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Quarry by-products (QB), usually <1/4 in. (6 mm) in size, are the residual deposits from the production of required grades of aggregate. This paper provides findings of a detailed laboratory study with the objective of characterizing the engineering properties of QB materials produced in the primary, secondary, and tertiary aggregate production stages from four different quarries operating in Illinois. Property tests were conducted for determining aggregate gradation, morphological shape characteristics, compaction properties (moisture-density), chemical composition, and strength properties of QB samples. Since the unconfined compressive strength for QB materials is relatively low, chemical admixture stabilizers such as Portland cement and Class C fly ash were used to improve the strength properties. This study aims at evaluating properties governing the untreated and stabilized strength of QBs such as source variation, compacted density, chemical composition, gradation, particle shape and angularity, as well as the uniformity of distribution and the effectiveness of stabilizer. QB samples treated with 2% cement or 10% Class C fly ash by dry weight were found to be 10–30 times stronger than the virgin QB samples. Such significant increases in the strength of stabilized QB materials observed may indicate suitability of QBs for sustainable pavement applications.
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INTRODUCTION

During aggregate production, multiple aggregate quarry processes such as blasting, crushing, and screening of aggregates produce large amounts of by-product mineral fine materials, commonly known as Quarry By-products (QBs). During the crushing stages, QBs are generally produced in three stages: primary crushing, secondary crushing, and tertiary crushing (Petavratzi and Wilson, 2007). Common types of crushers used to produce crushed aggregate materials in the primary, secondary, and tertiary crushing stages include jaw crushers, cone crushers, gyratory crushers, and impact crushers. The quantity of fines (and QB) produced from each crusher type depends on the crushing stage and the operating conditions. Jaw crushers are normally utilized for the primary crushing. Cone crushers are widely used by crushed rock producers due to the relatively lower operational costs and low fines (QB) generation. Horizontal shaft impact crushers are more commonly used for processing softer materials such as limestone, while vertical shaft impact crushers have more capability of producing cubical aggregates needed for concrete production. With vertical impact crushers, the quantities of fines generated during aggregates production can be limited to acceptable levels if the right operation techniques are implemented (Tarmac Ltd. Partners, 2011).

QBs are typically <¼ in. (6 mm) in size and consist of mostly coarse, medium and fine sand particles, and a small amount of clay/silt fraction. Research conducted in the early 1990s showed that stockpiled fines comprised an average of approximately 12% of the total annual aggregate production of the surveyed companies (Kumar and Hudson, 1992). Hudson et al. (1997) stated that the stockpiling and disposal of aggregate by-products is a major problem facing the aggregate industry. According to the recent NCHRP Synthesis 435 (volume 4), and depending on the type of rock quarried, quarry by-products can be up to 25% of the total aggregate produced (Stroup-Gardiner and Wattenberg-Komas, 2013). A more recent industrial survey distributed to aggregate producers in the State of Illinois in 2013 showed that, among 42 respondents, 90% of the respondents are producing QBs. Among the quarries that produce QBs, 55% of the respondents produce a typical annual amount of QB >100,000 short tons; 26% between 25,000 and 100,000 tons, and 19% <25,000 tons (Mwumvaneza et al., 2015).

Hence, it would be of value to evaluate the properties of QBs and find potential application areas in the construction and rehabilitation of transportation infrastructure. A number of previous researches have focused on laboratory property testing of QBs. Kalcheff and Machemehl (1980) conducted particle size distribution test for different types of QBs. It was reported that screenings generally contain freshly fractured faces, have fairly uniform gradation, and contain fewer plastic fines. The particle distributions of the evaluated QBs followed a similar gradation trend, with particles smaller than sieve No. 200 (0.075 mm) ranging from 6 to 12%. Stokowski (1992) showed that QBs are enriched in CaCO3, SiO2, Al2O3, and Fe2O3 relative to MgCO3. As a result of this finding, QBs have lower specific gravity and are relatively soft because of calcite (CaCO3) and enrichment of clay minerals (SiO2, Al2O3, and Fe2O3).

According to Dumitru et al. (2001), mineralogical tests such as X-ray diffraction analysis should be conducted to determine the compositions of secondary minerals and to quantify amounts of harmful content that can be detrimental in some applications. Petavratzi and Wilson (2007) concluded that QBs are composed of the same mineral substances as the soil and solid rock from which they are derived, and they are usually inert or non-hazardous. Puppala et al. (2008) reported the plasticity index properties of QBs and also concluded that the compressive strength of untreated (virgin) QBs can be very low. Puppala et al. (2012) conducted one-dimensional vertical free-swelling test of QB. In their study, the QBs were found to be of moderately swelling potential. Mwumvaneza et al. (2015) conducted the unconfined compressive strength test of QBs and found the strength to be relatively low.

