect of W-D cycles on the compressive strength and elastic 

modulus of RAC. 
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• To determine the effect of curing time on the properties of RAC subjected to W-D 

cycles. 

• To evaluate the use of the non-destructive ultrasonic pulse velocity method for 

determining the properties of RAC subjected to W-D cycles. 

1.5 SCOPE 

This study focused on the durability of concrete made of coarse recycled concrete 

aggregates. The concrete samples were cured for seven and 28 days, after which they were 

subjected to five, 10, 15, and 30 W-D cycles to stimulate environmental degradation. After 

the completion of each series of cycles, the samples were tested using a nondestructive 

ultrasonic pulse velocity device (Pundit Lab) to determine the modulus of elasticity, and 

hence, compressive strength; which was later verified by conventional destructive testing. 

A total of 24 specimens were tested in this study. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 RECYCLING PROCESS 

Joseph, et al. (2015) stated that the majority of aggregates that are utilized in 

forming concrete are those naturally originated through quarry excavations or dredging 

operations from sea and river beds, which results in pressure on the ecology. However, 

demolition of buildings results in debris that is recyclable (Joseph et al., 2015). The 

research presented by Joseph et al. (2015) is reported to be such that “is limited to the use 

of coarse recycled concrete aggregates (CRCA)”. Presently recycled aggregates use is 

limited to applications that are either low-grade, including lean concretes, and foundations 

for roads. The distrust of consumers and recycled aggregates behavior are reported as the 

two primary reasons that CRCA are presently restricted in their use to only low-grade 

projects. Research has demonstrated that it is possible to use debris rather than natural 

coarse aggregates and this can be done in applications that are high-grade. However, it is 

important to note that a critical difference between natural aggregates and CRCA is the 

level of water absorption (Joseph et al., 2015). The typical recycling process is shown in 

Figure 3. 
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Figure 3: The concrete recycling process (Ntaryamira et al., 2017). 

2.2 WATER ABSORPTION 

The capacity of water absorption on CRCA impacts various properties, primarily 

the mechanical performance of the mixture of concrete (Ntaryamira et al., 2017). CRCA is 
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reported to have high water absorption, which is due to the presence of old mortar (Joseph 

et al., 2015). Recycled aggregates in their dry condition are reported to act like sponges in 

fresh concrete, thus affecting the w/c ratio. This ratio is reported to be that which 

“represents the water mass to cement mass ratio in a concrete mix and is used as an 

indicator of durability and strength development” (Joseph et al., 2015, p. 592). When those 

aggregates that possess high water absorption are utilized in forming concrete, the w/c ratio 

is then “replaced by the effective water/cement ration (w/ceff)” (Joseph et al., 2015, p. 592). 

This effective ratio is obtained by subtracting the water absorbed by the recycled 

aggregates from the total amount of water used. 

CRCA can absorb up to 10% of the total amount of water provided, where natural 

aggregates absorb only 1% of water. This makes the w/ceff in the natural aggregates 

concrete mixtures negligible (Joseph et al., 2015). However, no fixed equation can be used 

to calculate the exact amount of the water absorption capacity of CRCA. This is due to the 

high variability of water absorption between different CRCA samples. Some may only 

absorb 2%, while other samples may absorb up to the 10% limit. Therefore, Joseph et al. 

(2015) suggested some techniques that might help reduce the water absorption of CRCA, 

instead of calculating the exact values. These include removing mortar from the samples 

and pre-wetting the aggregates to have them fully saturated before mixing them. 

2.3 GEOMETRIC PROPERTIES OF RECYCLED CONCRETE AGGREGATES 

The geometric properties of concrete aggregates include particle shape, size, and 

relative position in any mix. In addition to high water absorption values, CRCA 

heterogeneous nature is also considered and analyzed using different sources and qualities. 

This analysis done on batches of concrete made with recycled aggregate led to the 

understanding of the concrete’s quality as dependent on its heterogeneous nature (Joseph 
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et al., 2015). Joseph et al. (2015) tested five concrete types created with different mix 

designs based on the water absorption of CRCA. Intended errors were conducted regarding 

the water absorption ratio for the sake of simulating industrial plant constraints. The study 

involved a determination of CRCA in just one batch according to its physical and geometric 

properties including those of: (1) size of aggregate, (2) grading, (3) flakiness, (4) density, 

(5) water absorption, (6) micro-deval, and (7) Los Angeles value of abrasion. In order to 

measure water absorption variability, 1 kg samples from 50 different pulls were taken in 

order to make five total different mixtures. Tests for density and workability were 

conducted on those samples and a curing period of 28 days was then followed. Curing was 

done at a room temperature of 20° Celsius and relative humidity of 90%. Additional 

analysis was also performed to check the dynamic modulus of elasticity, compressive 

strength, and tensile strength after the concrete had hardened. Cubes for each mixture were 

prepared in order to obtain the dry density of both the hardened and the fresh. The mix 

designs that were used are shown in Table 2 below. 

Table 2: Concrete mix design. Source: Joseph et al. (2015). 

 

Figure 4 shows the results from the slump test on the aggregate’s water absorption. 
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Figure 4: Slump test versus percentage of aggregates water absorption. Source: 

Joseph et al. (2015). 

Figure 4 shows the direct relationship between the water absorption and the mix 

slump. CRCA that absorb more water tend to increase the workability of the concrete 

mixtures, which may slightly negatively effect its durability. It was deduced that fresh 

concrete density could be utilized as an indicator to check the quality of the mixture when 

working with CRCA. Figure 5 shows the difference between fresh and hardened concrete 

when looking at the density and the water absorption percentages in recycled aggregates. 
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Figure 5: Difference between fresh and hardened concrete (density versus water 

absorption). Source: Joseph et al. (2015). 

The density of fresh concrete can be a quick and reliable indicator for any errors 

during the concrete mixing phase. Such errors are related to the content of water present in 

the design, as CRCA absorption of water is a variable that creates difficulties during the 

designing process and so requires special attention. 

2.4 SUPER-PLASTICIZER USE IN RAC 

The help of super-plasticizer to increase a mixtures’ workability is noted to be very 

helpful when dealing with concrete made of recycled coarse aggregates. However, this 

would also lead to having a more costly concrete mix (Joseph et al., 2015). A study by 

Cartuxo et al. (2016) confirmed that super-plasticizer is indeed a sustainable and viable 

solution to the difficulties encountered in CRCA concrete production. 

2.5 VARIABILITY IN PROCESSING AND THE EFFECT ON RAC 



 

 13 

 Zhang et al. (2017) tested two types of recycled aggregates which were acquired 

from a historic building foundation produced in the 1980s. Those recycled aggregates 

possessed a strength of C20 and were formulated of natural granite pebbles. The recycled 

aggregates were screened and three different size ranges were obtained as follows: (1) 4.75 

to 9.5 mm; (2) 4.75 to 13.2 mm; and (3) 9.50 to 19.0 mm. All of those aggregates were 

processed the same way (Zhang et al., 2017). This process included: (1) pretreatment; (2) 

crushing; (3) grinding; (4) screening; and (5) washing, while natural aggregates do not 

require any such processing. 

After testing the aggregates, results showed that the “apparent relative densities of 

recycled aggregates with different participle sizes are similar and are all slightly lower than 

those of natural aggregates” (Zhang et al., 2017, para. 2). In addition, it was reported that 

the recycled aggregates had water absorption rates considerably higher than natural 

aggregates due to a high level of porosity and low density. Lower density resulted because 

mortar adhered to the aggregates’ surfaces. In addition, when the recycled aggregates were 

crushed mechanically and particle collision occurred, micro-cracks formed due to the 

aggregates sliding, which increased the porosity and decreased the relative density of the 

recycled aggregates. This paper also touches on the crush value parameter, which was 

lower in recycled aggregates. This is because recycled aggregates already went through a 

crushing process during recycling (Zhang et al., 2017). Therefore, a correlation was 

established between the degree of damage during the phase of aggregates regenerating and 

crushing resistance. The lower the damage effect on the aggregates, the higher the 

resistance to crushing. 

The following illustration shows that when the three recycled aggregates were 

tested, two of these possessed “adhesion level values less than the required 4” (Zhang et 
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al., 2017, para. 2). Adhesion level is the substance attachment to the surface of another 

substance; in this case, the bonding or attachment of the concrete aggregates to one another. 

 

Figure 6: RA adhesion level. Source: Zhang et al. (2017). 

Zhang et al. (2017) reported that the adhesion of the recycled aggregates’ weakness 

is most likely linked to the reaction of water-soluble ions leaching out from the adhered 

mortar on the aggregate surface with the carboxylic acids of asphalt. Plus, it is clear that 
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there are many micro-cracks, as well as pores, in the recycled aggregate due to the damage 

accumulated when it was crushed. This resulted in “an increase in the void ratio, water 

absorption, and crush value” (Zhang et al., 2017, para. 3) evident in Figure 6 above. Thus, 

although recycled aggregates lower concrete strength and have higher water absorption 

rates, they still more desirable qualities than natural aggregates (Zhang et al., 2017). 

2.6 EFFECTS OF REPLACING NATURAL AGGREGATES WITH RECYCLED 

AGGREGATES 

In a separate study by Wen et al. (2014), recycled concrete aggregates were 

evaluated for use in pavement concrete in the State of Washington. Tests were conducted 

on the characteristics of the aggregate by which three main variables were taken into 

consideration during the study. Those variables were: “source of the CRCA, percent 

replacement of coarse natural aggregate with RCA (0 to 45%), and percent replacement of 

Portland cement with type F fly ash (0% or 20%)” (Wen et al., 2014, p.ii). Findings of the 

study show that all three recycled concrete aggregate sources met the specified 

requirements of the WSDOT, as well as satisfying hardened and general concrete 

properties (Wen et al., 2014). Replacing recycled concrete aggregate for natural coarse 

aggregate for up to 45% by volume was reported to have no significant effects, and this 

was true for all properties (Wen et al., 2014). Therefore, by analyzing the results obtained 

from various tests done on the CRCA, the State of Washington agreed on utilizing high 

quality recycled concrete aggregates in the making of pavement concrete, rather than 

utilizing natural coarse aggregates (Wen et al., 2014). 

 In a different study by Yehia and Abdelfatah (2016), recycled concrete aggregates 

were suggested to be a very valuable resource, as it is possible to recycle the aggregates 

and reuse them in construction projects. Those aggregates can be especially useful when 
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designing some structures such as “base and sub-base layers under pavements, and in the 

making of curb blocks and parapets” (Yehia & Abdelfatah, 2016, p.2). The study also 

discussed the negative effects of using recycled aggregates on its own due to concrete 

strength. Due to recycled aggregates’ properties, concrete strength when using coarse 

recycled aggregates is measured to be lower than when using natural coarse aggregates. 

However, this problem can be easily overcome by adding silica fume or admixtures that 

can increase the strength of the concrete significantly (Yehia & Abdelfatah, 2016). This 

was previously confirmed by an experimental study by Spaeth and Tegguer (2014) focused 

on improving the performance of recycled concrete aggregates against fragmentation and 

absorption of water. Results showed significant outcomes achieved when the concrete mix 

was treated with polymer-based materials. The use of polymer assisted in improving the 

performance of the recycled concrete aggregate in terms of strength and boosted its general 

properties. 

 Brito and Saikia (2012) reported that in a 2011 study by Yang et al., a slump test 

was done on a concrete mix made with pre-saturated recycled coarse aggregates. Results 

show a reduction of 27% in slump compared to mixtures made with natural coarse 

aggregates, adding a new variable to RAC. However, the work of Haikmoller, Olofinjana, 

and Gerber (2014) contradicted Yang et al., as they compared the mechanical properties of 

the same concrete mix done with recycled aggregate to that of natural aggregates to find 

very comparable results between both mixtures. Using the Weibull analysis method 

indicated that using recycled concrete aggregates does not result in the addition of 

concrete’s variability, as the variation in the Weibull moduli was “from 10 to 24, which is 

very comparable to the concrete mix made of 100% NA” (Brito & Saikia, 2012, p.242). 
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 Sivakumar et al. (2014) studied the durability and strength of structural concrete in 

which recycled coarse aggregates were used. 75% of all concrete mixtures are comprised 

of aggregates, which makes studying their effect on the final mix very crucial. In this study, 

durability and strength experiments were done using special testing methods such as the 

cube compressive strength test, cylinder split tensile test, modulus of elasticity test, acid 

resistance test, test for saturated water absorption, and porosity test. Table 3 lists the 

requirements for a concrete mix that is high in strength. 

