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EXECUTIVE SUMMARY 

 
 
 The capability to characterize grain size in a fast, accurate, and reliable way will lead to 
significant improvements in the production of lower-cost, higher-quality unbound aggregate, 
portland cement concrete, and asphalt concrete. The objective of this research project is to 
develop a prototype method or procedure for rapid measurement of aggregate grading that would 
be suitable for scanning aggregates on a production line. The approach we are taking to develop 
this tool is outlined in this interim report, which contains: 

• 
• 
• 

• 

• 

A very brief overview of the aggregate industry, to identify potential applications. 
A discussion of typical plant layouts, to identify potential sampling locations. 
A thorough review of six potential technologies that could be used to rapidly determine 
particle size. 
A formal decision analysis to rank the technologies that are most likely to yield the 
desired operational characteristics. Digital image analysis and laser profiling appear to be 
equally promising and worthy of additional study. 
A discussion of our current thinking on how to configure the scanning equipment. By 
considering innovative methods for presenting aggregate particles to the scanning sensor, 
the opportunity exists for advancing this technology. 

 
 In the immediate future, we plan to study the feasibility of both digital image analysis 
and laser profiling for grading aggregates. Specifically, the activities we plan to pursue over the 
next several months include: 
 
1. Conduct a limited, independent evaluation of three commercial particle-sizing machines that 

all use digital image analysis. We are not planning a comprehensive effort to evaluate the 
accuracy and reliability of these devices. Rather, the primary objective is to determine the 
operational characteristics and limitations of these machines, and to identify potential areas 
for improvement. We are working to obtain access to these testing machines at other 
laboratories or through a rental arrangement. 

 
2. Perform preliminary tests using a laser profiler. While this approach shows considerable 

promise, it is not clear that scanning equipment currently on the market has the operational 
characteristics needed for this application. We have located one scanner that may work, but 
laboratory evaluation is clearly needed. 

 
3. We will begin constructing a laboratory test bed that can be used to test different scanning 

sensors. We are planning to assemble a horizontal trolley that can be used to move a scanner 
back and forth over aggregates spread out on a table. This provides a facsimile of an 
arrangement where the aggregate material is moving in front of a fixed scanner, but allows us 
to vary the equipment configuration (such as scanning rate) while repeatedly scanning the 
same test material. 
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Review of Industrial Applications 
 
 This interim report begins with a brief overview of the aggregate industry, including 
portland cement concrete and hot-mix asphalt production plants. Published data on the size of 
these industries were compiled to permit some consideration for the potential market and impact 
of a rapid grading device.  
 
 More importantly, layouts of the equipment in typical aggregate plants were studied to 
determine optimal locations to obtain aggregate samples for automatic scanning. It would appear 
that the best sampling locations are: 

•
•
 after final screening where unbound aggregates are sent to sorted stockpiles, and 
 where sorted aggregates are fed to a mix plant, either from stockpiles or charge bins, just 

before mixing to produce the final product.   
Samples obtained for grading at these locations are already sorted into relatively narrow size 
ranges, such that a grading machine would not have to scan particles over a very wide range of 
grain size. This is very advantageous to the design of rapid gradation equipment, because a given 
scanner could be optimized to grade particles in a designated size range. Furthermore, these two 
sampling locations would yield data that could be conceivably used for real-time quality 
assurance and control of the plant production. That is, the end product from a sorting plant could 
be checked to identify problems in the plant operation. Also, scanning the material before it is 
mixed in a batch plant would allow for real-time adjustments to the mix proportions to achieve 
better control of the final grain size distribution. 
 
 We have also considered the range of grain size that might need to be characterized using 
a rapid grading device. It appears that almost all construction aggregates fall within the range of 
0.075 mm (#200 sieve) to 100 mm (4 inch). However, we have decided to focus our work on 
scanning material in the 0.075 mm (#200 sieve) to 38 mm (1.5 inch) range, which covers the vast 
majority of aggregates produced. Moreover, we believe that any technology capable of scanning 
38-mm particles can be easily modified to scan larger particles up to 100 mm in size. 
 
 
Review of Rapid Grading Technologies 
 
 We thoroughly examined the feasibility of using six different technologies to perform a 
rapid gradation test: 

1. Automated Sieve Analysis 
2. Fractionating Water Column Method 
3. Laser Diffraction Spectroscopy 
4. Digital Image Analysis 
5. Active Stereopsis 
6. Laser Profiling 

 
 Each technology was considered in terms of expected accuracy and reliability, analysis 
and preparation rate, degree of automation, robustness, potential for measuring parameters in 
addition to size, operational costs, etc. To more objectively judge their relative strengths and 
weaknesses with respect to these criteria, the six technology options were compared using an 
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Analytical Hierarchy Process (AHP). Each member of our team considered each technology 
option one at a time and assigned weights based on how well we thought a test machine could 
potentially meet the given selection criteria. In this way, the AHP provided a formalized 
framework for selecting the best option or options. Consistent with the intuition we had 
developed during this review process, the AHP showed that digital image analysis and laser 
profiling are the most promising approaches for developing the desired test machine. 
 
 This review process will be critical to the eventual success of our efforts. We are now 
more confident that we have considered all viable options; for example, we had not previously 
thought of using active stereopsis. More importantly, considering other possible approaches 
stimulated some innovative ideas for the design of a rapid grading machine. 
 
 
Plans for Development Work 
 
 At present, we believe that a laser profiler may offer significant advantages over the use 
of digital image analysis. A laser profiler may greatly reduce the error associated with estimating 
3-D volumes from a 2-D image of an irregular particle. However, we are not sure if the laser 
scanners currently on the market have the operational capabilities needed to make this feasible. 
Hence, for the short term we are planning to further investigate the use of both digital image 
analysis and laser profiling. In the end, we may find that these two techniques will work best if 
used in tandem, perhaps by scanning gravel-sized particles with a laser and scanning sand-sized 
particles with a digital camera. 
 
 We have been communicating with three companies who sell particle-sizing devices that 
rely on digital image analyses. We are planning to conduct some limited testing with each of 
these commercial scanners, with the goal of gaining a better understanding of the operational 
characteristics and current limitations of this technology. This will not be a comprehensive effort 
to evaluate the accuracy and reliability of this equipment. Concurrently, we plan to perform 
preliminary laboratory tests using a laser profiler. These tests are needed to see if the laser 
scanners currently on the market can be used successfully in this application.  
 
 To permit developmental work in our laboratory, we will construct a horizontal trolley 
system on which we can mount either a laser scanner or a digital camera. This laboratory test bed 
is designed to provide maximum flexibility for the study of different lighting schemes, scanner 
velocities, etc., while repeatedly scanning the same field of aggregates spread out on a table. 
This will provide a convenient representation of the prototype equipment, where we imagine the 
scanner will be fixed and the aggregates will be spread out on a conveyor belt or allowed to fall 
vertically in front of the scanner. 
 