Based on laboratory testing results, some researchers utilized chemical stabilization for improving strength of QBs; and based on their findings, different field applications for QBs were recommended. According to Kalcheff and Machemehl (1980), stabilization of QBs with cement developed relatively high rigidity with a small amount of Portland cement compared with granular soil–cement stabilization. The use of low-cement content has the advantage of decreasing the shrinkage cracking. In 1992, Kumar and Hudson examined the unconfined compressive strength, tensile modulus of elasticity, and Poisson's ratio of cement-treated QB. Their study concluded that stabilizing QBs with cement could produce the adequate compressive strength, modulus of elasticity, and tensile strength required for subbase material. They proposed base course material additive, flowable fill, under slab granular fill, and cement-stabilized subbase/base layers as possible pavement applications of QBs. According to the results presented in the study by Wood and Marek (1995), using 3% cement, 8% fly ash, and 89% QBs resulted in a flowable fill with adequate performance.

McClellan et al. (2002) reported engineering backfill as a potential area of QB material use, which was evaluated based on particle size distribution, moisture content, and mineralogy of by-products representing a variety of limestone and dolomitic QB. Naik et al. (2005) examined the use of QBs in Self-Consolidating Concrete (SCC). They found that the addition of QBs minimized the addition of the admixture without reducing the strength of the SCC. Puppala et al. (2008) reported that the addition of 2.3% cement increased the unconfined compressive strength to 174 psi (1,200 kPa). It was concluded that the strength and resilient modulus of the cement-treated QB are similar to those of sandy material with very few fines. Following the laboratory assessment of QBs, field performance tests were also conducted with QBs used as subbase/base material on expansive subgrade treated with lime (Puppala et al., 2012), where no substantial changes in the surface deformation profile were observed during the experimental testing. Lohani et al. (2012) found that the replacement of sand with QBs in concrete improved the properties of the mixture since QBs improved the pozzolanic reaction, micro aggregate filling, and concrete durability. Recently, Qamhia et al. (2018, 2019) utilized aggregate QBs in sustainable pavement applications as a filler material in the voids of large aggregate subgrade rocks and as a stabilized base/subbase material in flexible pavement, and reported satisfactory performance trends from accelerated pavement testing.



PROBLEM STATEMENT AND OBJECTIVES

Large amount of non-hazardous QB materials are produced each year during various crushing stages and stockpiled over time in quarries. There exists potential for various construction application of QBs given having a good understanding of how these QBs behave alone and with proper stabilizers. Previous studies on QBs have provided many useful background information and insights. However, it is generally agreed that the properties of QBs could not be easily generalized because of the natural variability of parent rock and the different crushing technologies employed (Wood, 1995; Manning, 2004; Stroup-Gardiner and Wattenberg-Komas, 2013).

The main goal of this research is to evaluate physical and engineering properties of wide range of QBs from different sources and different crushing stages in Illinois and identify most feasible paving applications according to laboratory testing results.

To address the research objectives, a thorough laboratory characterization was conducted; which included determining the engineering properties as well as the chemical and compositional characteristics of QBs received from four quarries in Illinois and sampled from multiple crushing stages. Both 2% Portland cement and 10% Class C fly ash were used as stabilizers to investigate trends in strength improvement. Chemical admixture stabilization improvements of representative QB samples were evaluated to provide recommendations for potential sustainable QB applications. Effect of density, gradation, as well as chemical composition on the unconfined compressive strength of stabilized QB was also evaluated.



MATERIALS AND EXPERIMENTAL PLAN

For simplicity, the QBs used in this study, which were received from four different quarries in the State of Illinois will be referred to as Quarry 1–Quarry 4, or Q1–Q4 for short. Two batches of QB samples were collected from Quarry 1 near the Chicago area and were sampled within a 5-month period. The laboratory testing results for the two batches of materials from Quarry 1 were presented in a recent paper by Mwumvaneza et al. (2015). In this paper, only the average values of the two batches of Quarry 1 are presented. After the first round of the experimental program was completed for the samples collected from Quarry 1, additional QB samples were collected from three other quarries (see Table 1). All four quarries generate large quantities of QB annually and are located in different regions of Illinois, in order to evaluate variability in engineering properties of QB from different geological origins and production techniques to better represent QB materials from all across Illinois.


Table 1. Quarry by-products sources and samples.
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In general, the three crushing and screening stages utilized in quarries (primary, secondary, and tertiary) can produce QBs along with the main aggregate products meeting specifications of various applications. The materials were sampled from three main crushing/screening stages when they were active and contributing to the aggregate production. The materials collected from Quarries 1 and 2 included all three stages however, samples were only collected from the primary and tertiary stages from Quarries 3 and 4 because only two crushing stages were utilized on site at these two locations.