Table 3: Requirements for a High Strength Concrete Mix (Sivakumar et al., 2014) 

 

 Picking the right cement for a concrete mix can be determined using various 

methods. However, for this specific study reported by Sivakumar et al. (2014), the IS 

design method as shown in Table 4 was followed. 

Table 4: Concrete IS Design Method (Sivakumar et al., 2014) 

 

 In order to achieve the desired mix design, conplast SP430 was used in the trial 

mix. The following table shows every mix weight and proportion. 
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Table 5: Mix Weights and Proportions (Sivakumar et al., 2014) 

 

 Calculations for water absorption are shown in the following equation as discussed 

by Sivakumar et al. (2014): 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	𝑤𝑎𝑡𝑒𝑟	𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝑊𝑠 −𝑊𝑑
𝑊𝑑 × 100 

where: 

Ws = weight of specimen at fully saturated condition. 

Wd = weight of oven dried specimen. 

 The porosity test formula that was utilized in the study is shown in the following 

equation (Sivakumar et al., 2014): 

𝐸𝑓𝑓𝑒𝑐𝑖𝑒𝑛𝑐𝑦	𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦, 𝑛 = 	
(𝑊𝑠 −𝑊𝑑)
(𝑊𝑠 −𝑊𝑠𝑢𝑏) × 100 

where: 

Ws = Weight of specimen at fully saturated condition 

Wd = Weight of oven dried specimen 

Wsub = Weight of specimen submerged in water 

Fardis (2011) stated the possibility of using the same mix design methods used for 

regular natural aggregates concrete to design concrete made of recycled aggregates with 

keeping in mind two important differences. The first difference is the coefficient of 

variation to compressive strength that is present between different recycled concrete 

aggregate mixes. This coefficient can be quite high in recycled concrete aggregates with 

(1) 

(2) 
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poor quality due to the lack in uniformity (Fardis, 2011). The second important issue is 

water absorption, as recycled concrete aggregates have higher water absorption rates, 

which impact the mix’s workability. Therefore, in order to reach the desired workability, 

extra water is to be added to the recycled concrete aggregate either prior to or during the 

process of mixing. Some studies have reported that by pre-soaking the aggregates, better 

concrete properties are obtained, while other studies claim that added water during the 

process of mixing results in higher concrete properties (Fardis, 2011). The additional 

amount of water needed can be determined from the short-term water absorption of the 

recycled concrete aggregates, which is measured about 20 minutes after it has been mixed 

in order to determine its workability at this point in the process. 

Khoury et al. (2017) experimented with pre-soaking recycled concrete aggregates 

through use of three specific methods including the simulation of wetting that involved 

long-term atmospheric pressure soaking and spraying. This study reported that the same 

amount of water totals in two different samples of the recycled concrete aggregate do not 

result in the same level of water absorption (Khoury et al., 2017). 

 The available test results relating to concrete properties when using recycled 

concrete aggregates are summarized as follows: (1) compressive strength is decreased by 

25% according to Yang et al., Rahal, and others as cited by Fardis (2011); (2) tensile 

flexural strength decreases by 10% reported by Yang et al. and others as cited by Fardis 

(2011); (3) modulus of elasticity decreases by approximately 45% as reported in the work 

of Yang et al. as cited by Fardis (2011); (4) shrinkage up to 70% while drying was reported 

by according Yang et al., Rahal, and others as cited by Fardis (2011); (5) creep increased 

by approximately 50% according to both Gomez-Soberon and Hansen as cited by Fardis 

(2011); (6) water absorption increases as much as 50% as reported by Li and others as cited 
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by Fardis (2011); and (7) carbonation at similar depth was reported in previous studies 

(Fardis, 2011). 

 Gonzalez-Taboada, et al. (2016) reported in their study that incorporated an 

analysis done on recycled aggregate concrete quality using a database of 152 international 

references. Findings showed that “the most sensitive properties of recycled aggregate 

quality are density and absorption” (Gonzalez-Taboada et al., 2016, p. 1). Ultimately the 

study found that pre-soaking the recycled concrete aggregates results in a weaker concrete 

mixture. 

2.7 WETTING AND DRYING CYCLING 

In Gonzalez’s (2014) research at Florida Atlantic University, W-D cycling was 

done in the lab on recycled concrete specimens in a way that is similar to what happens in 

natural environments. Mimicking real environmental exposures when analyzing concrete 

samples helps with making accurate and realistic conclusions, which helps in making 

engineering judgments that are not over- or under-estimated. 

Since recycled aggregates are more sensitive to water and has higher water 

absorptions in comparison to natural aggregates, studying the effect of water on those 

concrete samples is very fundamental. It is expected to have a rapid loss of durability and 

strength, when introducing RAC to series of wet-dry cycles, due to the aggregates’ nature. 

Therefore, looking closely into the concrete behavior and physical properties, while under 

harsh circumstances, can determine the efficiency of incorporating recycled coarse 

aggregates in concrete mixtures for structural purposes. The wetting and drying cycles is 

done by submerging the sample in water for 16 hours and leaving it to dry at room 

temperature for eight hours. And according to Yang, modulus of elasticity and rupture is 
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inversely proportional to RAC water absorption. In other words, as the water absorption 

increases, the modulus of elasticity and rupture are going to decrease. 

The number of cycles needed depends mostly on the days of curing and the quality 

of the aggregates used; however, 12-30 cycles of wetting and drying are adequate to notice 

a reduction in the strength and physical properties of a 28 days cured concrete (Khoury & 

Zaman, 2002). For specimens that did not cure for 28 days, a noticeable change would not 

occur before the completion of 30 W-D cycles, as Khoury and Zaman (2002) investigated 

with 3-day cured concrete samples. 

2.8 EFFECT OF WET-DRY CYCLES ON RAC STRENGTH, PHYSICAL 

DAMAGE, AND FATIGUE 

Sobhan et al. (2016) studied RAC samples subjected to 14 W-D cycles to test for 

RAC strength, physical damage, and fatigue under conditions of environmental 

degradation. Results of this study were as follows. RAC specimens that were not subjected 

to any W-D cycles had a compressive strength of 3191 psi, while the compressive strength 

of RAC specimens that were exposed to 14 W-D cycles recorded an average compressive 

strength of 2756 psi. The reduction in the compressive strength was about 13.5%, which 

means that the environmental degradation had a noticeable effect on RAC. RAC samples 

made of 80% recycled aggregates were also tested for their physical damage accumulation 

by subjecting them to cyclic loadings with a stress ratio of 0.7. RAC that was not exposed 

to W-D cycles sustained higher number cycles (2000 cycles) compared to those exposed 

to W-D cycles (200). Levels of deterioration were noticeably different between the two 

samples. 

RAC was also tested for flexural fatigue using beams made of 80% recycled 

aggregates concrete and using a non-reversed haversine load pulse with a frequency of 120 
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cycles/min. An SR-N curve was created from the experimental data and results showed that 

RAC samples made of 80% recycled aggregates and not exposed to any W-D cycles had 

very similar curves compared to traditional Portland cement concrete. However, when 

exposing RAC beams to 14 W-D cycles, a significant reduction in the resistance to fatigue 

failure was observed. 

Additionally, the fatigue endurance limit recorded for traditional concrete is 

recorded between 50% and 57%. RAC that is not exposed to W-D cycles recorded an 

endurance limit of 41%, and RAC exposed to W-D cycles had a fatigue endurance limit of 

34.5%. It can be clearly shown that environmental degradation, which is in form of W-D 

cycles in this specific study, had a destructive effect on the fatigue endurance limit of RAC 

made of 80% recycled aggregates. Sobhan et al. (2016) concluded that the interfacial 

transition zone may be the main contributor to the visible reduction of the compressive and 

flexural residual strengths observed by RAC when exposed to environmental degradation 

(W-D cycles). 
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CHAPTER 3: MATERIALS AND MIX DESIGN 

3.1 SCOPE OF THE EXPERIMENTAL PROGRAM 

 The aim of this study was to test and evaluate recycled coarse aggregates concrete 

for durability under series of wetting and drying cycles. The experiment was done in two 

phases: 7-day curing testing and 28-day curing testing. Two preliminary testing methods 

were followed in the finding of the concrete compressive strength and modulus of 

elasticity. The first method employed the Pundit Lab to find the modulus of elasticity, 

which does not require crushing the concrete cylinder. The other method is the standard 

compressive strength test, by which the concrete samples were crushed to find their 

corresponding compressive strength. Those tests were repeated after every series of W-D 

cycles in order to get a chronological trend of the results. Both methods were thus compared 

and analyzed to figure the Pundit Lab practicality when dealing with recycled coarse 

aggregate concrete. If the device turns out to be applicable, a comprehensive assessment 

of the concrete’s properties can be obtained without the need of wasting resources on 

testing. 

3.2 MATERIALS USED 

Recycled crushed concrete aggregates are those aggregates that serve as the coarse 

aggregates of the new concrete mix design. They are obtained from crushed concrete of 

demolished buildings and structures. For the sake of this study, crushed concrete 

aggregates (made with Portland cement) were obtained from the Sun Recycling Company 

SWS located in Deerfield Beach, Florida, considered one of the leading providers of 
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waste management services in North America, and the largest in South Florida. All waste 

services are performed by Sun Recycling Company SWS, including recycling demolished 

building materials. 

The use of these aggregates instead of natural virgin aggregates can preserve natural 

resources and reduce environmental costs. The final crushed concrete aggregates are 

obtained from a recycling process that requires the use of different concrete crushing 

equipment. There are different methods by which concrete is crushed into fine aggregates; 

however, the mobile method is preferred due to its flexibility. In this case, a portable 

crusher placed near the demolished concrete on site is used. This crusher is very powerful 

and has the ability to separate concrete from steel. After crushing the concrete, screening 

is performed to remove unwanted dirt and separate the coarse aggregates (Rodriquez, 

2018). Figure 7 represents the recycled coarse aggregate. 

 
Figure 7: Recycled crushed concrete coarse aggregates. 
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3.2.1 Fine Aggregates (Sand) 

Fine aggregates are very fundamental to making concrete, and the properties of the 

concrete can be affected by the amount and type of sand used in the mix design. This is 

because the fine aggregates fill in between the gaps of the coarse aggregates making the 

mixture workable and much stronger. It also helps shape the concrete mix and obtain 

smooth surfaces when the concrete mix hardens. Fine aggregates usually make up about 

25% of wet concrete mix. It is important to note that fine aggregate has to be clean of any 

impurities that can have a negative effect on the hardened concrete. For example, the sand 

should be free of silt or any organic matter. Figure 8 shows the sand used in this study. 

 

Figure 8: Sand used in this study. 
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3.2.2 Cement 

Cement is considered as the pasting agent of the concrete mix design. Portland 

cement type I was used for the purpose of this study to bind the aggregates together. Below 

is Figure 9 that demonstrates the cement used in this study. 

 
Figure 9: Portland cement type I. 

3.2.3 Water 

Water is a very critical and sensitive component of concrete mix design, especially 

when dealing with recycled concrete aggregates. The amount of water used can enormously 

affect the workability, durability, and final concrete strength. The correct w/c ratio has to 

be determined before mixing the concrete to avoid any possible weaknesses in the concrete 

design. The higher the ratio the more workable the concrete mix is, however, it lowers the 

durability of the concrete samples. W/c ratio also affects the shrinkage of the concrete, as 
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lower shrinkages correspond to lower w/c ratios, and thus higher compressive strengths are 

obtained (Piasta & Zarzycki, 2017). Therefore, finding the ratio that gives good workability 

and high concrete strength and durability is very crucial during the designing process, 

keeping into account the high water absorption factor of the recycled concrete aggregates. 

Again, the water has to be clean and free of any matters or chemicals that might affect the 

properties of the hardened concrete and weaken its ultimate strength. 