 After considering the potential field application of this technology, we realized that a 
very flexible design is needed. Hence, we have adopted the idea of developing a "grading 
station" that would encompass all of the equipment needed to prepare the sample, scan the 
particles, and reset for the next sample. Aggregate samples would be obtained and delivered to 
the grading station in a manner best suited to a given plant application. The sample would be 
scanned and data from the grading station would be transmitted to a computer, which would 
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perform the analysis and report the results in real-time. Several grading stations could be 
installed in a plant and linked together in a distributed network of devices with a central data 
collection/processing unit to monitor various sectors of the plant. Hence, a "grading station" 
could be deployed at multiple locations in a plant and could possess the degree of flexibility 
needed to customize such equipment for different field implementations. 
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DISCLAIMER 

 
 The contents of this report reflect the views of the authors who are responsible for the 
accuracy of the information presented herein.  As this is an interim report on research currently 
in progress, some of the suggestions and opinions should be viewed as speculative, with 
additional work needed to substantiate these ideas.  The contents do not necessarily reflect the 
official views of the International Center for Aggregates Research (ICAR).  This report does not 
constitute a standard, specification, or regulation. 
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1. INTRODUCTION 
 

 In the construction aggregates industry, the conventional sieve analysis (ASTM C136, 
1999) is the industry-accepted practice for determining particle size distribution. Such tests can 
be time consuming, such that automation of the test procedure could lead to significant savings 
in the associated costs. In the production of aggregate materials, sieve testing generally can not 
be completed fast enough to permit rapid adjustments to the gradation of the aggregate mix, as 
needed to prevent the potential production of large quantities of improperly graded material. In a 
recent study (Kruse, C. G. 1999) of potential laboratory automation for testing highway 
materials, the development of automated tests for determining grain size distribution was ranked 
as the highest priority. Furthermore, new guidelines for the design of asphaltic concrete address 
particle shape in addition to size, such that there is a growing need for methods to characterize 
aggregate shapes. 

 
 The overall objective of this research is to develop a prototype method or procedure 

suitable for rapidly grading aggregates. Developing this technology may involve additional 
development of existing techniques, novel new approaches, or the combination of proven 
methods. The goal is to focus on technologies that could be configured to operate on a 
production line to yield real-time measurement of particle size from frequent, discrete samples or 
continuous scanning of a portion of the product stream. While this effort is principally concerned 
with determining particle size, the changing needs of the industry suggest the need for a 
technique that has the potential to also assess particle shape. 
 

 A first step in this effort is to objectively identify the most promising technology for this 
application. In this report, we begin with a brief overview of the aggregate industry and typical 
material handling processes, which sets the stage for the performance requirements for a rapid 
grading device. Next, six potential rapid gradation methods are discussed, compared, and 
critically evaluated for potential use in the prototype rapid gradation device. A formal analysis is 
used to identify two promising technologies that will be pursued. Finally, the last selection of 
this report presents conceptual layouts for scanning equipment that will be considered in the 
remainder of this project. 
 
2. AGGREGATE-RELATED INDUSTRIES 
 

 The aggregate handling industry includes sand and gravel quarries, crushed stone 
producers, portland cement concrete manufacturers, and asphalt concrete suppliers. As a first 
step to evaluate the impact that a fast aggregate grading system might have in these construction-
related industries, some information on the size of these industries was gathered. 
 
2.1. Aggregate Industry 
 

 According to statistics compiled by the U.S. Bureau of Mines (Bolen 1998), the United 
States produces about 2.24 billion metric tons of aggregate, 1.33 billion tons of which is crushed 
stone with the rest being sand and gravel. Among the 1.33 billions tons of crushed stone, 71.8% 
is limestone and dolomite, 15.2% is granite, trap rock is 7.1%, sandstone and quartzite are 2.8%, 
and the other 3.1% includes slate, marl, and shell (Tepordei 1998). 
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 About 9,300 quarry operations are located in the United States; they are owned and 
operated by about 6,000 companies. In terms of sales volume, aggregate producers in the United 
States sell $11.3 billion of their products to industry (Bolen 1998).  
 
2.2. Portland Cement Concrete Industry 
 

 In the 1997 U.S. Census Bureau manufacturing section, the portland cement concrete 
industry is divided into the following four sub-industries: ready-mix concrete manufacturing, 
concrete block and brick manufacturing, concrete pipe manufacturing, and other concrete 
product manufacturing (U.S. Census Bureau 1999b, c, d, e). Table 1 shows the size of each 
industry in terms of total value of shipments in a year, total value added by manufacture in a 
year, the number of companies, and the number of production plants. 

 
Table 1. Portland cement concrete industry statistics (U.S. Census Bureau 1999b, c, d, e). 

 
 Ready-Mix 

Concrete 
Manufacturing 

Concrete Block 
and Brick 
Manufacturing 

Concrete Pipe 
Manufacturing 

Other Concrete 
Product 
Manufacturing 

Total value of 
shipments in a year $17.5 billion $2.9 billion $2.1 billion $6 billion 

Total value added 
by manufacture in 
a year 

$7.9 billion $1.5 billion $1.2 billion $3.5 billion 

Number of 
companies 2898 713 266 2081 

Number of 
production plants 5252 940 423 2320 

 
2.3. Asphalt Concrete Industry 
 

 Information on the asphalt concrete-related industry is reported under the Asphalt Paving 
Mixture and Block Industry in the 1997 U.S. Census Bureau manufacturing section.  In the 
United States, 531 companies own 1168 operations. They are producing $5.8 billion worth of 
products and adding $2 billion worth of value each year (U.S. Census Bureau 1999a). 

 

3. DISCUSSION OF AGGREGATE, ASPHALT, AND CONCRETE PLANTS 
 

 In this section, common layouts of aggregate plants are reviewed to develop a better idea 
of how fast aggregate grading technology could be incorporated with conventional processing 
equipment. Specific attention is given to where samples could be captured for testing with a 
rapid gradation device. 

 
3.1. Aggregate plants 
 

 There is no single distinctive arrangement for aggregate crushing and sorting plants. 
Configurations of these plants depend on the quarry site environment, properties of aggregate 
material, selection of equipment, and so on. An example of a segmented fractionating plant, 
which can produce 500 tons per hour (tph), is illustrated as a flow diagram in Figure 1. A 
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fractionating plant is designed to produce separate aggregate piles with nearly equal aggregate 
sizes in each pile. A fractionating plant is one of the better processing alternatives for controlling 
segregation (National Stone Association, 1993).   

 
 As seen in Figure 1, the raw aggregate, obtained through either quarry blasting or natural 

aggregate extraction, goes through a vibrating grizzly feeder where unsound material is 
separated. Particles that pass through the grizzly feeder proceed to a jaw crusher at the primary 
station. Then, the aggregates go though a series of screening and crushing units to separate and 
produce particles of different sizes. Aggregates are transported from one station to another using 
belt conveyors, elevators, and/or screw conveyors. 

 
 Several surge piles and surge bins are indicated in Figure 1. The purpose of an in-process 

surge pile is to isolate the systems on both sides from each other. Without a surge pile, the erratic 
production rate coming from the primary station can at one moment exceed the secondary 
station�s capacity, and moments later feed it nothing (National Stone Association, 1993).  

 
 Although a jaw crusher and a cone crusher are shown in Figure 1, selection of the crusher 

type can be customized according to aggregate material, size of aggregate product, production 
rate, and so on. There are basically four types of crushers: jaw crushers, gyratory crushers, roll 
crushers, and impact crushers. Basically, jaw, gyratory, and roll crushers are compression-type 
machines that apply a compressive force to rock trapped between their crushing surfaces, 
whereas impact crushers apply a high speed impact force to the feed rock. It is generally 
conceded that impact and gyratory crushers can provide relatively cubical products that are 
favored in the construction industry.   

 
 Aggregate processing usually includes washing to remove salt, clay, dirt, or crusher dust 

particles. In general, high-pressure spray nozzles are used effectively to rinse coarse aggregate 
over a vibrating, inclined screen. When rinsing alone is insufficient to clean the aggregate, screw 
washers, log washers, or rotary scrubbers can be used.  