The scope of the experimental program included sieve analysis, moisture density relationship, imaging-based aggregate shape property testing, Modified Methylene Blue (MMB), Atterberg limits, and Unconfined Compressive Strength (UCS) characteristics of QB samples collected from the crushing stages shown previously in Table 1. In addition, X-Ray Fluorescence (XRF) technique was also utilized for evaluating chemical composition of QB samples. Both Portland cement and Class C fly ash treated QB samples were also evaluated by standard Proctor test and UCS test. A summary of the experimental framework is illustrated in Table 2.


Table 2. Experimental plan.
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RESULTS AND DISCUSSION


Untreated Quarry By-Products
 
Grain Size Distribution, Atterberg Limits, and Soil Classification

Owing to the variety of parent rock types, and different crushers and technologies used in the aggregate production stages, the particle size of aggregate by-products may differ from one another. To quantify these differences, grain size distributions were determined by laboratory dry sieve analysis according to the ASTM C136 method (ASTM International, 2014). Quarry by-products were compared based on the quarry locations and crushing stages. Figure 1 shows gradation results for all the QB samples obtained from the four quarries also indicating the crushing stages. The aggregate by-products from Quarries 1–3 have a nominal maximum size of 4.75 mm (No. 4 sieve size). About 2% of the aggregate by-products sampled from Quarry 4 tertiary crusher were found to be slightly larger than 4.75 mm. The percentages of particles finer than 0.075 mm (No. 200 sieve) range from 7 to 15% for all quarry samples. Note that all the aggregate by-products follow a well-graded type of gradation curve except for the QB sample obtained from the tertiary production stage of Quarry 3.


[image: Figure 1]
FIGURE 1. Particle size distributions of quarry by-products from all four quarry locations.


Clay contents of the aggregate by-products were determined from a Modified Methylene Blue (MMB) test, which is a quick assessment method of the amount of harmful clay in the fines portion of the aggregates (Pitre, 2012). For the two batches collected from Quarry 1, almost similar clay contents were observed, and an average was taken to represent the clay content for those samples. Harmful clay contents for samples from Quarries 1 through 4 are summarized in Table 3.


Table 3. Harmful clay content and USCS classification of quarry by-products sampled from quarries 1–4.
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In general, harmful clay content comprised < ~3% of fines in the QB samples. There were some variations between quarries and within quarries. For example, the harmful clay contents of Quarry 1 samples were lower than those of the samples collected from the other three quarries. Slightly higher clay content was observed in QBs from the primary crushing stage except for Quarry 3, where higher clay contents were observed from samples collected during the tertiary crushing stage. The higher clay content in QBs from the primary crushing stage is possibly the result of weathered rock or overburden material, which are more likely to be found in the quarried rocks in the primary crusher.

Atterberg limit tests were performed in accordance with the ASTM D4318 method (ASTM International, 2017a). All QB samples from the four quarries and from different crushing stages were found to be non-plastic. This indicates that QB samples had a low moisture affinity and a low shrink-swell potential.

Based on the American Association of State Highway and Transportation Officials (AASHTO) Soil Classification System, all the QB samples were classified as A-2-4, which represented silty gravel and sand. Based on the Unified Soil Classification System (USCS), the QB samples were mostly well graded sands (SW) or silty sands as shown in Table 3. Classification of silty sand (SM) in general indicates that the percentage of fine materials passing sieve No. 200 was often >12%. Typically, the primary crusher QB samples from Quarries 1–3 produced less fines compared with the secondary and tertiary crusher materials.



Morphological Shape Properties

Aggregate particle shape and angularity were studied using an aggregate image analysis system, known as the Enhanced University of Illinois Aggregate Image Analyzer (E-UIAIA). The E-UIAIA is equipped with three high-resolution (1292 × 964 pixels) charge-coupled device progressive-scan color cameras to capture three orthogonal views (front, top, and side) of individual particles to establish the morphological indices of aggregate particle shape, texture, and angularity. More details on the features of the E-UIAIA can be found elsewhere (Moaveni et al., 2013). Figure 2 shows the E-UIAIA and an example of the three orthogonal views of a particle captured by the camera system.


[image: Figure 2]
FIGURE 2. E-UIAIA and the particle front, top, and side views captured (Moaveni et al., 2013).