3.3 SIEVE ANALYSIS 

Sieve analysis tests are performed to assess the particle size distribution of a given 

sample. The gradation of a sample’s particles can give an understanding of the possible 

applications of the granular material, plus its importance within the context of quality 

assurance. Thus, this test is a standard laboratory test that should be done on most granular 

materials due to its usefulness in practice. 

The sieve analysis test consists of a number of sieves with different aperture sizes. 

Every sieve is numbered based on its opening size. In this experiment, a mechanical sieving 

method was performed through which horizontal sieve shakers were utilized to move the 

particles through the sieves. The sieves were arranged from the larger opening being at the 

top, down to the smaller ones, ending with a sieving aid (pan) to collect the remaining fine 

particles. The standardized sieves were chosen according to ASTM Standard C136 (2005). 

A representative sample of dry aggregates with known bulk weight moves throughout the 

sieves based on particle size. Particles with smaller sizes will pass through the larger holes, 

while large particles will retain on the sieve mesh. Very fine aggregates that pass through 

all the sieves will be collected in the pan. By the end of the test, the sample particles are 

separated into fractions. The weight of the particles retained on each sieve and on the pan 

are then measured in order to come up with a full analysis. 
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In this study, a sieve analysis was performed based on ASTM Standard C136 

(2005) showing the grain size distribution of the recycled coarse aggregates and their 

gradation. Figure 10 shows the mechanical sieve shaker used in this study. 

 
Figure 10: Mechanical sieve shaker. 

The maximum grain size obtained was 9.5 mm. The summary of the sieve analysis 

test is shown below in Figure 11. The sample was determined to be poorly graded based 

on the aggregates’ distribution of three different samples. After calculating the uniformity 

coefficient (Cu), which is the ratio of D60 by D10, an understanding about the grain 

distribution was obtained. Since the Cu values in all trials were less than 4 (average of 

1.74), it can be deduced that the aggregates were poorly graded or in other words, uniformly 

graded. 
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Figure 11: Sieve analysis graph representing the % finer versus the sieve opening in 

mm. 

Poorly graded aggregates can be used in the making of concrete; however, it should 

be noted that this has some effect on the strength of the hardened concrete. This is because 

the more graded the aggregates are, the less voids will be present in the concrete mixture. 

Aggregates from different sizes will be distributed better in the concrete mixture and fill 

almost all of the voids present, which results in a stronger concrete sample. That said, it 

doesn’t necessarily mean that a weak concrete is obtained from the poorly graded 

aggregates, as other factors play a role in determining concrete’s final strength. 

3.4 EXPERIMENTAL MATRIX 

Table 6 displays the experimental matrix of the study. The study was divided into 

two phases in order to analyze the effect of W-D cycles for different curing periods. After 

every cycle series, specimens were tested and data were collected. 
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Table 6: Experimental Matrix of the Study 

Phase No. Testing 
Regime 

Degradation 
Type 

No. of 
Specimens 

Total 
Number 
of Cycles 

Remarks 

Phase 1: 
Durability 
under W-D 
cycles for 7-
day curing 
(Cylinders) 

PUNDIT 
LAB W/D cycles 

12 30 (30 
days) 

Specimens 
were 

cycled at 5, 
10, 30 Compression 

Test W/D cycles 

Phase 2: 
Durability 
under W-D 
cycles for 
28-day 
curing 
(Cylinders) 

PUNDIT 
LAB W/D cycles 

12 15 (15 
days) 

Specimens 
were 

cycled at 5, 
10, 15 Compression 

Test W/D cycles 

 

3.5 MIX DESIGN AND CURING 

A total of 24 cylindrical samples were fabricated using 4” x 8” (102 x 203 mm) 

plastic cylinder molds. The mix design consisted of 100% recycled coarse aggregates, 

natural sand, Portland cement type I, and water. The aggregates were at their dry state, and 

the w/c ratio was 0.65 to account for the excessive water absorption anticipated due to the 

use of recycled aggregates. The maximum size of the coarse recycled aggregates was 9.5 

mm, taking into consideration that the recycled concrete coarse aggregates are poorly 

graded. Table 7 below displays the concrete mix design followed for this study for a total 

of 24 4” x 8” (102 x 203 mm) cylinders. The percentages of each component are also shown 

that meet the ASTM Standard C192 (2006, 2007). Figure 12 represents the dry components 

of the concrete mix before adding the water. 
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Table 7: Concrete Mix Design 

 Coarse 
Aggregates 

Fine aggregates 
(sand) 

Portland 
Cement 

Water 

Kg/m3 1089.5 551.2 363.1 237.0 

% Of total mix 48.6 24.6 16.2 10.6 

Sivakumar et al., 2014 
(Kg/ m3) 

1217 723 371 148.5 

 

The water/cement ratio was: 8,990.5/(13, 780.5) = 0.65. 

 
Figure 12: Dry components of concrete mix. 

 Due to not having a concrete mixer in the lab, a hand mixing procedure was 

followed to mix the components and get a homogenous workable paste. First, the dry 

materials were mixed together for couple of minutes to assure that the cement and sand 

spread out homogenously throughout the medium and covered the coarse aggregates 
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equally. This step is important in order to fill in most of the gaps, and thus minimize air 

voids when adding water to the mixture. The water was then added gradually while mixing 

the aggregates until the desired consistency and workability were obtained. Rushing 

through this step could result in a low cement mix quality, as some aggregates might remain 

dry due to poor mixing. The general properties of the hardened concrete would be affected 

negatively, leading to a weaker concrete. To avoid this from happening, mixing was done 

patiently. Figure 13 shows the final concrete mix. 

Figure 13: Final concrete mix. 

 After 20 minutes of mixing the concrete and achieving the desired texture, a slump 

test was performed on the resultant concrete mix to determine its workability. The 20-

minute rest allows the recycled concrete aggregates to absorb, making the test more 
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accurate. A 1-inch drop was obtained from the slump test, which meets the 1” to 4” (24 to 

102 mm) drop requirement for structural uses of concrete mixture. Figure 14 shows the 

result of the slump test done on the concrete mix. 

 
Figure 14: Slump test. 

Hence, the concrete mixture was cast in 4”x 8” (102 x 203 mm) plastic cylindrical 

molds. This process is very crucial and has to be done professionally to get a good concrete 

sample. First, the concrete was placed in three equal layers using a scope. The paste has to 

be distributed symmetrically to avoid coarse aggregates segregation. Each layer was 

compacted 25 times using a tamping rod, with tapping the mold from the outside 10 times 

after every compacted layer. This is done to release any extra air trapped inside the mixture, 

resulting in a harder concrete that is free of excessive voids. The specimens were then 

firmly closed using the molds cap and tapped. After 24 hours, the samples were covered 

with aluminum foil to seal the molds and prevent moisture from evaporating. This method 
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was used rather than de-molding the concrete specimens and submerging them in water for 

research purposes. The concrete samples were then divided in half and left to cure for seven 

days and 28 days. Figure 15 shows the final step of the preparation of the samples after 

casting. 

 
Figure 15: Final specimen preparation.
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CHAPTER 4. PROCEDURE 

4.1 WETTING AND DRYING CYCLES 

The focus of this study was to test the strength and durability of recycled concrete 

specimens under environmental degradation, which is in the form of W-D cycles. Thus, a 

suitable in-lab testing method was needed to properly stimulate environmental effects. In 

this study, the length of W-D cycles is in accordance with Gonzalez (2014). The specimens 

were submerged in room temperature water for 16 hours and then left out to dry for eight 

hours. Thus, every cycle would need 24 hours to be completed. No oven was used to dry 

the specimens, as it could give overwhelming, and not necessarily, accurate results when 

dealing with recycled concrete aggregates. This study is a reflection of what might happen 

in real life, which means that the concrete samples are predicted to behave similarly to 

structural concrete used in real projects. 

Specimens were divided into two groups; the first group started the W-D cycles 

after seven days of curing, and the other group completed a full curing period of 28 days 

before the beginning of the W-D cycles. Specimens had specified number of W-D cycles 

depending on their curing period. The schedule breakout of the wet-dry cycles can be found 

in the experimental plan. 

4.2 ULTRASONIC PULSE VELOCITY METHOD 

The ultrasonic pulse velocity method is a contemporary method useful for 

examining the quality of concrete and some of its properties without the need to crush it. 

It’s a nondestructive way that can be very effective when trying to obtain some
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necessary information about standing concrete structures. However, this method was not 

yet tested for concrete made of recycled crushed concrete aggregates. Thus, in this study, 

the ultrasonic pulse velocity method was used in parallel with regular testing methods 

specified in ACI concrete standards. 

The version of this instrument employed in this study is Pundit Lab 2011, which is 

not applicable for directly finding compressive strength. A newer version is required, 

which is Pundit Lab+, to find compressive strength. However, since the samples were made 

of recycled concrete aggregates, the modulus of elasticity is an important property to be 

looked at and analyzed. Therefore, this instrument was mainly used to find the modulus of 

elasticity of the samples, and then the compressive strength was obtained from standardized 

equations. The results were compared with the ordinary crushing method using a 

compressive strength testing device in order to obtain experimental error and determine 

Pundit Lab accuracy. 

To properly use Pundit Lab and obtain accurate results, the device has to be set up 

correctly and all related parameters need to be input with precision. Pundit Lab consists of 

several parts including: 

1. Pundit Lab device (rear panel with connectors, front panel with soft keys, and 

display screen) 

2. Two different transducers (150 kHz and 250 kHz transducers) 

3. Calibration rod 

4. Couplant 

5. Shear wave gel 

6. USB connection 

7. Two BNC cables to connect transducers 
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8. Batteries 

Figure 16 shows the Pundit Lab device parts and their correct setup. 

 
Figure 16: Pundit Lab parts. 

The device comes with an electronic informative manual (operating instructions 

manual) that illustrates some important steps when using the device. The device has to be 

prepared in a certain way before running any tests to ensure maximum results. In order to 

perform a shear test using the Pundit Lab device, the following steps must be followed. 

1. Power up the device by connecting it to a computer using a USB connection or by 

batteries (the device was connected using a USB connection in this experiment). 
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2. Connect the transducers using the BNC cables (250 kHz shear wave transducers 

are used for this experiment) shown in Figure 16. 

3. Turn on the device using the ON/OFF button on the lower right of the device panel. 

4. Zero Pundit lab by coupling the transducers to the calibration rod. A couplant must 

be applied to the transducers on both sides and pressed firmly. Figure 17 shows the 

calibration rod used to zero the transducers and Pundit Lab device. 

5. A special setup to the system settings is to be followed as explained in Chapter 2 

of the manual. 

6. After setting up the device, a calibration sequence test is performed and the final 

displayed values should match the calibration rod value. 

 
Figure 17: Calibration rod. 
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Figure 18: Transducers (V150). 

 To perform the shear wave experiment in order to obtain the modulus of elasticity 

and poison ratio, the following steps are performed: 

1. Apply the special shear wave gel on the transducers. 

2. Zero the device by pressing firmly on the 25 μs calibration rod (Part No 710 10028). 

3. Perform measurements to obtain the echo signal by applying the shear gel to the 

transducers and pressing firmly on both sides of the concrete cylinder. 

4. Record the P- and S- waves. 

5. Find the modulus of elasticity and poison ratio using the built-in calculator in Pundit 

Lab. 

4.3 STANDARD COMPRESSIVE STRENGTH TESTING METHOD 

After obtaining the necessary graphs from Pundit Lab, the samples were tested for 

their compressive strength using the usual crushing method. This method is very accurate 

and reliable and can give a very good understanding when dealing with concrete of any 

kind. The concrete was tested for its maximum compressive strength before failing or 
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fracturing, and thus, any type of concrete can be designed accordingly. This method works 

by applying gradual load using compressing plates on a concrete sample, which usually 

takes the shape of a cube or a cylinder. The rate of the stressing load can be monitored by 

the person conducting the experiment.  In this study, a rate of 35 ∓ 7 psi/sec (0.25 ∓ 0.05 

MPa/sec) was implemented. After reaching a certain load, the concrete will start fracturing 

and failing, and at this point the recorded reading is the corresponding maximum 

compressive load, which is then divided by the sample area to obtain the compressive 

strength f’c. This classical method has been used for centuries and is considered as the 

most direct method for obtaining the maximum compressive strength with minimal errors. 