 
 Ideally, aggregate would be sampled at various points in an aggregate producing process 

to provide comprehensive information on particle size distribution. This data could then be used 
to identify the point where unacceptable material is being produced. For example, aggregate 
could be sampled right after a crusher to see how the crusher and screening unit are performing. 
Realistically speaking, possible automatic sampling locations for a rapid grading test in an 
aggregate plant are conveyor belts, aggregate bins, and stockpiles.  

• Conveyor belts (including elevators and screw conveyors): If automatic grading is 
performed to adjust aggregate production, the best sampling location would be conveyor 
belts because their contents represent the current state of the process operation. 
Automatic sweep samplers could be used to obtain samples without stopping the belt. 

• Bins: When it is difficult to take samples from conveyor belts, aggregate in holding bins 
can be sampled. However, obtaining a representative sample from a large bin is difficult.  

• Stockpile: In stockpiles, the aggregates can be segregated or polluted as time passes. For 
this reason, sampling from stockpiles should be avoided when trying to adjust the aggregate 
producing process. However, if it is hard to get samples from other places, efforts should be 
taken to obtain the most representative sample possible from stockpiles.  
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Figure 1. Segmented fractionating plant for producing graded, unbound aggregate (from National 

Stone Association, 1993). 
 

 In practical terms, the best place to obtain samples for automatically grading will be 
where material drops onto a conveyor belt at the end of a processing step, or where material from 
that belt drops to a stockpile. Taking advantage of such transfer points reduces the potential for 
obtaining non-representative samples from a sweep sampler. Regardless of sampling location, 
sampling of aggregates should adhere to the standards of ASTM D 75, Standard Practice for 
Sampling Aggregates. 
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3.2. Hot-Mix Asphalt Plants 
 

 There are three basic types of hot-mix asphalt plants currently in use in the United States: 
batch plants, drum mix plants, and continuous plants. Although batch plants are the dominant 
type of plant in use, drum mix plants are becoming more prevalent. Continuous plants are not 
covered in detail here, because very few of them are in operation. 

 
3.2.1. Batch Plants 

 
 As depicted in Figure 2, asphalt concrete batch plants consist of five major components: 

aggregate feed system, aggregate dryer, asphalt cement supply system, mixing tower, and 
emission-control system. The aggregate feed system begins with cold bins containing batches of 
aggregate in various size ranges. The contents of each bin are proportioned into the mix by the 
size of the cold feed gate opening at the base of the bins or by use of a variable-speed belt feeder. 
The combined aggregates taken from the cold bins go to the cold elevator that carries the mix up 
to the dryer. 

 
 After the aggregate passes through the dryer, the material is fed via hot elevator to 

screening units, where the aggregates are separated into the hot bins according to size. Next, the 
correct proportion of each aggregate is fed into the weigh box, and the aggregates go to the 
pugmill where they are mixed with asphalt cement. 

 
 
 
 

 
Figure 2. Batch asphalt concrete plant (from Asphalt Institute, 1986). 
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 There are several locations where the aggregates could be sampled: aggregate 
transportation vehicles, cold bins, cold elevator, hot bins, and mixing unit (pugmill): 

• Aggregate transportation vehicles: Before aggregate is placed in the cold bins, sampling 
can be executed from aggregate transportation vehicles such as truck, rail car, or barge. If 
the batch plant is connected to an aggregate producing plant with conveyor belts that 
transport aggregate, sampling can be accomplished when each bin is charged with the 
aggregate from the conveyor belts. The test results could be used to decide whether the 
material is acceptable or not, and to estimate the degree of deterioration during transport.  

• Cold bins: To check the uniformity of material coming from the cold bins, sampling 
could be accomplished below the feed gates. The information about aggregate gradation 
in each bin would help to calibrate plant operation, such as setting the opening size of the 
cold feed gate or the rate of the variable-speed belt feeder.  

• Cold elevator: Combined aggregate can be sampled at the cold elevator. However, care 
should be taken to obtain representative samples because the material is usually not fully 
mixed on the cold elevator. 

• Hot bins: To establish the gradation of aggregates in each size bracket after the screening 
process, samples could be taken from the hot bins and analyzed. The analyzed results 
could be combined to provide the composite grading of the final mix.  

• Mixing unit (pugmill): A sample could be retrieved from the mixing unit to check the 
grading of the final aggregate blend. This is possible because the asphalt cement is not 
added until the aggregate is well blended in the mixing unit. If the intention of sampling 
is to monitor the grading of the combined aggregate, the best place will be the mixing 
unit, before the asphalt cement is injected. 

 
3.2.2. Continuous Mix Plants 

 
 Figure 3 shows a continuous mix plant. This type of plant is similar to the batch plant 

except that the aggregate is continuously removed from the hot bins and transported to the 
pugmill, without a weigh box.  As in the case of batch plants, aggregate can be sampled at 
aggregate transportation vehicles, cold bins, and cold elevator.  By diverting flow of material at 
position R in Figure 3, aggregate samples may also be taken prior to injection of asphalt cement. 

  
A Cold aggregate storage feed; B Dryer, C Dust collector, D Gradation control unit; E Mixer; F Grizzly; G Fan; H Vibrating screen; I Transfer 
pump; J Plugmill jacket; L Belt feeder; M Reciprocating feeder; N Flights; O Collected fines; P Gates; Q Mineral; R Aggregate Sample; S 
Metering pump; T Discharge hopper 

Figure 3. Continuous mix asphalt concrete plant (from Asphalt Institute, 1986). 

 6



3.2.3. Drum Mix Plants 
 

 A drum mix plant (Figure 4) does not have hot aggregate screens, hot bins, or a pugmill 
mixer. The components of this plant include a cold feed system, a rotating drum dryer, an asphalt 
proportioning and dispensing system, and a mix surge silo. The aggregate is dried, heated, and 
mixed with asphalt cement in the drum mixer. Elimination of aggregate screens, hot bins, and 
pugmill mixer is claimed to increase productivity significantly (Asphalt Institute, 1986). 

 
 As shown in Figure 4, aggregates of selected sizes are taken from the cold feed bins and 

transferred to the cold feed conveyor for transport to the drum mixer. Proportioning of different 
aggregate sizes in the mix is controlled by the rate of withdrawal from each cold feed bin. The 
feed material is not thoroughly mixed prior to entering the drum mixer. The weight and speed of 
the moving aggregates are measured on the charging conveyor to compute the production rate. 

 

 
 

Figure 4. Drum mix asphalt concrete plant (from Asphalt Institute, 1986). 

 
 

 In the same manner as batch plants, possible sampling locations are aggregate 
transportation vehicles, cold feed conveyors, and cold feed bins. The sampling method at 
aggregate transportation vehicles is the same as for batch plants. 

• Cold feed conveyor: Since the aggregate should be sampled before the asphalt cement is 
added, the cold feed conveyor seems to be a good location to sample for rapid grading. 
However, considering that the aggregate on the conveyor is not actually homogenized, 
several samples would be needed to determine overall mix gradation.  

• Cold feed bins: A better location might be at the base of the cold feed bins, where 
material from each bin could be individually sampled prior to being mixed on the 
conveyor. This position is also advantageous in that the material in the bins is already 
sorted, which allows for optimizing the gradation device for specific particle sizes. 