The Flat and Elongated (F&E) ratio and Angularity Index (AI) were the key image-based indices—measured with the E-UIAIA—for determining the particle shape properties of the different QBs from the different quarries and crushing stages. Approximately 50 particles retained on the No. 8 (2.38 mm) sieve were scanned for QBs from each crushing stage from each quarry to determine trends in particle shape. Average AI values and average F&E ratios for QB materials are presented in Table 4. QB samples from the primary crushers generally tended to have lower AI values indicating the least angular particles, except for Quarry 3. The samples from the secondary crusher had slightly higher value than the samples from the tertiary crusher. These findings supported the visual assessment that primary QB samples appeared to have more round particles than the secondary and tertiary QB samples. Another trend observed was that QB from the primary crusher had the lowest F&E ratio and that QB from the secondary and tertiary crushers had very close F&E ratios. These findings indicated that particles from the primary crusher were more cubical and therefore may have better resistance to breakage. Another observation is that QB samples from Quarry 1 tended to be more angular when compared with samples from the other three quarries. Detailed distributions of shape indices for all the particles scanned by the E-UIAIA are presented in Figure 3. Like the grain size distribution concept, Figure 3 presents the cumulative percent of QB vs. certain shape index from different crushing stages and quarries.


Table 4. Shape properties of quarry by-products sampled from quarries 1–4.
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[image: Figure 3]
FIGURE 3. Angularity index and F&E ratio distributions of quarry by-products sampled from quarries 1–4.




Standard Proctor Test

In accordance with ASTM D698 (ASTM International, 2012), the moisture-density compaction characteristics of the virgin QB samples from the four quarries sampled in this study were evaluated; the results are summarized in Table 5. For all QBs from different quarry locations, the Optimum Moisture Contents (OMC) from standard Proctor tests ranged from 7.9 to 10.4%, whereas the Maximum Dry Densities (MDD) ranged from 129.7 to 142.1 pcf (20.4–22.3 kN/m3). In general, the MDD and OMC pairs varied from one quarry location to another. While there was no unique trend for the variation of OMC, for all quarry locations, higher maximum dry density values were observed in QBs from the primary crushing stages.


Table 5. Optimum moisture contents and maximum dry densities of quarry by-products sampled from quarries 1–4.

[image: Table 5]



Unconfined Compressive Strength Test

Unconfined Compressive Strength (UCS) tests were performed on the QB samples from all four quarries. The samples prepared for UCS testing were compacted at the OMC and MDD obtained from the moisture-density characteristics of virgin QB materials. The UCS specimens were compacted in a split mold into cylindrical specimens in three equal lifts using the standard Proctor hammer for compaction. The final specimens were 2.8 in. (71 mm) in diameter by 5.6 in. (142 mm) high. All samples were then cured unsealed in a moisture-controlled room at 100% relative humidity and at room temperature for 7 days. Samples were prepared and tested in accordance with the ASTM D2166 method (ASTM International, 2016). For each QB material obtained from a certain crushing stage, two samples were prepared to conduct UCS tests.

In Figure 4, UCS values are presented with the maximum densities obtained from the standard Proctor tests. Note that all QB samples generally exhibited low UCS values. The average UCS values for the QB materials from Quarry 1 decreased in an orderly fashion in different crushing stages. For samples from Quarry 2, the UCS values decreased from the primary crusher QB to the secondary crusher QB but then increased for the tertiary crusher QB. For samples from Quarry 3, the UCS values also decreased from the primary crusher QB to the tertiary crusher QB. For samples from Quarry 4, the UCS values for both the primary and tertiary crushing stages were the same with an average value of 8.1 psi (55.8 kPa).


[image: Figure 4]
FIGURE 4. Unconfined compressive strengths and maximum dry densities obtained for virgin QB materials from quarries 1–4.


In addition, a clear trend can be seen between UCS and the maximum dry densities obtained: for samples from the same quarry source, the higher the maximum dry density, the larger the UCS was achieved. This emphasizes the importance of particle size distribution and packing on performance; and therefore, good compaction in the field is required if QB samples are to be used in future pavement applications. Overall however, the compressive strength values of the QB materials were low, thus indicating the need for improvement through stabilization depending on the strength requirements for various highway construction applications.




Stabilization of Quarry By-Products

To increase the strength properties of the QB samples, chemical stabilizers were chosen. While chemical stabilization of soil and aggregates improves their physical and engineering properties, this process depends heavily on the chemical reaction between soil/aggregates and the stabilizers. It is therefore important to choose the right stabilizers to effectively improve the strength. The rationale behind the selection of stabilizers is to obtain maximum strength gain with lowest cost and environmental impact.