The crushed concrete however, is no longer useful for any further testing, and has to be 

disposed of. 

 After obtaining the direct compressive strength of the samples, the modulus of 

elasticity was then calculated using the following equation: 

𝐸G = 	4700	I𝑓′G (ACI 318, 1995) 

Where 𝑓′G (MPa) and 𝐸G (MPa) are 28-day cylindrical compressive strength and modulus 

of elasticity of concrete respectively for metric system measurements; however, for 

imperial units of measurement, the modulus of elasticity is then calculated as in the 

following equation: 

𝐸G = 	57000	I𝑓′G (ACI 318, 1995) 

Where 𝑓′G is the compressive strength of cylinder at 28 days in (psi) and 𝐸G is the modulus 

of elasticity. 

(3) 

(4) 
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CHAPTER 5. RESULTS AND DISCUSSION 

5.1 INTRODUCTION 

The compressive strength 𝑓′G and modulus of elasticity	𝐸G obtained from the 

standard compressive strength testing method (direct method) for RAC samples subjected 

to W-D cycles is presented in this section. Those values were measured after every series 

of W-D cycles for seven and 28 days of curing to test the environmental degradation on 

these two parameters. Moreover, a comparison between the ordinary crushing method and 

the Pundit Lab to test the practicality of the nondestructive method was performed. This 

analysis is discussed in this chapter and includes obtaining the experimental error, the 

device accuracy, and Pundit Lab practicality when dealing with recycled coarse aggregate 

concrete. The effect of the curing period on W-D cycles on the RAC specimens during 

different curing periods was also studied. 

5.2 PHASE 1: DURABILITY OF RAC UNDER W-D CYCLES FOR 7-DAY 

CURING (CYLINDERS) 

5.2.1 Compressive Strength of RAC Sample Without Subjecting to W-D Cycles 

A cylindrical sample with a weight of 3515.71 (g) was taken from the prepared 

concrete mixture, which was produced from a batch composed of 41349.2 (g) of recycled 

crushed concrete aggregate (coarse aggregate), 20920.0 (g) of sand (fine aggregate), 

13780.5 (g) of Portland cement, and 8990.5 (g) of water with a w/c ratio of 0.65 and 

following the details of preparing those cylindrical samples as prescribed in ASTM 

Standard C192 (2006). This specimen was crushed after seven days of curing, which 
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complied with curing conditions of standard test cylinders indicated in ASTM Standard 

C192 (2006), utilizing the standard test method for compressive strength of cylindrical 

concrete specimens to obtain the RAC’s compressive strength before implementing W-D 

cycles. Table 8 represents some of the general properties for this specimen including its 

weight, density, and dimensions. 

Table 8: General Properties of 7-Day Curing Sample Without W-D Cycles 

Props. Normal 
weight 
of the 

concrete 
(Kg/𝑚L) 

Weight 
(Kg) 

Density 
𝜌 

(Kg/𝑚L) 

Diameter 
(m) 

Height 
(m) 

Cross 
Sectional 

Area 
(𝑚N) 

Volume 
(𝑚L) 

The 
Max. 

Recorded 
Load 

(𝑃OPQ) 
(lb) 

Values 2400 3.5157 2134.08 0.1016 0.203 0.00811 0.1647 25200 
 

The compressive strength of the cylindrical specimen was determined in 

accordance with ASTM Standard C39-05 (2005) at a constant rate of stressing of 0.25 ∓ 

0.05 MPa/sec (35 ∓ 7 psi/sec) by the testing machine; a higher rate was permitted through 

the application of the first half of the estimated loading range. The maximum recorded load 

(𝑃OPQ) was divided by the cross-sectional area	(𝐴G) of the specimen as shown below to get 

the compressive strength value which was reported to the nearest 10 psi (0.05 MPa). 

𝑓′G = 	
𝑃OPQ
𝐴G

 

By the implementation of the previous equation, the compressive strength was: 

𝑓′G = 	
NSNTT	UV	

WN.SXXLY	Z[\
 = 2006 psi = 13.83 MPa 

The modulus of elasticity	(	𝐸G) was then calculated from the obtained value of 

𝑓′G	and by substituting it in the following equation for	𝑓′G	&	𝐸G in (MPa): 

𝐸G = 	4700	I𝑓′G = 4700	√13.83	 = 17603.51	𝑀𝑃𝑎 

And the following one for 𝑓′G	&	𝐸G in (psi): 

(5) 

(6) 

(7) 
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𝐸G = 	57000	I𝑓′G = 57000	√2006 = 2553173.37 psi 

Although the total compressive strength of concrete (100%) is usually gained after 

28 days of curing, a 3- to 7-day test is important for detecting potential issues related to 

concrete quality or testing procedures in the lab, but it is not a basis for concrete rejection, 

with a requirement for 28-day strength test (ACI 214, 2002). The standard concrete 

compressive strength (𝑓′G) for 28-day cured crushed samples usually varies from 3000 psi 

(20 MPa) to 6000 psi (40 MPa), and as long as the compressive strength gained by concrete 

after seven days is 65% (60%-70%) of its total compressive strength, then the previous 

estimated value of 2006 psi (13.83 MPa) for this 7-day curing sample is logical and 

accepted as it is representing 60% of the total compressive strength that is usually reached 

after 28 days of curing. So, it could be concluded that there are no issues with the concrete 

quality and the testing procedures. 

5.2.2 Compressive Strength of RAC Samples Subjected to W-D Cycles 

Several series of W-D cycles for 7-day curing samples took place in order to 

investigate the impact of W-D cycles on the durability of RAC (compressive strength and 

modulus of elasticity) as a simulation of the impact of environmental W-D scenario. This 

means that the concrete samples are predicted to behave similarly to the structural concrete 

used in real projects. 

The number of W-D cycles needed depends mostly on the days of curing and type 

of aggregate used in the mixture. A range of 12-30 cycles of wetting and drying is required 

in order to notice those cycles’ impacts on durability (compressive strength and modulus 

of elasticity) for a 28-day cured concrete (Khoury & Zaman, 2002). Moreover, Khoury and 

Zaman (2002) have also indicated that for specimens that did not have 28 days of curing, 

the alteration on durability would not be noticed before a completion of 30 W-D cycles. 

(8) 
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Therefore, Phase 1, which focused on testing the durability of RAC under W-D 

cycles for 7-day curing and 30 W-D cycles were implemented and grouped into five, 10, 

and 30 W-D cycles. At every set of W-D cycles, three samples were tested to obtain the 

average and range of the parameters in hand. Those samples were tested utilizing the 

standard test method for compressive strength of cylindrical concrete specimens (ordinary 

crushing method) to obtain their compressive strength values and to calculate their modulus 

of elasticity from those obtained 𝑓′G values. 

The Pundit Lab device was utilized in parallel with the ordinary crushing method 

for those samples. However, the values of crushing method were only adopted in this phase. 

This was due to the very random messy charts obtained by the Pundit Lab instrument 

during this phase, which were not reliable nor reasonable to be used in this stage of the 

study. Those chaotic random graphs were a result of testing the samples using the Pundit 

Lab instrument immediately after the cycle’s completion without allowing them to dry. 

As indicated by Berriman, Purnell, Hutchins, and Neild (2005), several factors, 

including w/c ratio, moisture content, age, absorption, temperature, and type of aggregate 

in concrete, influence the value of velocity and length of path measured by Pundit Lab, 

which were utilized in calculating modulus of elasticity	𝐸G and compressive strength 𝑓′G	of 

the specimens. Thus, since recycled concrete aggregates tends to absorb more water than 

natural aggregates, utilizing the instrument directly without letting samples dry would 

surely give random wrong readings; which is explained by the existence of the interlocked 

water between the samples’ voids. This would lead to absorbing a portion of the ultrasonic 

pulse of vibrations that are transmitted by the electro-acoustic transducer, resulting in a 

reduction in the value of vibrations received by the second opposite electro-acoustic 

transducer and erroneous values of velocity and amplitude. For this reason, the messy 
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random values that emerged prevented the researcher from using them and led her to 

depend only on ordinary crushed values for half of this stage. 

However, the researcher had taken these factors and variables into consideration 

for the second phase in this research, which focused on determining the durability of CRCA 

under W-D cycles for 28-day curing. The cylindrical specimens were left to dry before 

measuring their durability (compressive strength and modulus of elasticity) in order to 

eliminate the effect of interlocked water existing between the samples’ voids and to have 

more accurate and reasonable readings. Doing so enabled the researcher to compare the 

Pundit Lab results with the ordinary crushing method results. The comparison would help 

figure the Pundit Lab practicality and applicability when dealing with recycled coarse 

aggregate concrete. 

Hence, for this phase, the values of compressive strength obtained from the 

crushing method for seven different samples, and taken after different three groups (five, 

10, and 30 W-D cycles) were adopted as mentioned above. The first sample, which was 

cured for seven days, was crushed after the completion of five W-D cycles at a maximum 

load equal to 38000 (lb). The sample weight was 3416.76 (g) and the cross-sectional area 

of the sample 𝐴G was 12.56637	𝑖𝑛N, which is constant for all the samples, as long as the 

same cylindrical mold size was utilized. The compressive strength	𝑓′G and modulus of 

elasticity	𝐸G were calculated as shown in the following equations: 

𝑓′G = 	
abcd
ef

= LgTTT	UV	
WN.SXXLY	Z[\

   = 3024 psi = 20.85 MPa 

The modulus of elasticity(	𝐸G ) was then calculated from the obtained value of 

𝑓′G	and by substituting it in the following equation for	𝑓′G	&	𝐸G in (MPa): 

𝐸G = 	4700	I𝑓′G = 4700	√20.85	 = 21461.05	𝑀𝑃𝑎 

And the following one for 𝑓′G	&	𝐸G in (psi): 

(9) 

(10) 
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𝐸G = 	57000	I𝑓′G = 57000	√3024 = 3134482 psi 

Thus, for the other samples the compressive strength and modulus of elasticity were 

obtained through the utilization of the previous equations, but the researcher has only 

shown the first sample calculations. The rest of the samples’ values were determined 

directly through an Excel spreadsheet developed by the researcher containing these 

equations in order to obtain those values easily without the need of clarifying arithmetic 

and calculation details (see Table 9). 

Table 9: General Properties and Compressive Strength of 7-Day Cured Samples 

After Five W-D Cycles 

Sample Weight 
(g) 

Max, 
Crushed 

Load 
(𝑷𝒎𝒂𝒙) lb 

Compressive 
Strength 
(𝒇′𝒄) psi 

 

Compressive 
Strength 
(𝒇′𝒄) MPa 

Modulus 
of 

Elasticity
	(𝑬𝒄) psi 

Modulus 
of 

Elasticity
(𝑬𝒄) MPa 

1 3416.76 38000 3026 20.86 3135259 21616.85 
2 3465.70 40000 3185 21.96 3216696 22178.34 
3 3426.54 42500 3384 23.33 3315694 22860.91 

Average value 3198 22.04 3222550 22218.70 
 

It is important to note that the five W-D cycles had a positive effect on the compressive 

strength and modulus of elasticity of the RAC samples, with a total increase of 37% up to 

this point. 

 Table 10 demonstrates the general properties for the other samples exposed to 10 

W-D cycles and their compressive crushed strength values associated with their modulus 

of elasticity values after calculating them based on the researcher-designed Excel 

spreadsheet. 