 
3.3. Portland Cement Concrete Plants 
 

 There are many ways to classify portland cement concrete plants. First, concrete plants 
can be categorized into mass concrete, paving concrete, ready-mix concrete, or concrete products 
plants, based on the material produced. Secondly, whether or not the concrete is mixed before 
discharge into vehicles divides concrete plants into dry plants (truck mix plants) (Figures 5 and 
6) and wet plants (central mix plants) (Figure 7). Dry plants feed the batched materials to truck 
mixers where water is added and mixed, whereas wet plants produce thoroughly mixed concrete. 
Thirdly, plants can be divided into permanent and mobile plants by ease of movement. Finally, 
depending on the location of aggregates bins in the plant, concrete plants are classified as gravity 
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plants (tower plants) (Figure 5) or low-profile plants (Figures 6 and 7). In gravity plants, 
materials flow continuously downward as they are processed, whereas in low-profile plants, the 
aggregates are elevated by conveyor after proportioning. Figures 8, 9, and 10 show aggregate 
stockpiles, the aggregate feed chute under the aggregate stockpiles, and a concrete plant control 
room respectively. 
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Figure 5. Gravity fed dry portland cement concrete plant at Capital Aggregates of Austin, Texas. 
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Figure 6. A low profile dry concrete mix plant (from Vince Hagen Company, 1999). 

 
 

Figure 7. A low profile wet concrete mix plant (from Concrete Equipment Company, 1999). 
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Figure 8. Aggregate stockpiles at Capital Aggregates of Austin, Texas. 

 
 
 

 
Figure 9. Aggregate feed chute under aggregate stockpiles at Capital Aggregates of Austin, 

Texas. 
 

 
Figure 10. Concrete plant control room at Capital Aggregates of Austin, Texas. 
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 In general, the major components of portland cement concrete plants include a 
compartmented aggregate bin, storage bins for the portland cement and other additives, batch 
scales for proportioning the cement and aggregate, and a means of batching water. Aggregates in 
the storage bins, which are already separated according to size, are proportioned to a weighing 
hopper by controlling the opening of gates under each bin. Then, the weighing hopper (aggregate 
batcher) discharges the combined aggregates directly into the mixer or onto a belt conveyor 
feeding the mixer. The cement is weighed separately from the aggregate, and injected into the 
mixer with the aggregates. 

 
 Potential sampling locations for a rapid gradation test in portland cement concrete plants 

would be aggregate transportation vehicles and aggregate storage bins. The sampling method at 
aggregate transportation vehicles is the same as described previously for hot-mix asphalt batch 
plants. Sampling material as the storage bins are charged would allow the plant operator to adjust 
the proportions of aggregates based on the known gradation of material in the bins. On the other 
hand, sampling aggregates where they are fed into the weigh hopper would allow for a more 
accurate measurement of gradation within each batch of concrete. 
 
3.4. Optimal Locations for Sampling Material for Automatic Testing for Gradation 
 
 A basic assumption that should be considered before discussing the best aggregate 
sampling locations for various types of plants is the weight batching system. In the weight 
batching system, as long as the weight or flow rate (weight per time) of a certain constituent is 
known and the constituent is well distributed within its specified range, the desired mix can be 
achieved by blending each constituent properly. This enables adjustments to plant operations 
without checking the final mixed products. In other words, if properties such as size, shape, and 
angularity of each aggregate range are known, plant operations can be modified to produce the 
best quality products. Additionally, many plants have fractionated aggregates, where an 
aggregate grading device may take advantage of a narrow size range when testing the aggregate. 
In this situation, possible sampling locations include: 
• Aggregate producing plants: Conveyor belts after the final screening process are the best 

locations to retrieve representative samples. When conveyor belt sampling is not practical or 
possible, samples may be taken from a holding bin or stockpile. However, care should be 
taken to obtain a representative sample. 

• Portland cement concrete plants and hot-mix asphalt plants: If the plant is at a distance from 
the aggregate producing plant, transportation of aggregate can alter aggregate properties. 
Even when the plant is close or connected to an aggregate producing plant with conveyor 
belts, stockpiled aggregate may become segregated during transport to the mix plant. In 
either case, at the time of receiving aggregate whether by conveyor belt or truck, each size 
aggregate should be sampled and tested. 

 
 Hence, given a very wide variety of layouts for different aggregate processing plants, the 
two most advantageous sampling locations appear to be: 

(1) After final screening as unbound aggregates are sent to sorted stockpiles. 
(2) Where sorted aggregates are fed to a mix plant, either from stockpiles or charge bins, 

before mixing to produce portland cement concrete or asphalt concrete. 
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In both situations, samples can generally be obtained of aggregates, sorted within some known 
range of sizes, from places where material is being transferred to or from conveyors or charge 
bins. Because the configurations of aggregate plants vary widely, it is not practical to identify 
sampling locations in greater detail. Rather, the two generalized locations identified here seem to 
yield the most useful data on easily obtained, representative material samples that could be used 
to verify or actively control product quality. 
 

 This review of typical plant operations and potential sampling locations shows that the 
industry needs a flexible gradation device that could be deployed in a number of different 
locations to meet the needs of a specific plant design. Significantly, it appears that sampling can 
almost always be accomplished where the aggregate has been previously sorted into selected size 
ranges, and has been washed to remove most of the fine material. Hence, it is not necessary for a 
single grading device to measure particle sizes in the full spectrum of interest (0.075 mm to 38 
mm). Such a device can be optimized to test sorted material in narrower size ranges. 
 
4. AGGREGATE SIZE RANGE OF INTEREST 
 

 In order to identify the range in aggregate size typically used in the construction industry, 
information from the American Concrete Institute (ACI), American Association of State 
Highway and Transportation Officials (AASHTO), American Society for Testing and Materials 
(ASTM), and Superior Performing Asphalt Pavements (Superpave) of the Strategic Highway 
Research Program (SHRP) were reviewed.  Many of the ACI and AASHTO standards follow 
ASTM standards, and the Superpave asphalt specification relies on the AASHTO specification. 
The following list gives the aggregate size ranges that are addressed in each material 
specification. 
 
Table 2. Aggregate size ranges addressed in various specifications. 

Org Spec. No. Title Reference Min. Size 
(mm) 

Max.  
Size  
(mm) 

ACI 301-96 
(4.2.1.2) Standard Specifications for Structural Concrete ASTM C 33 0.075 100 

AASHTO M 6 Fine Aggregate for Portland Cement Concrete  0.075 9.5 
AASHTO M 17 Mineral Filler for Bituminous Paving Mixture ASTM D 242 0.075 0.6 
AASHTO M 29 Fine aggregate for Bituminous Paving Mixture ASTM D 1073 0.075 9.5 
AASHTO M 43 Sizes of Aggregate for Road and Bridge Construction ASTM D 448 0.150 100 
AASHTO M 80 Coarse Aggregate for Portland Cement Concrete  0.075 100 
AASHTO M 195 Lightweight Aggregates for Structural Concrete ASTM C 330 0.150 25 
AASHTO M 283 Coarse Aggregate for Highway and Airport Construction  0.075 100 

SHRP SHRP-A-
410 

Superpave: The Product of the SHRP Asphalt Research 
Program AASHTO T 27 0.075 63 

ASTM C 33 Standard Specification for Concrete Aggregates  0.075 100 
ASTM C 94 Standard Specification for Ready-Mixed Concrete  0.075 75 

ASTM C 125 Standard Terminology Relating to Concrete and Concrete 
Aggregates  0.075 150 

ASTM C 136 Standard Test Method for Sieve Analysis of Fine and 
Coarse Aggregates  0.075 150 

ASTM D 4791 
Standard Test Method for Flat Particles, Elongated 
Particles, or Flat and Elongated Particles in Coarse 
Aggregate 

 0.075 150 
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 The aggregate size ranges shown in ASTM C 125, C 136 and D 4791 are very wide to 
accommodate any possible condition, and cover material up to 150 mm in size. It seems that 
almost all construction aggregates fall within the range of 0.075 mm (#200 sieve) to 100 mm (4 
inch). However, this project will pursue the development of a rapid grading machine that will 
work for particles in the range of 0.075 mm (#200 sieve) to 38 mm (1.5 inch), which covers the 
vast majority of aggregates produced. Any technology capable of scanning 38-mm particles 
should be able to scan larger particles up to 100 mm in size with minimal modifications. 
 