According to the previous research study on similar materials, stabilization using low-cement contents appeared to be a cost-effective alternative successfully used in stabilizing quarry by-products. In addition, lower cement content has the benefit of reducing shrinkage potential of cemented materials. Therefore, two percent (2%) Type I Portland cement by the oven-dry weight of the aggregate by-products was used as the first stabilizer in the laboratory. The second choice was fly ash, a by-product of a different industry. Like cement, Class C fly ash possesses cementitious and pozzolanic properties that do not depend on the reaction with clay particles to develop strength. Initial trials of 5 and 10% of Class C fly ash were conducted to determine the proper stabilizer amount and effectiveness. The results of initial trials were presented in a previous publication (Tutumluer et al., 2015). Based on initial trials, the percentage of Class C fly ash used in this study was 10% by the oven-dry weight of the aggregate by-products. The Class C fly ash material conformed to ASTM C618 (ASTM International, 2019b) and AASHTO M295 (ASTM International, 2019a) standards.


Standard Proctor Tests on Stabilized Quarry By-Products

The compaction properties of the cement and Class C fly ash stabilized QB materials were determined as per the ASTM D558 method (ASTM International, 2011). The MDDs and OMCs determined are listed in Table 6. Note that for the 2% cement-treated quarry by-products the OMCs ranged from 6.6 to 9.9% and for the 10% Class C fly ash–treated aggregate by-products, the OMCs ranged from 7 to 8.3%. No clear trend could be established on the effect of quarry location and crushing stage on the MDD and OMC values.


Table 6. Optimum moisture contents and maximum dry densities of stabilized quarry by-products sampled from quarries 1–4.

[image: Table 6]

In general, smaller values of OMC and larger values of maximum dry density were observed for the 10% Class C fly ash-treated QB materials when compared to the 2% cement-treated QBs. Such a difference in the characteristics of aggregate by-products stabilized with Portland cement and Class C fly ash was attributed to the differing amounts of the free lime that each stabilizer contributed during the flocculation and agglomeration phase of the QB treatment.



Unconfined Compressive Tests on Stabilized Quarry By-Products

Unconfined Compressive Strength (UCS) tests were also conducted on the stabilized QB materials to evaluate the benefits of chemical admixture treatment and demonstrate how treated samples of weak soils could be improved to achieve the desired strength.

The maximum dry density and the OMC data obtained from the moisture-density characteristics of treated quarry by-products were used to prepare samples for the UCS tests. Specimens were prepared as per ASTM D1632 and ASTM D1633 for QB materials treated with each of the two stabilizers (ASTM International, 2017b,c). Significant strength increases were reported for the Quarry 1 QB specimens treated with the two stabilizers in an earlier published study (Mwumvaneza et al., 2015). In this paper, new results for QB materials from Quarries 2–4, together with old results for QB materials from Quarry 1 are presented. For these samples, two specimens from each crushing stage were prepared and tested. All the samples treated with admixtures were cured in a moisture-controlled environment for 7 days at room temperature at 100% humidity. Before UCS testing, all the stabilized samples were soaked for 4 h to evaluate the effects of a harsh, moist environment on strength properties.

Table 7 lists the average UCS values obtained for all of the QB samples collected from the four quarries at different crushing stages. Significant strength improvements could be achieved with proper admixture treatment. Note that virgin (untreated) aggregate by-products had very low UCS values, with an average of <11 psi (76 kPa). When 10% Class C fly ash was used, strength gains were ~20–30 times of the original untreated samples. The highest strength values were achieved with 10% fly ash in Quarry 1 samples (more than 300 psi/2,068 kPa), whereas other quarry samples had relatively lower strength values achieved of around 100–300 psi (689–2,068 kPa). On average, the 2% cement-treated QB specimens from all four quarries and crushing stages had consistently high UCS values above 200 psi (1,379 kPa). Virgin QB samples were strengthened by more than 20 times the initial strength by adding 2% cement. Approximately similar gains were achieved by 2% cement and 10% Class C fly ash treatment of QB samples.


Table 7. Average UCS for virgin QB materials and stabilized QB materials with 2% cement and 10% class C fly ash.

[image: Table 7]



Factors Affecting Unconfined Compressive Strength of Stabilized Quarry By-Products
 
Dry density achieved

Despite the fact that both 2% cement-treated and 10% Class C fly ash–treated QB materials can reach significantly high strength values compared with virgin materials; differences were observed in the stabilized samples. Figure 5 shows that the fly ash treatment resulted in the highest strength gains for all the QB samples from Quarry 1. However, for all samples from the other quarries, fly ash treatment was less effective than the cement treatment. One possible reason is that materials with 10% Class C fly ash treatment from Quarry 1 achieved significantly higher maximum dry densities when compared to the 2% cement treatment, while the stabilized QB materials from the other quarries did not show such large differences in maximum dry density (see Figure 5). Higher density indicates better compaction/packing and higher strengths, which was certainly the case for the rapid nature of tricalcium aluminate (C3A) reaction taking place in this self-cementing 10% Class C fly ash.