(11) 
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Table 10: General Properties and Compressive Strength of 7-Day Cured Samples 

After 10 W-D Cycles 

Sample Weight 
(g) 

Max. 
Crushed 

Load 
(𝑷𝒎𝒂𝒙) 

lb 

Compressive 
Strength 
(𝒇′𝒄) psi 

Compressive 
Strength 
(𝒇′𝒄) MPa 

Modulus 
of 

Elasticity
	(𝑬𝒄) psi 

Modulus of 
Elasticity(𝑬𝒄) 

MPa 

1 3444.42 59250 4717 32.5 3914932 26992.50 
2 3423.46 55040 4382 30.2 3773282 26015.86 
3 3420.07 56500 4498 31.0 3822100 26352.45 

Average value 4532 31.25 3837071 26455.67326 

 

After the implementation of 10 W-D cycles on the 7-day curing of three samples, 

the calculated average of their compressive strength 𝑓′G was 4532 psi (31.25 MPa) and the 

average modulus of elasticity	𝐸G was 3837071 psi (26455.67326 MPa), as shown in Table 

10. When this obtained average compressive strength for these three samples were 

compared with the compressive strength obtained for 7-day curing samples before 

implementing W-D cycles, which was 2000 psi (13.78 MPa), an increment in compressive 

strength was noticed. Moreover, comparing the obtained average modulus of elasticity for 

the three samples cured for seven days and exposed to 10 W-D cycles with the modulus of 

elasticity obtained for the 7-day curing sample before implementing W-D cycles, which 

was 2548722 psi (17572.82	𝑀𝑃𝑎), an increment in modulus of elasticity value was also 

noticed. 

This increment aligns with Khoury and Zaman (2002), when they exposed a 3-day 

cured sample to 12 cycles, which was below 30 cycles, and noticed an increment in the 

resilient modulus and unconfined compressive strength values. However, these results do 

not mean that exposing RAC samples to W-D cycles would keep increasing their durability 

(compressive strength and modulus of elasticity). Rather, the expected impact of exposing 

RAC samples to W-D cycles would result in a reduction in their compressive strength and 
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modulus of elasticity as stated in Gonzalez (2014), Khoury and Zaman (2002), and 

Pellegrino and Gaddo (2009). This reduction (negative impact) usually requires a 

completion of 30 W-D cycles, as indicated by Khoury and Zaman (2002), to be noticed for 

specimens cured for less than 28 days. 

Thus, in order to notice the expected negative effect of W-D cycles on this phase, 

three other samples cured for seven days were exposed to 30 W-D cycles and then their 

compressive strengths and modulus of elasticity were evaluated through the utilization of 

the standard test method for compressive strength of cylindrical concrete specimens 

(ordinary crushed method). The obtained results are presented in Table 11. These results 

were obtained by calculating the compressive strength and the modulus of elasticity from 

the recorded maximum load values utilizing the previous equations, which were included 

in an Excel spreadsheet to facilitate and speed up the calculations. 

Table 11: General Properties and Compressive Strength of 7-Day Cured Samples 

After 30 W-D Cycles 

Sample  Weight 
(g) 

Max. 
Crushed 

Load 
(𝑷𝒎𝒂𝒙) lb 

Compressive 
Strength 
(𝒇′𝒄) psi 

Compressive 
Strength 
(𝒇′𝒄) MPa 

Modulus 
of 

Elasticity
(𝑬𝒄) psi 

Modulus 
of 

Elasticity
(𝑬𝒄) MPa 

1 3455.83 57776 4600 31.70 3865942.38 26654.73 
2 3415.03 54919 4372 30.14 3769148.01 25987.36 
3 3411.29 57246 4558 31.43 3848151.86 26532.07 

Average value 4510 31.0 3827747 26391.38 
 

After the implementation of 30 W-D cycles on the three 7-days curing samples, the 

calculated average of their compressive strength 𝑓′G was 4510 psi (31.0 MPa) and the 

average modulus of elasticity	𝐸G was 3827747 psi (26391.38 MPa), as shown in Table 11. 

When this average compressive strength for these three samples was compared to the 

compressive strength obtained for 7-day cured samples and 10-day W-D cycles, which was 
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4644 psi (32.0 MPa), an approximate decrement of 0.5% in compressive strength was 

noticed. Moreover, comparing the obtained average modulus of elasticity for the three 

samples cured for seven days and exposed to 30 W-D cycles with the modulus of elasticity 

obtained for the 7-day curing sample with 10 W-D cycles, which was 3884240 psi 

(26780.89	𝑀𝑃𝑎), an approximate decrement of 0.2% in modulus of elasticity value was 

also noticed. This decrement and negative effect are expected to be noticed more clearly 

and to be greater after exposing the samples for more than 30 W-D cycles (e.g., 35 W-D 

cycles). 

These changes in sample durability (compressive strength and modulus of 

elasticity) with their exposure to different number of cycles (without W-D cycles, five, 10, 

and 30 cycles) are represented across the following figures, where Figures 19 and 20 

represent the change in compressive strength values for 7-day cured samples with number 

of implemented W-D cycles and the Figures 21 and 22 represent the change in modulus of 

elasticity for 7-day cured samples with number of implemented W-D cycles. 

 
Figure 19: Impact of different number of W-D cycles on compressive strength of 7-

day cured samples. 
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Figure 20: Impact of different number of W-D cycles on compressive strength of 7-

day cured samples. 

 
Figure 21: Impact of different number of W-D cycles on modulus of elasticity of 7 

days cured samples. 
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Figure 22: Impact of different number of W-D cycles on modulus of elasticity of 7-

day cured samples. 

 The negative impact of the W-D cycles on the compressive strength and the 

modulus of elasticity for the 7-day cured samples began to appear after the completion of 

the 30 cycles, where a reduction in durability (modulus of elasticity and compressive 

strength) had been occurred as was expected and indicated in studies by Gonzalez (2014), 

Khoury and Zaman (2002), Pellegrino and Gaddo (2009). This decrement and negative 

impact imposed by W-D cycles on the durability of RAC was assumed because such 

treatment could leave a negative effect on the physical/resistance properties of recycled 

coarse aggregates existing in the concrete mixture. This is because of the combined effect 

of expansion and contraction due to thermal variation, plus that of which is due to inner 

and surface humidity variations (Pellegrino & Gaddo, 2009). 

The compressive strength and modulus of elasticity reduction can also be attributed 

to the replacement of normal aggregates with lower-quality aggregates (recycled).  This 

type of aggregate is more sensitive to water and has higher water absorption in comparison 
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to natural aggregates. Introducing these samples of RAC to series of W-D cycles would 

increase the absorption percentages as the number of W-D cycles increased. This increment 

in absorption percentage would lower the durability of the concrete samples (Qasrawi & 

Marie, 2013). 

It is important to note that the W-D samples had a positive impact as well on the 7-

day cured specimens during the first series. The W-D cycles allowed the samples to 

continue the curing process and gain more than 55% of their original strength during the 

first 15 W-D cycles. These findings were also expected for the other group of RAC samples 

that were cured for 28 days. However, the difference would be only in the number of cycles 

required before noticing the reduction in the compressive strength. 

5.3 PHASE 2: DURABILITY OF RAC UNDER W-D CYCLES FOR 28-DAY 

CURING 

5.3.1 Compressive Strength of RAC Sample Without Subjecting to W-D Cycles 

For this stage, three different cylindrical samples were taken from the prepared 

concrete mixture and crushed immediately after the end of the 28-day curing period without 

exposing them to any W-D cycles. This was done to examine the concrete strength prior 

any durability tests performed on them, which was the researcher’s reference point. The 

compressive strength values were obtained and their corresponding modulus of elasticity 

were calculated in the same manner followed in Phase 1. 

Unlike the first phase, Phase 2 included the Pundit Lab testing results, which were 

utilized in parallel with the ordinary crushing method. This was done in order to obtain 

compressive strength values for those samples and compare them with the readings 

collected from the ordinary standard crushed method. However, this comparison and 

detection of the practicality and applicability of Pundit Lab is reported in Section 5.4 as an 
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extra objective of this study. Therefore, in this section, only readings obtained from the 

ordinary standard crushing method are utilized in calculations and discussions. 

Correspondingly, the Table 12 represents the general properties for the three 

samples that were cured for 28 days and weren’t exposed to any W-D cycles. The 

compressive crushed strength values associated with their modulus of elasticity values after 

calculating them based on the researcher designed Excel spreadsheet included. The Excel 

spreadsheet implemented equations 3, 4, and 5 to get the needed values. 

Table 12: General Properties and Compressive Strength of 28-Day Cured Sample 

Without W-D Cycles 

Sample Weight 
(g) 

Maximum 
crushed 

load 
(𝑷𝒎𝒂𝒙) lb 

Compressive 
strength 
(𝒇′𝒄) psi 

Compressive 
strength 

(𝒇′𝒄) MPa 

Modulus 
of 

elasticity
	(𝑬𝒄) psi 

Modulus of 
elasticity
(𝑬𝒄) MPa 

1 3544.38 54590 4346 29.95 3757825 25722.25 
2 3573.51 58900 4689 32.32 3903351 26718.38 
3 3522.0 63000 5015 34.57 4036921 27632.66 

Average value 4684 32.28 3899366 26691.1 
 

Before the implementation of W-D cycles, the average compressive strength for 

28-day cured samples obtained from the standard test method for compressive strength of 

cylindrical concrete was 4684 psi (32.28 MPa) and the average modulus of elasticity was 

3899366 psi (26691.1 MPa). The concrete gains 99% of its strength at 28 days, it is almost 

close to its final strength, thus the results of compressive strength test after 28 days are 

usually relied upon and utilized as the base for construction design and evaluation. The 

standard concrete compressive strength (𝑓′G) for 28-days cured crushed normal concrete 

samples usually varies from 3000 psi (20 MPa) to 6000 psi (40 MPa). 
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Therefore, the obtained result 4682 psi (32.28 MPa) means that the tested RAC 

samples reached an appropriate compressive strength after 28 days of curing, which is 

similar to that obtained from natural coarse aggregate concrete. This indicates that the RAC 

prepared mix was suitable and the w/c ratio that was utilized in preparing this mix was 

sufficient. Hence, the durability will be influenced by only the W-D cycles. This enabled 

the researcher to investigate the impact of W-D cycles clearly on the durability without the 

inclusion of the effect of any other factors. 

5.3.2 Compressive Strength of RAC Samples Subjected to W-D Cycles 

Several series of W-D cycles for 28-day cured samples took place in order to 

investigate the impact of W-D cycles on the durability of the RAC (compressive strength 

and modulus of elasticity), a simulation of the impact of environmental W-D scenarios on 

the durability of recycled concrete specimens. This study is a reflection of what might 

happen in real life, which means that the concrete samples are predicted to behave similarly 

to the structural concrete used in real projects. 

As per the number of W-D cycles needed, it mostly depends on the days of curing 

and type of aggregate used in the mixture. A range of 12-30 cycles of wetting and drying 

is required in order to notice those cycles’ impacts on durability (compressive strength and 

modulus of elasticity) for a 28-day cured concrete (Khoury & Zaman, 2002). Therefore, in 

this phase, which focused on testing the durability of RAC under W-D cycles for 28-day 

curing, 15 W-D cycles were implemented. It should be enough to notice a visible reduction 

in durability based on what was recommended by Khoury and Zaman (2002). Those cycles 

were grouped in five, 10, and 15 W-D cycles, in which three samples were tested after five 

W-D cycles, three other samples were tested after 10 W-D cycles, and another three 

samples were tested after 15 W-D cycles. Those samples were tested using the standard 
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testing method for compressive strength of cylindrical concrete specimens (ordinary 

crushing method) to obtain their compressive strength values and calculate their modulus 

of elasticity using the ACI equation from those obtained 𝑓′G values. 

The Pundit Lab device was utilized in parallel with the ordinary crushing method 

for these samples and its readings were reasonable and usable compared to the first phase. 

This was because the researcher avoided the error that occurred in the first phase, as the 

samples were left to dry completely before taking readings through this device. Doing so 

helped eliminate the effect of the interlocked water that existed between the samples’ voids, 

which was responsible for the chaotic random graphs and readings in Phase 1. This enabled 

the researcher to obtain logical readings somewhat close to those of the standard crushing 

method. However, those recorded readings are explained in the final section of this analysis 

in which the researcher compared the readings of the device with the standard crushing 

method to assess the Pundit Lab’s practicality and applicability when dealing with RAC. 