5. REVIEW OF RAPID GRADATION TECHNOLOGIES 
 

 Six technologies or methods have been identified as candidates for the prototype rapid 
aggregate grading device: 

1. Automated sieve analysis 
2. Fractionating water column 
3. Laser diffraction 
4. Digital image analysis 
5. Active stereopsis 
6. Laser profiling 

These techniques, and their relative advantages and disadvantages, are discussed separately in 
the following sections. 
 
5.1. Automated Sieve Analysis 
 

 One of the more straightforward options in automating particle size gradation is to 
automate the industry-standard sieve analysis. One advantage to this technique is that it remains 
within the accepted practice of utilizing standard sieves of various mesh sizes to determine grain 
size distribution.  (Note: equipment that simply automates the weighing of sieves, with manual 
sieving of material, is not considered here). 

 
 Rotex Inc. manufactures a device called the �Gradex 2000 Particle Size Analyzer� 

(Figure 11), which costs approximately $22,000, that automates the process of performing a 
sieve analysis from shaking a sieve stack to calculation of grain size distribution from the 
cumulative weight retained on individual sieves. The device incorporates a sieve shaker, an arm 
to empty the sieve into a cumulative weighing pan, a brush operated through air pressure to clean 
off the sieves, and a scale accurate to 0.1 grams. The process yields a particle size distribution 
curve on a personal computer coupled with the Gradex 2000 machine. 
 

 Drawbacks to using an automated sieving apparatus to rapidly grade aggregates include: 
• No information on particle shape or surface texture is obtained with this technique.   
• Sample preparation, such as wet sieving and sample drying, is required to achieve 

accurate results.   
• The method works in a batch mode, which is not a good approach for continuous 

sampling and analysis of aggregates. 
• Maintenance of moving parts is a potential problem.  For example, sieves need to be 

replaced on a regular basis. 
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 A study by Buchanan and Brown (1999) estimated the washing/drying portion of the 
sieve process takes about 3 hours. In the same study, Buchanan and Brown indicate that it may 
be possible to use a correction factor to account for the presence of fines (<0.075mm) for 
samples not washed and dried to achieve reasonable accuracy on particle size distributions. 
Presumably, washing material finer than the #200 sieve from an aggregate sample will be an 
issue with any automated gradation test method. 

 
 The Gradex 2000 is designed for use in a laboratory setting.  In the field, samples could 

be automatically acquired, but it would be difficult to fully automate sample preparation, 
especially if wet sieving is needed. This manual component could potentially be reduced if 
correlations can be used to accurately account for the error introduced by finer than #200 sieve 
material. In any case, it would be imperative that the material be as close to oven dry as possible 
to avoid particle flocculation. Therefore, it appears difficult to completely eliminate the drying 
portion of the process, whether it is a manual or automated operation. 
 

 
 

Figure 11. Gradex 2000 automatic sieve analyzer (Rotex, Inc. 1997). 
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5.2. Fractionating Water Column 
 

 One method of determining particle size distribution involves differentiating between 
settling times in a fluid, assuming that larger particles have proportionally larger mass. This 
concept lies at the core of the hydrometer analysis typically used by geotechnical engineers to 
measure gradation of soil particles passing a #200 sieve. The basis for a fractionating water 
column is that particles will reach a terminal settling velocity in a medium (generally water) as 
the force due to their weight is counteracted by the force due to drag on the particle surface. 
Force due to weight is proportional to diameter cubed; whereas the force due to drag is 
proportional to diameter squared, thus as particle size increases the settling velocity increases. 
  

 An automated version of the hydrometer has been developed by Micromeritics 
Corporation and is called the SediGraph (Figure 12). Costing approximately $33,150 this device 
can perform a hydrometer analysis in less than ten minutes for particle sizes as small as 0.1 µm 
(Coakley and Syvitski 1991). The SediGraph machine utilizes x-rays to detect the changing 
concentration with time of fine particles settling in an aqueous suspension. Analysis time is 
reduced through a controlled upward movement of the x-ray detector with time (Coakley and 
Syvitski 1991).  This device is capable of determining grain size distributions for particles 
between 0.1 and 300 µm. 

 
Figure 12. SediGraph; which relies on the fractionating water column principle (Micromeritics 

Corporation). 
 
 

 Apparently, no commercial fractionating water column equipment is available to test soil 
mixtures containing particle sizes larger than 0.3 mm. A prototype of a fractionating water 
column, built by Aljassar et al. (1993), involved a 5 ft. tall clear sedimentation cylinder with light 
sensing photocells used to measure light blockage from settling particles. The prototype was 
designed to determine gradations of particles ranging from .075 mm (#200 sieve) to 2.38 mm (#8 
sieve) (Aljassar et al., 1993).  After making empirical correlations to properly calibrate their 
setup, Aljassar et al. (1993) had a device that could measure a grain size distribution that very 
closely matched conventional sieve analyses. 

 
 To explore the feasibility of using a fractionating water column for much larger particles, 

preliminary analyses and experiments were conducted. Analytical predictions of settling velocity 
assumed the particles in suspension are smooth spheres. For particles less than 2.38 mm, the 
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relationship between settling velocity and drag coefficient is linear and well modeled by Stokes 
Law (Aljassar et al. 1993). Beyond a size of 2.38 mm, particles begin to enter transitional or 
turbulent flow as their settling velocity yields Reynolds numbers greater than one. For particles 
greater than 2.38 mm, two unknowns, settling velocity and coefficient of drag, make analytical 
prediction of settling velocity more difficult, requiring an iterative technique to arrive at an 
appropriate solution. 

 
 While our analytical model can account for the effects of turbulent drag on large 

particles, no such procedure exists for modeling the effects of irregular particle shapes on 
hydrodynamic drag. Hence, considerable experimental calibration would be needed to develop 
an empirical model of the settling velocity of large, non-spherical aggregates. From a theoretical 
standpoint, this makes a fractionating water column an unattractive approach for grading coarse 
aggregates. 

 
 A possible implementation of the fractionating water column in the field would need 

automatic handling of aggregate samples and measurement of settling velocity. Samples could be 
transported to a bucket near the top of the water column. The bucket would be equipped with an 
opening bottom that would be first lowered into the water and then opened to release the 
aggregate into the column in a semi-controlled manner. The necessary measurements could be 
obtained with a photocell to measure light blockage (concentration) versus time.  

 
 Aside from difficulties in modeling the effects of particle shape and turbulent drag, large-

scale fractionating water columns would suffer other difficulties if implemented in the field 
environment:  

• Hydrodynamic drag varies with water viscosity, and therefore with temperature.  To 
accurately measure settling velocity, a homogeneous and constant temperature must be 
maintained and measured in the water column. 

• Settling velocity is a function of specific gravity in a given particle. A possible sensitivity 
to aggregate specific gravity may lead to variations in gradation results. 

•   When sizable batches of aggregate are introduced into a water column, the effects of 
interference between adjacent settling particles are unknown and clearly random.   

• No quantitative information on aggregate shape or surface texture can be extracted from 
water column analyses, without extensive laboratory testing to derive empirical relations 
between settling time and particle shape. 

• Each implementation of the water column would need to be calibrated with local 
conditions and monitored throughout its operational lifetime to adjust for variations in the 
aggregate being processed. 