[image: Figure 5]
FIGURE 5. Unconfined compressive strengths and maximum dry densities obtained for 2% cement-treated and 10% Class C fly ash-treated QB materials.


Accordingly, one possible reason that would affect the strength properties of stabilized QB samples can be the compaction and density achieved. To take a closer look at the UCS results, strength properties of the QB samples from the same quarry can be related to the densities achieved (six out of the 10 materials). For example, materials with 10% Class C fly ash treatment from Quarry 1 achieved higher maximum dry density than that achieved by the 2% cement treatment, which resulted in higher compressive strength of Class C fly ash treated materials. Similarly, materials from Quarry 2 primary and tertiary crushers treated with 2% cement achieved higher maximum dry densities and higher compressive strengths when compared to those treated with 10% Class C fly ash. Also, Quarry 3 tertiary crusher materials treated with 2% cement and 10% Class C fly ash achieved approximately the same maximum dry density and compressive strength characteristics. However, for the other four materials tested, such as those from secondary crusher from Quarry 2, primary crusher from Quarry 3, and primary and tertiary crushers from Quarry 4, the achieved maximum dry density trends did not correlate well with the compressive strength characteristics, which indicates that unlike virgin QB samples, whose strength mainly depends on density achieved, there are other governing factors affecting the strength properties of stabilized QB.



Gradation and packing

Another possible factor contributing to the strength of stabilized QB can be the gradation trend and its effect on particle packing. To address the gradation and particle packing concerns, laboratory tests were conducted to determine the effect of QB grain size distribution on the unconfined compressive strength of cement and Class C fly ash stabilized QB. The QBs from Quarry 3 were size separated and engineered to match certain gradation curves that are power exponents of the ratio of the sieve size to the maximum particle size according to the Fuller curve, also commonly known as the Talbot equation: [image: image], where pi is the percentage passing the ith sieve, Di is the ith sieve size in mm, Dmax is the maximum sieve size and is taken to be the No. 4 sieve for sampled QB, and “n” is power exponent of the curve. The “n” values considered in this study were 0.3, 0.4, 0.45, 0.5, and 0.6, to obtain five different gradation curves as shown in Figure 6A.


[image: Figure 6]
FIGURE 6. Quarry 3 stabilized QB sample engineered gradations (A) and UCS properties (B) according to Fuller power curve (Talbot equation).


In order to compare the gradation and packing effect, densities and moisture contents for each engineered gradation were set the same as the maximum density and optimum water content for the original gradation obtained from standard Proctor test. Densities achieved were 132.1 pcf (20.7 kN/m3) and 133.5 pcf (21.0 kN/m3) for cement and fly ash stabilized QB samples, respectively. Water contents targeted were 9.2% and 9.4% for cement- and fly ash-stabilized QB samples, respectively. Three replicates were tested for each engineered gradation. More details about this study can be found elsewhere (Qamhia et al., 2016). Accordingly, stabilized QB samples from Quarry 3 had varying strength properties at different engineered gradations. The engineered gradation with the power term “n” equals to 0.45 led to the highest UCS for both the 2% cement and 10% Class C fly ash treatment (see Figure 6B).

The virgin QB gradations from quarries 1–4 were then checked with the engineered gradations for the “n” power values of 0.3, 0.4, 0.45, 0.5, and 0.6 to explain some of the behaviors of stabilized QB strength in this study. As stated previously, four out of the 10 materials, i.e., the secondary crusher from Quarry 2, primary crusher from Quarry 3, and the primary and tertiary crushers from Quarry 4, did not exhibit strong correlations between density and strength. For the QB material from the Quarry 3 primary crusher, this can be explained since the QB gradation curve is close to n = 0.6 power curve. Therefore, possible explanations for a lower strength of the fly ash treated materials are insufficient packing and relatively larger particle sizes diminishing the effectiveness of the fly ash reaction with QB particles. In addition, the secondary crusher QB material from Quarry 2 had higher strength compared with the primary crusher and tertiary crusher QB materials even though the secondary crusher QB material had the lowest density achieved. One possible reason for this is due to a better packing of the secondary crusher QB materials from Quarry 2 since its gradation is very close to the n = 0.45 maximum density gradation curve.