Thus, for this phase, the values of compressive strength obtained from the crushing 

method for nine different samples and taken after different three groups (five, 10, and 15 

W-D cycles) are demonstrated as in the following table. The results were obtained by 

calculating the compressive strength and the modulus of elasticity from the recorded 

crushed maximum load values utilizing the previous equations, which were included in an 

Excel spreadsheet to facilitate and speed up the calculations. 
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Table 13: General Properties and Compressive Strength of 28-Day Cured Samples 

After 5 W-D Cycles 

Sample Weight 
(g) 

Max. 
Crushed 

Load 
(𝑷𝒎𝒂𝒙) lb 

Compressive 
Strength 
(𝒇′𝒄) psi 

Compressive 
Strength 
(𝒇′𝒄) MPa 

Modulus 
of 

Elasticity
	(𝑬𝒄) psi 

Modulus of 
Elasticity
(𝑬𝒄) MPa 

1 3541.6 66200 5270 36.32 4138176 28325.75 
2 3519.7 57600 4586 31.6 3860035 26421.88 
3 3575.2 65730 5233 36.06 4123460 28225.02 

Average value 5029 34.66 4040557 27657.55 
 

After the implementation of five W-D cycles on the three 28-day cured samples, 

the calculated average of their compressive strength 𝑓′G was 5029 psi (34.66 MPa) and the 

average modulus of elasticity	𝐸G was 4039533 psi (27657.55 MPa), as noted in Table 13. 

When this obtained average compressive strength of 5029 psi (34.66 MPa) for these three 

samples compared with the average compressive strength obtained for 28-day cured 

samples before implementing W-D cycles, which was 4684 psi (32.28 MPa), an increment 

of 7.5% in compressive strength was noticed. Moreover, comparing the obtained average 

modulus of elasticity 4039533 psi (27657.55 MPa) for the three samples cured for 28 days 

and exposed to five W-D cycles with the modulus of elasticity obtained for 28-day cured 

sample before implementing W-D cycles, which was 3898378 psi (26691.1 MPa), an 

increment of approximately 3.5% in modulus of elasticity value was also observed. This 

increment aligns with the results of Khoury and Zaman’s (2002) investigation, in which 

they noticed that the resilience modulus and unconfined compressive strength values of 28-

day cured specimens increased as W-D cycles increased up to 12 cycles, beyond which a 

reduction was observed. 
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This means that an expected reduction in the compressive strength and modulus of 

elasticity (durability) for RAC samples exposed to W-D cycles would occur as was 

indicated by Gonzalez (2014), Khoury and Zaman (2002), and Pellegrino and Gaddo 

(2009). However, this reduction (negative impact) would appear clearly after 12 W-D 

cycles, as indicated by Khoury and Zaman (2002), for specimens cured for 28 days, which 

is a less required number of cycles in comparison with samples cured for only seven days. 

Accordingly, in order to notice the expected negative effect of W-D cycles in this phase, 

three other samples cured for 28 days were exposed to 15 W-D cycles and then their 

compressive strengths and modulus of elasticity were evaluated through the utilization of 

the standard test method for compressive strength of cylindrical concrete specimens 

(ordinary crushing method). The obtained results were as shown in Table 14. 

Table 14: General Properties and Compressive Strength of 28-Day Cured Samples 

After 10 W-D Cycles 

Sample  Weight 
(g) 

Max. 
Crushed 

Load 
(𝑷𝒎𝒂𝒙) lb 

Compressive 
Strength 
(𝒇′𝒄) psi 

Compressive 
Strength 
(𝒇′𝒄) MPa 

Modulus 
of 

Elasticity
	(𝑬𝒄) psi 

Modulus 
of 

Elasticity
(𝑬𝒄) MPa 

1 3410.3 68130 5424 37.380 4198066 28735.69 
2 3393.0 59290 4720 32.53 3916253 26806.69 
3 3385.2 60950 4852 33.44 3970698 27179.37 

Average value 4999 34.46 4028339 27573.92 
 

After the implementation of 10 W-D cycles on the three 28-day cured samples, the 

calculated average of their compressive strength 𝑓′G was 4999 psi (34.46 MPa) and the 

average modulus of elasticity	𝐸G was 4027318 psi (27573.92 MPa), as shown in Table 14. 

This obtained average compressive strength of 4999 psi (34.46 MPa) for these three 

samples were again compared to the reference average compressive strength obtained after 
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the end of the 28-day curing period, 4684 psi (32.28 MPa). An increment of 6.5% in 

compressive strength was recorded. Similarly, the averaged modulus of elasticity obtained 

at this point, 4027318 psi (27573.92 MPa) for the three samples cured for 28 days and 

exposed to five W-D cycles, was compared to the reference value obtained from the 28-

day cured sample before implementing W-D cycles, which was 3898378 psi (26691.1 

MPa). An increment of approximately 3% in modulus of elasticity value was also noticed. 

This increment also aligns with the results of Khoury and Zaman’s (2002) investigation, 

as no reduction in the resilience modulus and unconfined compressive strength values 

(durability) was noticed. 

Subsequently, a clear expected reduction in durability is expected to be obtained 

after 12 W-D cycles for the 28-day cured samples. Therefore, no negative effect was 

obtained in this phase as long as only 10 W-D cycles were implemented. However, 

comparing the average compressive strength and the average modulus of elasticity values 

for this phase (10 W-D cycles) with those obtained after the implementation of five W-D 

cycles on the 28-day cured samples, a lower increment in the values of 𝑓′G	&	𝐸G was 

obtained in the 10 W-D cycles, 6.5% and 3% respectively, compared with the increment in 

values obtained by samples of five W-D cycles, which were 7.5% and 3.5% respectively. 

This implies that the obtained increment in durability would not be in a continuous upward 

trend with the increasing number of W-D cycles (i.e., when the number of W-D cycles gets 

closer to 12, and despite the increment in durability that occurred, it was clear that this 

increment was lower than the increment obtained after the implementation of five W-D 

cycles). Therefore, a reduction in durability (compressive strength and modulus of 

elasticity) was expected to be noticed in the next stage (15 W-D cycles), which is in the 

required range 12-30 W-D cycles required for 28-day cured samples, to notice the negative 
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effect. In order to obtain this expected negative effect of W-D cycles, three other samples 

cured for 28 days were exposed to 15 W-D cycles and then their compressive strengths and 

modulus of elasticity were evaluated through the utilization of the standard test method for 

compressive strength of cylindrical concrete specimens (ordinary crushed method). The 

obtained results are shown in Table 15. 

Table 15: General Properties and Compressive Strength of 28-Day Cured Samples 

After 15 W-D Cycles 

Sample  Weight 
(g) 

Max. 
Crushed 

Load 
(𝑷𝒎𝒂𝒙) 

lb 

Compressive 
Strength 
(𝒇′𝒄) psi 

Compressive 
Strength 
(𝒇′𝒄) MPa 

Modulus of 
Elasticity
	(𝑬𝒄) psi 

Modulus of 
Elasticity
(𝑬𝒄 ) MPa 

1 3508.45 61400 4888 33.69 3985329 27279.52 
2 3432.10 61200 4872 33.58 3978833 27235.05 
3 3487.47 51840 4127 28.44 3661951 25066 

Average value 4629 31.90 3875371 26526.85 
 

After the implementation of 15 W-D cycles on the three 28-day cured samples, the 

calculated average of their compressive strength 𝑓′G was 4629 psi (31.90 MPa) and the 

average modulus of elasticity	𝐸G was 3874389 psi (26526.85 MPa), as shown in Table 15. 

This obtained an average compressive strength of 4629 psi (31.90 MPa) for these three 

samples compared with the average compressive strength obtained for 28-day cured 

samples before implementing W-D cycles, which was 4682 psi (32.28 MPa), and an 

approximate decrement by 1.2% in compressive strength was noticed. Moreover, 

comparing the obtained average modulus of elasticity 3874389 psi (26526.85 MPa) for the 

three samples cured for 28 days and exposed to 15 W-D cycles with the average modulus 

of elasticity obtained for 28-day cured samples before implementing W-D cycles, which 
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was 3898378 psi (26691.1 MPa), an approximate decrement by 0.6 % in modulus of 

elasticity value was also noticed. 

These results affirm that a range of 12-30 W-D cycles is appropriate to notice the 

negative impact (reduction) in durability (𝑓′G	&	𝐸G) for 28-day cured RAC samples, in 

which a reduction of 1.2 % and 0.6% in compressive strength and in modulus of elasticity, 

respectively, was noticed after a completion of 15 W-D cycles in this phase. Therefore, it 

would also be expected to have a greater decrement percentage in durability when those 

samples get exposed to more W-D cycles, (i.e., exposing more samples to 30 W-D cycles). 

These changes in sample durability (compressive strength and modulus of 

elasticity) with their exposure to different number of cycles (No W-D cycles, five, 10, and 

15 cycles) are represented across the following figures, where Figures 23 and 24 represent 

the change in compressive strength values for 28-day cured samples with number of 

implemented W-D cycles, and Figures 25 and 26 represent the change in modulus of 

elasticity for 28-day cured samples with number of implemented W-D cycles. 

 

Figure 23: Impact of different number of W-D cycles on compressive strength of 28-

day cured samples. 
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Figure 24: Impact of different number of W-D cycles on compressive strength of 28-

day cured samples. 

 

Figure 25: Impact of different number of W-D cycles on modulus of elasticity of 28-

day cured samples. 
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Figure 26: Impact of different number of W-D cycles on modulus of elasticity of 28-

day cured samples. 

Figure 27 shows a comparison of the current study versus Gonzalez’s (2014) 

work. Gonzalez reported an average reduction of 13% in RAC compressive strength after 

subjecting her samples to 12 W-D cycles. However, in this study, a reduction of only 

1.16 was observed. This might be explained by the different composition and grain size 

distribution used in both studies, although the recycled aggregates used for both studies 

were obtained from the same concrete plant. 
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Figure 27: Comparison between current work and Gonzalez’s (2014) data. 

 The negative impact of the W-D cycles on the compressive strength and the 

modulus of elasticity for the 28-day cured samples began to appear after the completion of 

the 15 W-D cycles, where a reduction in durability (modulus of elasticity and compressive 

strength) had occurred as was expected and indicated in studies by Gonzalez (2014), 

Khoury and Zaman (2002), and Pellegrino and Gaddo (2009). It required the researcher 15 

W-D cycles for the 28-day cured samples to notice the negative impact on the samples’ 

durability compared with the 7-day cured samples, which needed a completion of 30 W-D 

cycles before the reduction in compressive strength and modulus of elasticity was noticed. 

This negative impact imposed by W-D cycles on the durability of RAC was predicted 

because such treatment could be destructive to the physical/resistance properties of 

recycled coarse aggregate existing in the concrete mixture. This is due to the combined 

effect of expansion and contraction resulted from the thermal variation, and inner and 

surface humidity variation (Pellegrino & Gaddo, 2009). 
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The compressive strength and modulus of elasticity reduction can also be attributed 

to the replacement of normal aggregates with lower-quality aggregates (recycled). This 

type of aggregate is more sensitive to water and has higher water absorption in comparison 

to natural aggregates. Introducing those samples of RAC to a series of W-D cycles would 

increase the absorption percentages as the number of W-D cycles increased. This increment 

in absorption percentage would lower the durability of the concrete samples (Qasrawi & 

Marie, 2013). 

The explanation of the decrement in durability due to the W-D cycles were the 

same as those in the Phase 1 7-day cured RAC samples. However, the difference was 

only on the number of cycles required before noticing any visible reduction in durability. 

The 7-day cured samples needed at least 30 cycles for a visible reduction to be recorded, 

where the 28-day cured samples needed 12-30 cycles in order to notice any change in the 

sample’s durability. However, it is important to note that environmental exposure 

strengthened the samples during the first series (five and 10 W-D cycles), and the 

negative effect at the end of the cycles was minimal. 

5.4 PUNDIT LAB APPLICABILITY AND PRACTICALITY 

As a complementary aim of this research, the applicability and practicality of the 

Pundit Lab device is examined in this section to determine whether this device can be 

used to find the modulus of elasticity of the samples and thus obtain the compressive 

strength from the standard equations with a precision similar to that of the standard 

compressive crushed method. The Pundit Lab device was also utilized in this research as 

a nondestructive test in order to obtain the modulus of elasticity values for the samples 

without destroying them or causing them physical damage. Unlike the standard crushed 

method, this method helped keep the samples in their original status after the test is 
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conducted, which can be more efficient than the ordinary method. The device version 

used in this experiment is an older version and could only find the modulus of elasticity. 