• In cold climates, freezing of the column media (most likely water) poses a problem.  
Additional equipment such as heaters or an indoor housing unit would be required to 
eliminate this difficulty. 

•  The water in the column will get cloudy and will need to be changed regularly. While the 
disposal of this water would not be a major issue in a typical production plant, this would 
require a water source and drain, adding to the cost of equipment and maintenance.    
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5.3. Laser Diffraction 
 

 Used extensively in determining the homogeneity of fine powders and gels, laser 
diffraction analysis has recently been used to study fine soil gradation. This technique involves a 
laser directed through a gas or fluid suspension of particles to create a diffraction pattern of 
particle shadows.  The resulting diffraction pattern is interpreted using a combination of 
Fraunhofer and Mie light scattering theories (Agrawal et al. 1991).   
 

 Most laser diffraction equipment currently available is geared towards grading particles 
of much more uniformity than a typical soil.  Nevertheless, Loizeau et al. (1994) and Buurman et 
al. (1997) have conducted studies to evaluate the potential of such devices to determine soil 
gradation. Buurman et al. (1997) concluded that laser diffraction cannot replace conventional 
sieving and hydrometer techniques as long as correlations between the methods have not been 
established for many different soils. Buurman et al. (1997) suggest that the main potential for 
laser diffraction lies in soil science, where detailed comparisons of soil are required to evaluate 
texture changes due to weathering and to determine changes in aggregation. 
 

 Several companies market laser diffraction equipment including Quantachrome 
Corporation and Beckman Coulter Inc. The Quantachrome �CILAS 940� (Figure 13) and the 
Coulter �Model LS200� (Figure 14) are capable of grading particles up to 2 mm in diameter or 
particles in the medium sand range. On the fine side of the gradation range, the devices are 
limited by the wavelength of the laser beam. Depending on whether Fraunhofer or Mie 
diffraction theory is used, the lower limit of particle detection is 3.5 µm or .4 µm respectively. 
For even smaller particles, the Polarization Intensity Differential of Scattered Light (PIDS) 
method is used. The lower limit on the Coulter LS200 device used in research by Buurman et al. 
(1997) is .04 µm. 

 

 
 

Figure 13. CILAS 940 laser diffraction device (Quantachrome Corporation 1997). 
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Figure 14. LS 230 laser diffraction device (Coulter Corporation 1995). 

 
 Limitations to using laser diffraction for grading aggregates include: 
• Laser diffraction equipment is relatively expensive, roughly $35,000 to $50,000 per unit.  
• The apparatus cannot grade particles larger than about 2 mm.  This upper limit is inherent 

to the technology as larger particles essentially block the laser beam, preventing 
diffraction from taking place. A larger diameter laser beam is theoretically possible, but 
would be exceedingly expensive.  

• In preparing any sample, all material coarser than the upper detection limit must be 
sieved out, which could also require sample drying to properly separate the particles. 

• Buurman et al. (1997) discuss issues related to differing absorption coefficients of 
various minerals, as well as sample dilution, particularly in coarse particle samples. Such 
operational issues suggest the need for frequent calibrations to verify the accuracy of the 
equipment when used to scan material with natural variations. 

• Similar to the Gradex 2000 device, the batch sampling required by this technique may not 
easily lend itself to a continuous operating mode. 

• A great deal of sample preparation is required for these devices to operate properly.  
Automating these steps would be difficult; thus a significant manual element would be 
required for a laser diffraction device to yield meaningful and accurate results.   

• This method only gives particle size gradation; i.e., no information is gained regarding 
particle shape and surface texture. 

 
5.4. Digital Image Analysis 
 

 Two-dimensional digital image analysis appears to be the technology most often studied 
for automating the gradation of coarse aggregates. In this technique, images of particles obtained 
by a camera are digitized so that a computer can analyze the shape and size of each particle. To 
extract size information from each particle from the digitized image, image segmentation and 
size measurement related algorithms are used.  
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 There have been many efforts to apply digital image analysis to characterization of 

particles. Kennedy and Mazzulo (1991) developed a semi-automatic image analysis system 
where the operator points to a particle on the computer screen and its size is automatically 
determined. Although this technique is more accurate than a completely automated system, it is 
more selective and therefore slower. Kemeny et al. (1993) used a video camera for image capture 
and a set of computer algorithms for processing the images. They used statistical procedures to 
take into account fragment overlap, the two-dimensional nature of the images, and sample 
variability.  

 
 In Sweden, Fernlund (1998) used digital image analysis to show that particle form had a 

substantial influence on sieve analysis results. Also, Persson (1998) used a scanning electron 
microscope to do image analysis of shape and size of fine aggregates. Persson sorted the sample 
into groups of similar size, scanning the groups at different magnifications, and found that 
sample preparation and segmentation methods are primary sources of error. The problems 
associated with measuring the distribution of widely differing sizes of particles have also been 
addressed by Dearnley (1985).  

 
 Usually, digital image analysis techniques work with two-dimensional images of 

particles. Volumetric size is only inferred from a two-dimensional image of the particle outline 
or shadow. However, several researchers have tried to extract three-dimensional information 
from the two-dimensional images. Kuo et al. (1996; 1998) attached aggregates in sample trays 
with two perpendicular faces. After the initial projected image of the aggregates was captured, 
the sample trays were rotated 90 degrees so that the aggregates were perpendicular to their 
original orientation. The dimensions of the aggregates in the new projected images were then 
captured and matched to the orthogonal image. The long, intermediate, and short particle 
dimensions of each aggregate, which were obtained in this manner, could provide direct 
measures of the flatness and elongation of the particles. Broyles et al. (1994) used a similar 
approach except that they used two video cameras and a stepped platform to simultaneously view 
the aggregate particles from two directions at 90° angles to each other. Kuo et al. (1996; 1998) 
and Broyles et al. (1994) both demonstrated the strong potential for fast particle shape 
characterization using digital image analysis. However, their methods were dependent on manual 
particle handling, requiring substantial human intervention.  

 
 Brzezicki et al. (1999) also suggested a method for evaluating all three main dimensions 

of an aggregate grain. They placed aggregates on a special form that represents a section of a 
cylindrical surface with a system of parallel indentations (Figure 15). Locally, the walls of the 
indentations were perpendicular to each other, so the shadows of the grains appear as 
perpendicular projections. A camera was located in the center of the form and two sources of 
light were placed on opposite sides. In this implementation, any grain placed in the form was 
illuminated simultaneously from both sources of light at right angles while the image of the 
grains, along with their shadows (perpendicular projections), was recorded by the camera. 
Although this method allowed measurement of the three main particle dimensions with only one 
camera, the configuration required a degree of manual involvement to arrange particles before 
scanning. 
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Figure 15. Use of cylindrical form to obtain three-dimensional data from a single digital camera 
(from Brzezicki et al. 1999). 

 
 Maerz and Zhou (1999) have also developed a prototype imaging system that can provide 

particle size and shape information. In their research, a mini-conveyor system was used to parade 
individual fragments past two orthogonally oriented, synchronized cameras. Although this was a 
meaningful trial to measure the three dimensions of aggregate in a dynamic way, it was rather 
slow because the particles had to be arranged in a single line so that two orthogonal images of a 
given particle could be taken one at a time.  