Effectiveness of stabilizer

Effectiveness of the stabilizer can be another factor that affects the strength of stabilized QBs. Note that QB materials from Quarry 1 were tested and characterized for engineering properties first, and then, the rest of the QB materials from the other 3 quarries were tested 10 months later. Class C fly ash has a shelf life that depends on storage conditions, and the effectiveness of fly ash is reduced with time as it hydrates in damp conditions. As a result, the free lime in Class C fly ash decreases over time and the cement hydration process for QB samples from quarries 2–4 is less effective than for QB samples from quarry 1. This may explain the reduction in the strength gains with three of the QB materials tested afterwards. Thus, it is expected that fly ash was highly reactive when QB materials from Quarry 1 were tested and the strength gains with 10% Class C fly ash were possibly higher than those for the 2% cement treated samples as well as the other QB materials stabilized with 10% Class C fly ash.



Chemical composition of QB

Another factor that controls the effectiveness of stabilization is the chemical composition of QB. The cementitious and pozzolanic reactions are the major causes of strength increase, which depends highly on the properties of soils and stabilizers. In this study, X-Ray Fluorescence (XRF) technique was utilized to determine the chemical composition of the tested QB materials. XRF is a non-destructive analytical technique to determine the elemental composition of QB materials. The chemical composition results are shown in Table 8. Note that components <1% by composition of QB samples are omitted here.


Table 8. Chemical composition of quarry by-products sampled from quarries 1–4.

[image: Table 8]

As seen in Table 8, QB samples from the same quarry usually have similar chemical composition since they are composed of the same mineral substances as the parent aggregates from which they are derived. To be more specific, CaO is the major component for QBs from all four quarries. When comparing the percentage of MgO and SiO2, it can be seen that QBs from Quarry 2 and Quarry 3 primary crusher have higher amount of SiO2; QBs from Quarry 1 have higher amount of MgO; while QBs from Quarry 3 have least amount of MgO. However, there still might be substantial differences in composition among different crushing stages due to production processes and weathering condition due to storage of QBs. QBs from primary and tertiary crushers from Quarry 3 are quite different in composition. For example, QB from Quarry 3 primary crusher has significantly lower CaO content, significantly higher SiO2 content compared with QB from tertiary crusher, and also the highest amount of Al2O3 among all samples. This might explain why QBs from Quarry 3 primary and tertiary crushers exhibit such different strength behaviors. Unlike all the other samples from Quarries 1, 2, 4, where primary crusher has more strength gain than tertiary crusher, QBs from Quarry 3 primary crushers gains less strength during stabilization. This is probably due to higher CaO amount in QB from tertiary crusher, which accelerates the cement hydration process in the 7-day testing period. Similarly, QBs from Quarry 4 are rich in CaO, which exhibits the largest strength gain during cement stabilization. In terms of long-term strength gain, it is expected that QBs consisting higher amount of SiO2 and Al2O3 tend to gain more strength with pozzolanic reaction.

In conclusion, on the basis of the UCS measurements, both 2% cement and 10% Class C fly ash were shown to be effective stabilizers that can be used with the aggregate by-products for strength improvement. For the virgin QB samples, it appears that density is the main factor governing the strength of QB such that high densities correlate to high UCS values for all four quarry materials. On the other hand, for stabilized QB materials, several other factors may control strength, including density, gradation and packing, particle shape and angularity, chemical composition of QB samples as well as the effectiveness of stabilizer.






SUMMARY AND CONCLUSIONS

This paper presents findings of the Illinois Center for Transportation study on Quarry By-products (QBs), the residual deposits from the production of required grades of aggregate. The objectives of this study were to determine the material properties of aggregate by-products through laboratory testing and materials characterization, and to evaluate the feasibility of using QBs in various pavement applications. A full matrix of laboratory tests i.e., modified methylene blue, dry sieve analysis, moisture density, Atterberg limits, shape properties, XRF, and unconfined compressive strength were performed to explore the feasibility of using QB in pavement applications as an area that can consume higher amounts of QB. The performed tests also helped to evaluate and distinguish QB samples collected from the primary, secondary, and tertiary crushing stages. The overall strength properties of QBs from all the four quarries were found to be low. Accordingly, chemical admixture stabilization alternatives using Portland cement and Class C fly ash were studied as means to improve the strength and durability characteristics of QBs. For that evaluation, moisture density and UCS tests were conducted on treated QB samples. The addition of cement and fly ash considerably increased the strength properties. Several factors that affect the strength property of stabilized QB samples were discussed and evaluated, including density, gradation and packing, chemical composition, and the effectiveness of stabilizers.

Based on the research findings, the following conclusions can be drawn from the study:

1. According to Unified Soil Classification System (USCS), the QB samples collected from four different quarries in Illinois were determined to be primarily silt and sand-sized particles.

2. The QB samples obtained from all quarry locations were essentially non-plastic.

3. QB samples from the three crushing stages showed similar trends in strength characteristics. In general, all the samples obtained from the four quarries with different geological locations in Illinois exhibited low UCS values (<11 psi/76 kPa). The UCS results of virgin QBs were directly proportional to the maximum dry densities obtained from standard Proctor tests.