The obtained values were then applied in the modulus of elasticity (ACI 318, 1995) 

equations that were represented as equations 3 and 4 to calculate their associated 

compressive strength (ASTM Standard C597, 2009). Alternatively, once the pulse 

velocity was measured through the Pundit Lab device, compressive strength could easily 

be obtained through the utilization of Figure 28, which indicates the relationship between 

compressive strength and pulse velocity. 

 
Figure 28: Pundit compressive strength versus pulse velocity (Haktanir, Altun, 

Karahan, Ari, & Bekmezci, 2002). 

 This device is effective and useful in evaluating the uniformity of concrete within 

a structural component. The depth of surface cracks and internal voids, the severity of 

deterioration, and estimating the early age strength (with project specific correlation), and 
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much more, can be found using Pundit Lab without destructing the sample. It depends on 

pulses of ultrasonic waves and vibrations sent from a transducer and received by another 

opposite transducer after going through the concrete sample, giving an electrical signal on 

the opposite transducer that include details about the velocity, time, path length, and the 

modulus of elasticity directly (Bungey & Grantham, 2014). The modulus of elasticity can’t 

be found directly as the other parameters in the version used, but it can still be found using 

a plugged-in calculator. A newer version of Pundit Lab has developed the modulus of 

elasticity parameter, through which it becomes a direct calculation along with the 

compressive strength. 

The version of this device that was utilized in this research is Pundit Lab 2011, 

which is unlike Pundit Lab+ (the newest version), and did not obtain direct modulus of 

elasticity values for the tested sample. Instead, it obtained the time taken by the pulse to 

travel through the concrete measured by an electrical timing unit with an accuracy of ∓	0.1 

microsecond	(𝜇𝑠), and taking the length of path travelled through the concrete sample. 

Using both values, the pulse velocity can be calculated. This velocity for some types of the 

Pundit Lab device can be obtained directly, which is the case in the device version 

employed in this study. Thus, the values of velocity (V), density(𝜌) and Poisson’s ratio 

(𝜈) were then taken and input into equation 12 in order to obtain the modulus of elasticity 

values, or by using the built-in calculator that uses both the P- and S- waves along with the 

sample’s density to find the modulus of elasticity and Poisson’s ratio. 

𝑉 = r s	(Wtu)
v	(Wwu)(WtNu)

 

The calculated modulus of elasticity values from this equation is then implemented 

in modulus of elasticity ACI 318 (1995) equations, that were represented as equation 13 

and 14 to calculate their associated compressive strength (ASTM Standard C597, 2009). 

(12) 
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𝐸G = 	4700	I𝑓′G (ACI 318, 1995 

𝐸G = 	57000	I𝑓′G (ACI 318, 1995) 

Figure 29 is a sample of the nature of readings obtained by this device. In this graph, 

which was obtained for a specimen after curing for 28 days and after the exposure of the 

specimen to five W-D cycles, the velocity, pulse length, and elapsed time were obtained 

and utilized in the previous equations to calculate the compressive strength and modulus 

of elasticity. 

 

Figure 29: Pundit graph for 28-day cured sample after five W-D cycles. 

 The calculated compressive strength and modulus of elasticity are represented in 

Table 16. The rest of the other samples’ readings and their modulus of elasticity and 

compressive strength were computed with the same mechanism from velocity and time 

obtained from similar graphs are found in Appendix A. Therefore, the modulus of elasticity 

(14) 

(13) 
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and compressive strength values for all of the 28-day cured samples were calculated from 

the Pundit Lab graphs (see Table 16). 

Table 16: Pundit Lab’s Compressive Strength and Modulus of Elasticity for 28-Day 

Cured Samples 

Sample 
No. 

Weight 
(g) 

Compressive 
Strength (𝒇′𝒄) 

psi 

Compressive 
Strength (𝒇′𝒄) 

MPa 

Modulus of 
Elasticity	(𝑬𝒄) 

psi 

Modulus of 
Elasticity(𝑬𝒄) 

MPa 
Values for Samples before being exposed to W-D cycles 

1 3544.38 4561 31.45 3849505 26541.40 
2 3573.51 4921 33.93 3998541 27568.97 
3 3522.0 5314 36.64 4155140 28648.68 
Average value 4932 34 4001062 27586.35 

Values for Samples being exposed to 5 W-D cycles 
1 3541.64 4812 33.18 3953907 27261.23 
2 3519.77 4390 30.27 3776646 26039.06 
3 3575.25 4143 28.565 3668861 25295.91 
Average value 4448 30.67 3799804 26198.73 

Values for Samples being exposed to 10 W-D cycles 
1 3410.31 4614 31.81 3871613 26693.83 
2 3393.05 4267 29.42 3723424 25672.10 
3 3385.24 4355 30.03 3761513 25934.72 
Average value 4412 30.42 3785517 26100.22 

Values for Samples being exposed to 15 W-D cycles 
1 3508.45 4589.5 31.6 3861507 26624.15 
2 3432.10 4221 29 3703370 25533.84 
3 3487.47 4331.5 29.9 3751421 25865.14 
Average value 4380 30.2 3772099 26007.71 

 

The durability of RAC samples (compressive strength and modulus of elasticity) 

were measured by the Pundit Lab for the 28-day cured specimens only. This was due to 

the unreliability and non-reasonability of the measurements that were obtained from the 7-

day cured samples, in which they were very messy random and couldn’t be used, in 

comparison to the accuracy of the standard compressive crushed method. Therefore, in 

order to obtain the practicality and applicability of Pundit Lab device in determining the 

compressive strength for RAC; the average compressive strength obtained from the 

standard crushing method for the 28-day cured samples was compared with the average 
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compressive strength obtained by Pundit Lab at different W-D cycles through the 

calculation of the percentage of error to determine the accuracy of the results. 

% Error= xyP[zP{z	G|O}{~xxZ�~	O~y�|z�x	�P��~t}�[zZy	�P��~
xyP[zP{z	G|O}{~xxZ�~	O~y�|z�x	�P��~

∗ 100% 

Table 17 displays the percentage of error calculated for the average values of 

compressive strength for the 28-day cured RAC samples obtained without W-D cycles, and 

at five, 10, and 15 cycles by Pundit Lab and standard crushed method. 

Table 17: % Error of Compression Strength Calculated Between Pundit Lab and 

Standard Compressive Crushed Method 

Sample Pundit lab average 
compressive strength 

values (psi) 

Standard crushed 
method's compressive 
strength values (psi) 

% Error 

Without 
exposing to 
W-D cycles 

4932 4684 5.3% 

Exposed to 5 
W-D cycles 

4448 5029 11.5% 

Exposed to 10 
W-D cycles 

4412 4999 11.7% 

Exposed to 15 
W-D cycles 

4380 4629 5.4% 

 

The variation between the two methods’ compressive strength values is represented 

in Figure 30. 

(15) 
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Figure 30: Comparison between average compressive strength values obtained by 

Pundit Lab with those obtained by the standard crushed compressive method. 

 Moreover, Table 18 shows the percentage of error calculated for the average values 

of modulus of elasticity for the 28-day cured RAC samples obtained without W-D cycles, 

and at five, 10, and 15 cycles by the Pundit Lab and standard crushed methods. 
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Table 18: % Error of Modulus of Elasticity Calculated Between Pundit Lab and 

Standard Compressive Crushed Method 

Sample Pundit lab average 
modulus of elasticity 

values (psi) 

Standard crushed method’s 
average modulus of 

elasticity values (psi) 

% Error 

Without 
exposing to  
W-D cycles 

4001062 3899366 2.54% 

Exposed to 5 
W-D cycles 

3799804 4040558 5.96% 

Exposed to 10 
W-D cycles 

3785517 4028339 6.03% 

Exposed to 15 
W-D cycles 

3772099 3875371 2.66% 

 

 The variation between the two methods’ modulus of elasticity values is represented 

in Figure 31. 

 

Figure 31: Comparison between average modulus of elasticity values obtained by 

Pundit Lab with those obtained by the standard crushed compressive method. 
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 Although the Pundit Lab device gave a general final result that was similar to that 

obtained from the standard compressive test in terms of the decrement in durability 

(compressive strength and modulus of elasticity) with the increment in the number of W-

D cycles for the 28-day cured RAC samples, and that this decrement required 15 W-D 

cycles to be noticed, there was a variation between the compressive strength and modulus 

of elasticity’s readings obtained by Pundit Lab and those obtained by the standard test 

which resulted in percentage errors reached in some cases to 11%, which is not considered 

very detrimental when dealing with concrete. In fact, percentage errors close to 10% are 

expected due to several errors that might occur during the experiment and data analysis. 

As shown in Figure 32, modulus of elasticity results between the direct method and Pundit 

Lab are similar. This chart can be interpreted in that the more similar the results are, the 

closer they are going to be to the reference line. 

 

Figure 32: Comparison between average modulus of elasticity values obtained by 

Pundit Lab with those obtained by the standard crushed compressive method 

against a reference line. 
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The reason behind the slight variation between the readings is due to the fact that 

this version of the device does not give direct readings for the compressive strength and 

modulus of elasticity. It gives other readings, such as velocity and time, which were then 

used in the calculations of modulus of elasticity and compressive strength. This arithmetic 

process increases the error rate due to rounding numbers and the approximation conducted 

by the researcher in the calculations. Plus, this device requires using a special shear gel that 

has to go between the transducers and the sample’s surface to ease the signal transition. 

The gel has a very messy and heavy consistency that is very hard to work with. This issue 

was resolved in the newer version of Pundit Lab, as it allows users to find the modulus of 

elasticity and compressive strength directly without applying any gel to the surface of the 

transducers. 

Although this version of Pundit Lab was known to be the least reliable application 

for strength estimation of concrete as indicated by Bungey and Grantham (2014), the 

current research found it to be practical when dealing with RAC. The pulse velocity 

measured through Pundit Lab is highly affected by several factors, including moisture 

content, type of aggregate, temperature, and others. However, in this particular experiment, 

and especially in Phase 2, the device seemed to give relatively good results that raised its 

potential. This device is a useful device when used properly and with precision. However, 

any mistakes made during the process of testing could result in chaotic and unreliable 

results, as was seen in Phase 1. Although all steps were followed perfectly, the experiment 

failed during Phase 1 due to a lack of knowledge regarding the nature of the device and its 

high sensitivity to water. However, the problem was detected and avoided in Phase 2. The 

device should be used on dry structures when dealing with RAC, and that was proven when 

letting the samples dry in Phase 2. Accordingly, the following section and chapters presents 
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recommendations and suggestions to reduce this error and address other issues to get a 

useful conclusion of the impact of W-D cycles on the durability of RAC. 

5.5 SUMMARY AND DISCUSSION 

For RAC specimens subjected to repeated W-D cycles, the compressive strength 

and modulus of elasticity decreased with increasing the number of cycles, suffering more 

degradation compared with non-W-D exposed specimens. This negative impact imposed 

by W-D cycles on the durability of RAC is expected and can be explained by the fact that 

the reduction in compressive strength and modulus of elasticity is attributed to the 

replacement of normal aggregates with lower-quality aggregates (recycled). This type of 

aggregate is more susceptible to higher water absorption in comparison to natural 

aggregates. Introducing RAC samples to series of W-D cycles would increase the 

absorption percentages as the number of W-D cycles increases, which would contribute to 

the durability of the concrete samples. 