 
A new aggregate image analyzer has been recently developed at the University of Illinois at 

Urbana-Champaign to provide flat and elongated ratio and gradation (Rao and Tutumluer 2000). 
The image analyzer has a conveyor belt setup with three cameras to capture three orthogonal 
views. As the individual particles travel on the conveyor, approximately 0.25 m apart, and 
approach the end of the belt, each particle comes into the sensor�s field of view and triggers the 
three cameras in succession at predetermined delay times. A cloth curtain is placed on the belt to 
provide a black background, which is needed for the front camera view. Three orthogonal images 
of an aggregate are especially helpful in determining particle volume. However, the single line 
arrangement of aggregates, necessary for taking three orthogonal images, tends to make this 
system slow.   

 
 Maerz (1999) has successfully implemented a system capable of scanning material on 

moving conveyor belts to obtain a measure of particle size distribution. The system has been 
used in the mining industry to detect changes in particle size in the output from rock crushers. 
However, the grading data obtained from this system are not very accurate, mostly because 
problems related to particle segregation and large quantities of fines have not been addressed. 
Clearly, this system could not be used in place of the sieve analyses currently performed in an 
aggregate production plant. 

 
 At least three manufacturers are currently marketing automated grading devices to the 

aggregate industry. All three of these devices rely on two-dimensional image analysis to 
determine particle sizes. 
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 Micromeritics Instrument Corporation sells a particle size analyzer called "OptiSizer 
PSDATM 5400", which is designed to measure particle sizes from 0.04 mm to 25 mm (Figure 16). 
The device, developed by the Danish company Danfoss Videk, captures two-dimensional images 
of particles from a CCD (charge coupled device) camera as the particles pass in the camera's 
field of view when dropped vertically from a vibrating feeder. 

 

 
 

Figure 16. OptiSizer PSDA 5400 digital image analyzer (Micromeritics Corporation). 

 
 

 In another application of two-dimensional image analysis, the French LCPC (Public 
Works Laboratory) has developed the "VDG-40 Video Grader" specifically designed for grading 
construction aggregates (Figure 17). In this device, particles are arranged in a single layer and 
dropped in a controlled manner with the aid of a horizontal drum (Weingart and Prowell 1999a). 
An image of the particle shadow is obtained with a linear CCD camera.  The particle�s image 
taken in this way is processed to establish the principal dimensions and volume of each 
constituent using an algorithm that assumes an ellipsoid of revolution to model shape. This 
device is configured to scan aggregate samples in a laboratory setting. The analysis is relatively 
fast, requiring about 10 minutes to process 75 kg of 1 to 50 mm size material. Weingart and 
Prowell (1999b) have also used the VDG-40 Video Grader to quantify particle shape parameters, 
and have obtained results that compare favorably with data from manual measurements. While 
the VDG-40 appears to yield good size data, it has an inherent limitation in extracting accurate 
volumetric information because it estimates 3-D volumes based on 2-D images. 

 
 Recently, the Australian company Scientific Industrial Automation has introduced a 

system called the "PPMS (Particle Parameter Measurement System)" that can measure particle 
sizes from 1 mm to 100 mm (Dumitru et al. 1999) (Figure 18). This system also relies on the 
analysis of 2-D digital images, but is designed to be robust enough to work in a production plant. 
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The system scans periodic grab samples, which can be automatically obtained from belt sweep 
samplers. While only a few of these machines have been installed, to our knowledge this is the 
only commercially available image analyzer that has been specifically designed to operate 
unattended on an aggregate production line. However, as in the case of the VDG 40, the system 
somewhat is limited by relying on 2-D digital images. 

 

 
 

Figure 17. VDG-40 Video Grader (Laboratoire Central des Ponts et Chaussees, French 1995). 

 

 
 

Figure 18. PPMS - Particle Parameter Measurement System (Scientific Industrial Automation 
Pty. Ltd., Australia).   
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 Using digital image analysis to rapidly grade aggregates has the advantage of obtaining 
data on particle shape, and potentially texture, in addition to size. However, this approach also 
has the following disadvantages: 
• Difficulty in discerning particles that are touching each other: The idea of scanning a falling 

aggregate stream appears to be the best solution to avoid this problem. Such a system could 
be configured to work in a continuous scanning mode. 

• Necessity to separate particles before scanning: That is, some sample preparation may be 
needed to ensure that particles do not adhere to one another to form larger clumps. 

• Difficulty in analyzing broad size ranges of material with a single camera setup: Because a 
camera has a limited number of CCD cells, it is difficult to test a broad size range at a high 
resolution using one camera. However, since aggregate is generally stored in a fractionated 
manner by size, this problem can be overcome by sampling pre-sorted aggregate. When the 
grading information for each size bracket is combined to produce a gradation over the entire 
size range of blended aggregate, care must be taken to address the fact that each size range�s 
gradation is based on a different resolution. 

• Maintenance of the cameras is an issue in dusty environments.  Dirt and dust must be 
continuously cleared from the camera optics to ensure proper operation. 

• Difficulty exists in converting two-dimensional data to three-dimensional volumes and a 
weight-based gradation. 

• High initial cost (approximately $40,000~$50,000 per unit). 
 

5.5. Active Stereopsis (Structured Lighting Method) 
 

 Active stereopsis is a particular technique for performing digital image analysis that relies 
on the use of structured lighting. Since this method makes it possible to obtain three-dimensional 
information on an object from one image, as opposed to using multiple images, it is addressed 
separately in this section. 

 
 Active stereopsis provides a three-dimensional measure of an object surface by 

illuminating the scene with patterned lighting such as stripes, dots, and color. In a typical 
application, an active light source projects a light stripe onto the object surfaces as shown in 
Figure 19. A laser beam, or a focused beam of ordinary light, can be used as a source in this 
technique. The fact that lasers have parallel, monochromatic, and coherent characteristics has 
resulted in the widespread use of lasers as the lighting source in active stereopsis. If the position 
and orientation of the projector are known, the equation of the plane defined by the light stripe 
P1 can be determined. The coordinates of points on the object within the stripe can be 
determined by the intersection of the plane, P1 and the line defined by the camera�s image of the 
point, L2. To allow more data points to be collected, scanning of the stripe is necessary to obtain 
the range over the whole image of the object (Cheung and Ord 1990). 

 
 Howell and Tyson (1989) used a projected light for an online conveyor measuring 

system. By using a powerful strobe light source, the material volume was calculated from the 
burden section area, the belt speed, and the time between successive images. Cheung and Ord 
(1990) used a light stripe projected on the surface of rock fragments on a conveyor belt. Video 
images captured by a CCD camera were processed so that the 3D profile of the surface could be 
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obtained by triangulation. However, it was reported that their final system had the following 
limitations: 

• The smallest fragment size that could be detected reliably was about 5 mm. 
• When there were a lot of fines on the conveyor belt, the system gave erroneous results. If 

the laser stripe formed on the fines did not show any discontinuity, the system regarded 
this collection of fines to be a larger fragment (Dumitru et al. 1999).  

 
 The following disadvantages can be expected when the active stereopsis is used for a 

rapid aggregate grading. 
• Relative complexity compared to two-dimensional digital image analysis technique. 
• Necessity to calibrate positions and orientations of an active light source and camera. 
• Varying aggregate surface texture and reflectance. 

 
Figure 19. Light stripes in an active stereopsis system (Cheung and Ord 1990). 

 
5.6. Laser Profiling Method (Laser Scanning) 
 

 The laser profiling method is similar to active stereopsis in the sense that an active 
lighting source is used with a CCD sensor, and triangulation is used to construct three-
dimensional data. However, in the laser profiling method, there is no need for calibration of the 
relative position and orientation of a light source and sensor because both are incorporated into 
one laser profiler unit.  