4. Significant increases in UCS values were achieved for QB samples treated with stabilizers (i.e., 2% Portland cement and 10% Class C fly ash). Based on the strength gains observed, it was determined that the use of the 10% Class C fly ash could be the most effective, considering both the environmental and economic aspects of aggregate by-product stabilization. The 10% Class C fly ash–treated materials could achieve UCS values as high as 340 psi (2,344 kPa) and no lower than 100 psi (689 kPa) for all the QBs tested.

5. The study on the effect of packing and grain size distribution on UCS of QB showed that gradation is one of the main factors controlling the strength of cement and Class C fly ash stabilized QB. The highest UCS values were obtained for gradation curves with a power term “n” equals to 0.45 in the Talbot equation (Fuller gradation curve with “n” equals to 0.45) for both the 2% cement and 10% Class C fly ash treatment.

6. The XRF test on QB showed that chemical composition is another main factor contributing to the strength of the stabilized QB. Further investigation of detailed correlation between chemical composition and strength is needed.

The use of QB materials with fly ash stabilization can provide opportunities to develop sustainable pavement construction strategies. Fly ash is a by-product of coal-burning plants, and using Class C fly ash as an admixture for treating aggregate by-products can be a more cost-effective option for sustainable pavement applications. While the 7-day gain in UCS values is promising, further investigation of the chemical properties of stabilized QB mixes is needed. Recommendations for future work include investigating the 28-day compressive strength properties for stabilized QB mixes, testing more QB sources with different parent materials and geological origins, and testing the dynamic properties of these QB materials with repeated load triaxial testing. Further, field validation is recommended for the full assessment of the performance of the treated QB materials in sustainable pavement applications.
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Quarry Crushing stage Optimum moisture (%) Maximum dry density

KN/m? (pef)
2% Cement-treated
1 Primary* 96 217 (187.9)
Secondary” 92 213(135.9)
Tertiary* 929 21.3 (135.4)
2 Primary 78 213(185.7)
Secondary 78 209(132.8)
Tertiary 84 21.4(136.0)
3 Primary 9.4 206(131.2)
Tertiary 91 209(133.0)
4 Primary 66 213(135.4)
Tertiary 87 209(132.8)
10% Class C fly ash-treated
1 Primary* 70 225 (143.0)
Secondary’ 83 220 (140.1)
Tertiary* 80 222 (141.2)
2 Primary 78 21.1(134.4)
Secondary 77 21.4 (136.3)
Tertiary 80 21.1(184.6)
3 Primary 82 210(133.9)
Tertiary 78 20.9 (133.1)
4 Primary 72 218(139.0)
Tertiary 78 213(135.6)

*Moisture-density test is conducted on first batch.
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Virgin materials

Quarry Crushing stage  Optimum moisture (%) Maximum dry density

KN/m? (pef)

1 Primary* 9.0 22.3(142.1)
Secondary’ 86 21.8(138.6)

Tertiary* 104 21.0(183.9)

2 Primary 9.1 21.3(135.3)
Secondary 10.4 207 (132.0)

Tertiary 86 213(185.4)

3 Primary 97 209 (133.0)
Tertiary 9.2 20.4(129.7)

4 Primary 79 21.4(136.3)
Tertiary 87 21.0(133.8)

*Average values of the two batches.
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Quarry Crushing stage Average UCS kPa (psi)

Virgin 2% cement 10% Class C fly ash

treated treated
1 Primary 724(1050) 1392.7(202)  2,269.1(332)
Secondary 60.5(8.78) 1,468.6 (213) 2,302.8 (334)
Tertiary 27.1(393) 1,413.4(205)  2,364.9(343)
2 Primary 61.6(893) 1,7513(254)  1,892.7 (202)
Secondary 302(4.38) 1,8616(270)  1,330.7 (193)
Tertiary 442(6.41) 1,503.1(218)  1,054.9(153)
3 Primary 347(508) 1,261.7(183) 696.4 (101)
Tertiary 20.1(2.92) 1,482.4(215)  1,413.4(205)
4 Primary 560(8.12) 2682.1(3889)  2,047.7(207)

Tertiary 56.0(8.12) 1,9788(287)  1,613.4(234)
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Quarry  Crushingstage  Angularityindex  Flat & elongated (F&E)

(A ratio
1 Primary 483.9 23
Secondary 522.4 34
Tertiary 5238 35
2 Primary 436.7 2.1
Secondary 4812 24
Tertiary 470.4 24
3 Primary 4725 22
Tertiary 466.8 241
4 Primary 4555 23

Tertiary 483.0 27
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