The utilization of the Pundit Lab device to obtain the compressive strength of RAC 

samples immediately after the W-D cycles completion and without letting them dry results 

in chaotic random responses. This was due to the sensitivity of this device to several factors 

including w/c ratio, moisture content, age, absorption, temperature, and type of aggregates 

used in the concrete specimen. Since RAC normally tends to absorb more water than 

natural aggregate concrete, utilizing the instrument directly without letting samples dry 

would give random readings. This is due to the interlocked water existing between the 

samples’ voids that absorb portions of the ultrasonic pulse of vibrations that are transmitted 

by the electro-acoustic transducer. This results in reducing the value of vibrations received 

by the opposite electro-acoustic transducer and erroneous value measurements of velocity 

and amplitude are obtained. 
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There is a noticeable variation between the compressive strength and modulus of 

elasticity readings obtained by Pundit Lab and those obtained by the standard test, which 

resulted in percentage errors reached, in some cases, up to 11%. This is due the fact that 

Pundit Lab does not give direct readings for the compressive strength and modulus of 

elasticity, as with Pundit Lab+. On the other hand, it gives other readings, such as velocity 

and time, which can then be input into the built-in calculator to calculate the modulus of 

elasticity and compressive strength. This arithmetic process increases the error rate due to 

rounded numbers and approximation conducted by the researcher in the calculations. Plus, 

the version used of the device requires a special shear gel between the transducers and the 

concrete surface to facilitate the reading. Although this gel is effective in eliminating the 

air voids between the concrete surface and the transducers, it is not 100% efficient in taking 

precise data. That is why a newer version of Pundit Lab was introduced with special 

transducers to test for the modulus of elasticity without the need for shear gel or a built-in 

calculator. 
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CHAPTER 6. CONCLUSIONS 

Utilizing recycled aggregates in concrete is proven to be beneficial. However, past 

studies mention the importance and criticality of investigating the general and physical 

properties of recycled aggregates before using it in concrete for structural applications. 

Long-term durability represents a major concern for promoting wide-scale use of recycled 

materials in civil engineering construction. Therefore, the current study was undertaken to 

evaluate the strength and durability of RAC under the impact of repeated W-D cycles, 

simulating degradation. Accordingly, two major parameters were evaluated in this study, 

which are the compressive strength and the modulus of elasticity, as they represent the 

main characteristics for assessing the quality of concrete. These two parameters were 

studied on prepared RAC specimens in two different phases: a 7-day curing phase and a 

28-day curing phase. Three specimens from each phase were tested as controls without 

subjecting to W-D cycles. The other specimens were then exposed to environmental 

degradation presented in this study in terms of W-D cycles. 

Additionally, the applicability and practicality of using a nondestructive ultrasonic 

pulse velocity test (the PUNDIT Lab method) for determining the modulus of elasticity 

and compressive strength of RAC were evaluated. Results from the nondestructive testing 

method were compared with the results obtained from conventional destructive testing. 

The specific conclusions are as follows: 
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1. A compressive strength value of 4684 psi (32.3 MPa) and an elastic modulus of 

elasticity value of 3,899,366 psi (26691.1 MPa) were obtained in this study using 

100% recycled coarse aggregates. 

2. Within the scope of this investigation, the number of applied W-D cycles on the 

new concrete mix appears to have minimal effect on the strength and modulus of 

elasticity of RAC compared to specimens not exposed to W-D cycles. 

3. A minimal reduction in average compressive strength and modulus of elasticity of 

the 7-day cured RAC specimens occurred by the end of 30 W-D cycles. Therefore, 

no noticeable degradation in the RAC mechanical properties was observed. 

4. During Phase 1, W-D cycles had an initial positive effect the specimens during the 

first 15 cycles, with a gain of more than 55% of its original strength. 

5. A slight reduction in average compressive strength and modulus of elasticity of the 

28-day cured RAC specimens occurred by the end of 15 W-D cycles. Again, no 

noticeable degradation in RAC mechanical properties was observed. 

6. For the 28-day cured specimens, a positive impact was also noticed during first five 

W-D cycles, as RAC gained an additional 7.4% of its strength. 

7. When dealing with RAC, the utilization of the nondestructive ultrasonic pulse 

velocity testing method (Pundit Lab) was practical and found to be useful.



 

 78 

CHAPTER 7. RECOMMENDATIONS 

Based on what was discussed and concluded from this study, the researcher recommends 

the following: 

1. Conducting this study again with several changes, including an increment in the 

number of W-D cycles in order to notice the decrement in RAC durability more 

clearly. 

2. It is essential to conduct further studies concerning the properties of RAC before 

utilizing it in different constructional applications. Properties such as fire 

endurance, durability, shrinkage, and absorption need to be carefully and 

extensively studied. 

3. The utilization of a newer version of PUNDIT Lab+ could be more accurate and 

beneficial as long as it gives direct readings of compressive strength without the 

need of calculations. Hence, the arithmetic errors of rounding and approximating 

numbers could be eliminated, resulting in more accurate results. 
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APPENDIX
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Appendix A. Compressive Strength Measured in PSI 

Sieve Analysis Data 

Table A.1: Trial of the First Aggregate Sample 

Sieve 
No. 

Sieve 
Opening 

(mm) 

Wt. of 
Retained 
Soil (g) % Retained % Cumulative % Finer 

0.75 19 0 0 0 100 
3/8 9.5 403.88 40.38840388 40.38840388 59.61159612 
4 4.75 564.67 56.46756468 96.85596856 3.14403144 
10 2 18.46 1.84601846 98.70198702 1.29801298 
20 0.85 0.47 0.04700047 98.74898749 1.25101251 
60 0.25 1.64 0.16400164 98.91298913 1.08701087 
140 0.106 2.6 0.2600026 99.17299173 0.82700827 
200 0.075 1.37 0.13700137 99.3099931 0.6900069 
pan 0 6.9 0.6900069 100 0 
Cu= 
1.80 SUM= 999.99    

 

Table A.2: Trial of the Second Aggregate Sample 

Sieve 
No. 

Sieve 
Opening 

(mm) 

Wt. of 
Retained 
Soil (g) % Retained % Cumulative % Finer 

0.75 19 0 0 0 100 
3/8 9.5 314.86 31.49229846 31.49229846 68.50770154 
4 4.75 654.27 65.44008802 96.93238648 3.067613523 
10 2 19.4 1.940388078 98.87277455 1.127225445 
20 0.85 0.23 0.023004601 98.89577916 1.104220844 
60 0.25 1.24 0.124024805 99.01980396 0.980196039 
140 0.106 2.33 0.233046609 99.25285057 0.74714943 
200 0.075 1.26 0.126025205 99.37887578 0.621124225 
pan 0 6.21 0.621124225 100 0 
Cu= 1.70 SUM= 999.8    
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Table A.3: Trial of the Third Aggregate Sample 

Sieve No. 

Sieve 
Opening 

(mm) 

Wt. of 
Retained 
Soil (g) % Retained % Cumulative % Finer 

0.75 19 0 0 0 100 
 3/8 9.5 359.92 36.04245944 36.04245944 63.95754056 
4 4.75 614.55 61.54115762 97.58361706 2.416382936 
10 2 13.75 1.376927699 98.96054476 1.039455237 
20 0.85 0.25 0.025035049 98.98557981 1.014420188 
60 0.25 1.19 0.119166834 99.10474665 0.895253355 
140 0.106 2.3 0.230322451 99.3350691 0.664930903 
200 0.075 1.17 0.11716403 99.45223313 0.547766874 
pan  0 5.47 0.547766874 100 0 
Cu=1.72 SUM 998.6    

 

7-Day Curing Experiment Data 

Table A.4: Zero W-D Cycles 

  Sample 1 Sample 2 Sample 3 
Weight (Kg) 3.5157 3.4657 3.42654 
Volume (m3) 0.00165 0.00165 0.00165 
Density kg/m3) 2130.727273 2100.424242 2076.690909 
Failure Load (Lb) 25000 25200 25150 
f'c psi) 1989.4 2006.369427 2002.388535 
Ec (lb/in2) 2542353.359 2553173.372 2550639.204 
Ec Pundit Lab (lb/in2) N/A N/A N/A 
f'c Equation (psi) N/A N/A N/A 

 

Table A.5: Five W-D Cycles 

  Sample 1 Sample 2 Sample 3 
Weight (Kg) 3.41676 3.44365 3.49856 
Volume (m3) 0.00165 0.00165 0.00165 
Density (kg/m3) 2070.763636 2087.060606 2120.339394 
Failure Load (Lb) 38000 40000 42500 
f'c (psi) Direct 3,025.50 3184.713376 3383.757962 
Ec (lb/in2) 3135259.08 3216696.094 3315694.44 
Ec Pundit Lab (lb/in2) N/A N/A N/A 
f'c Equation (psi) N/A N/A N/A 
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Table A.6: 10 W-D Cycles 

  Sample 1 Sample 2 Sample 3 
Weight (Kg) 3.44442 3.4234 3.4201 
Volume (m3) 0.00165 0.00165 0.00165 
Density (Kg/m3) 2087.527273 2074.787879 2072.787879 
Failure Load (Lb) 59,250 55,040 56,500 
f'c (psi) Direct 4,717.36 4,382.17 4,498.41 
Ec (lb/in2) 3914932.042 3773281.867 3822999.664 
Ec Pundit Lab (lb/in2) N/A N/A N/A 
f'c Equation (psi) N/A N/A N/A 

 

Table A.7: 30 W-D Cycles 

  Sample 1 Sample 2 Sample 3 
Weight (Kg) 3.45583 3.41503 3.41129 
Volume (m3) 0.00165 0.00165 0.00165 
Density (kg/m3) 2094 2070 2067 
Failure Load (Lb) 57,776 54,919 57,246 
f'c (psi) Direct 4600.034 4372.569 4557.794 
Ec (psi) 3865942.377 3769148.005 3848151.856 
Ec Pundit Lab (psi) 4149950.363 3747391.728 3849401.219 
f'c Equation (psi) 5300.735 4,322.24 4,560.75 
v -0.9 0.23 0.21 
% Error (direct-pundit) 13.21894039 -1.164512997 0.064901549 

 

28-Day Curing Experiment Data 

Table A.8: Zero W-D Cycles 

  Sample 1 Sample 2 Sample 3 
Weight (Kg) 3.54438 3.57351 3.522 
Volume (m3) 0.00165 0.00165 0.00165 
Density kg/m3) 2148.109091 2165.763636 2134.545455 
Failure Load (Lb) 54590 58900 63000 
f'c (kips) 4346.33758 4689.490446 5015.923567 
Ec (lb/in2) 3757825.275 3903351.695 4036921.558 
Ec Pundit Lab (lb/in2) 3849505.033 3998540.859 4155139.709 
f'c Equation (Kips) 4561 4921 5314 
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Table A.9: Five W-D Cycles 

  Sample 1 Sample 2 Sample 3 
Weight (Kg) 3.54164 3.51977 3.57525 
Volume (m3) 0.00165 0.00165 0.00165 
Density (kg/m3) 2146.448485 2133.193939 2166.818182 
Failure Load (Lb) 66200 57600 65730 
f'c (kips) Direct 5,270.70 4,585.99 5,233.28 
Ec (lb/in2) 4138176.696 3860035.312 4123460.628 
Ec Pundit Lab (lb/in2) 3953907.05 3776646.23 3668861.23 
f'c Equation (Kips) 4811.751604 4389.983609 4142.980217 
v  0.14 0.2 0.22 

 

Table A.10: 10 W-D Cycles 

  Sample 1 Sample 2 Sample 3 
Weight (Kg) 3.41031 3.39305 3.38524 
Volume (m3) 0.00165 0.00165 0.00165 
Density (Kg/m3) 2066.854545 2056.393939 2051.660606 
Failure Load (Lb) 68,130 59,290 60,950 
f'c (kips) Direct 5,424.36 4,720.54 4,852.71 
Ec (lb/in2) 4198065.694 3916253.185 3970698.309 
Ec Pundit Lab (lb/in2) 3871613.48 3723423.67 3761513.09 
f'c Equation (Kips) 4613.539839 4267.123369 4354.872492 
v 0.25 0.25 0.2 

 

Table A.11: 15 W-D Cycles 

  Sample 1 Sample 2 Sample 3 
Weight (Kg) 3.50845 3.4321 3.48747 
Volume (m3) 0.00165 0.00165 0.00165 
Density (Kg/m3) 2126.333333 2080.060606 2113.618182 
Failure Load (Lb) 61,400 61,200 51,840 
f'c (kips) Direct 4,888.54 4,872.61 4,127.39 
Ec (lb/in2) 3985329.386 3978833.328 3661951.031 
Ec Pundit Lab (lb/in2) 3871807.19 3723370.23 3761721.035 
f'c Equation (Kips) 4614.001513 4267.000883 4355.354 
v 0.28 0.21 0.23 
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