 
 Tolppanen et al. (1999) devised a method that can characterize aggregates, in terms of 

size, shape, and roughness. They used the KLS 50 laser scanner (manufactured in France) that 
consists of a line scanner mounted on a three-axis coordinate measuring machine. The scanner 
employed the triangulation method utilizing a laser light source and two CCD cameras to 
measure the location of points on the surface of individual stones to a resolution of 0.02 mm. 
While this system can provide exceptionally detailed information on individual particles, this 
level of accuracy is unnecessary for determining the grading and shape characteristics of material 
in a typical aggregate production plant. Moreover, acquiring such detailed information on each 
particle requires a significant amount of time, which is impractical for a real-time measurement 
system. 
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 On the other hand, laser scanners might be useful in grading larger quantities of 
aggregate if configured differently. In the study conducted by Tolppanen et al. (1999), the 
aggregates were fixed and the line scanner moved around each aggregate to extract three-
dimensional information. As long as the line scanner has a sufficient scan rate, it is also possible 
for the aggregate to move in front of the scanner. If the speed of moving aggregate is measured, 
line scanners, which provide two-dimensional measuring of profile heights, can be effectively 
used to determine particle volume. 

 
 New Features Measurement Inc. sells line scanners produced by the German company 

MEL. One of their M2D series scanners is reported to have 220 mm by 120 mm scan range, with 
0.7 mm and 0.3 mm resolution. Scan depth could be 220 mm or 120 mm depending on scanner 
configuration. Therefore, assuming that the width of aggregate flow is 220 mm in an aggregate 
grading system, particles in the range of 1 to 120 mm can be measured with 0.7 by 0.3 mm 
resolution depending on how equipment is configured. The M2D scanner has a scan rate of 50 
scans/sec, and costs $9200. Other laser line scanners that have been investigated have either 
inadequate resolutions, or slow scan rates. However, more effort is required to identify other 
laser scanners that might have suitable operating characteristics to rapidly determine particle 
size.  
 
5.7. Technology Comparison Table 
 

 Characteristics of currently available automated gradation equipment using the range of 
technologies described here are summarized in Table 3. 
 
6. SELECTION OF BEST TECHNOLOGY FOR RAPIDLY GRADING AGGREGATES 
 

 The Analytical Hierarchy Process (AHP) (Saaty 1980) can be used to compare options 
(technologies) through a systematic approach of selecting, weighting and applying criteria. Here, 
AHP will be used to identify the most promising technology for further development to rapidly 
grade aggregates. 

 
 First, the criteria used to judge the most promising technology is:   
• Accuracy and Reliability � Demonstrated accuracy when compared to results from 

standard ASTM C 136 sieve analysis, reliability of results given variations in material 
being processed (within the applicable range).  

• Processing period per sample � The time required to acquire, prepare, and analyze a 
sample, then report data and clean-up for the next sample. 

•  Applicable Range � Ability to measure particles from 0.075 mm to 38 mm in size. May 
require scanning material sorted into narrower ranges, but device should be easily 
adjustable to scan different size ranges. 

•  Costs � Initial equipment costs, maintenance and operation costs. 
• Shape � Potential for measuring other characteristics such as particle angularity, flatness, 

elongation, etc. 
• Degree of Automation � Degree of operator intervention required, potential for 

continuous testing on a production line. 
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Table 3  Comparison of available rapid gradation equipment. 
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• Material Preparation - Degree to which material must be dried, processed to 
separate particles, etc., prior to testing. 

• Robustness � Likelihood that the test equipment could be designed to operate in 
an aggregate plant with little maintenance. 

• Potential for distributed deployment � Adaptable to building a distributed network 
of scanning sensors at multiple locations in a production facility.  

 
 The AHP begins by weighing each criterion against each other using a Criterion 

vs. Criterion Matrix (Table 6). Reading across a row, each criterion is compared with the 
others designated by the column headings. Table 4 shows relative weighting values and 
their associated meaning for criteria comparison. For example, in Table 6 consider 
Accuracy and Reliability compared to Costs. Since it was felt that accuracy and reliability 
were weakly more important than cost, a weight of 3 is entered in row 1 (Accuracy and 
Reliability), column 4 (Cost). Each time a weight is recorded in a row cell, its reciprocal 
value is recorded in the corresponding column cell; thus in column 1, row 4, a weight of 
1/3 is recorded. Next, each row is summed up, and the number is converted to a relative 
decimal value (criteria weighting). A criterion such as �accuracy and reliability� is 
considered to be more important in selecting the best technology method, as evidenced by 
a relatively high decimal value in the last column of Table 6. 

 
Table 4. Weighting values for criteria comparison. 

 
If row item is � as (than) column, Weight number 

Equally important 1 
Weakly more important 3 
Strongly more important 5 

Very strongly more important 7 
Absolutely more important 9 

 
 Next, in consideration of each criterion, the technology options are compared with 

each other by considering how likely each will be able to successfully fulfill the criterion. 
For each criterion, a matrix is created with all of the technology options on both the 
vertical and horizontal axes as shown in Tables 7 through 15. Table 5 shows the relative 
weighting values for technology comparison under each criterion. From this weighting, 
the relative decimal value (option rating) is obtained in the last column. 

 
Table 5. Weighting values for technology comparison. 

 
If row item is � as (than) column, Weight number 
Equally likely to satisfy criterion 1 

Weakly more likely to satisfy criterion 3 
Strongly more likely to satisfy criterion 5 

Very strongly more likely to satisfy criterion 7 
Absolutely more likely to satisfy criterion 9 
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Table 6. Criterion vs. Criterion 
                                     Criteria     
Criteria 1 2 3 4 5 6 7 8 9 

Row 
Total 

Relative 
Value 

1 Accuracy and Reliability  1     3     3     3     7     5     3     3     5     33.00 0.27
2 Processing period per sample  1/3 1     3     1     3     5     1     1     5     20.33 0.17
3 Applicable Range   1/3  1/3 1     1     1     3     1     1     3     11.67 0.10
4 Costs  1/3 1     1     1     1     5     3     1     3     16.33 0.13
5 Shape  1/3  1/3 1     1     1     3     1     1     1     9.67 0.08
6 Degree of Automation  1/5  1/5  1/3  1/5  1/3 1     1      1/3 1     4.60 0.04
7 Material Preparation  1/3 1     1      1/3 1     1     1     1     1     7.67 0.06
8 Robustness  1/3 1     1     1     1     3     1     1     3     12.33 0.10
9 Potential for deployment  1/5  1/5  1/3  1/3 1     1     1      1/3 1     5.40 0.04
         Grand Total 121.00 1
 
 
Table 7.  Option vs. Each Criterion (Accuracy and Reliability) 

Accuracy and Reliability  A B C D E F
Row 
Total 

Relative 
Value 

A Automated Sieve Analysis 1     1/3 1     1/3 1     5    8.67 0.13 
B Laser Spectroscopy 5    1    3    1    3     5    18.00 0.27 
C Digital Image Analysis 1     1/3 1     1/3 1     5    8.67 0.13 
D Laser Profiling 3    1    3    1    5     7    20.00 0.30 
E Structured Lighting 1     1/3 1     1/5 1     5    8.53 0.13 
F Water Column  1/5  1/5  1/5  1/7  1/5 1    1.94 0.03 
      Grand Total 65.81 1 
 
 
Table 8.  Option vs. Each Criterion (Processing period per sample) 
 

 Processing period per sample A B C D E F 
Row 
Total 

Relative 
Value 

A Automated Sieve Analysis 1     1/5  1/9  1/7  1/7  1/3 1.93 0.02 
B Laser Spectroscopy 5    1     1/31     1/31     8.67 0.11 
C Digital Image Analysis 9    5   1    3    3    7     28.00 0.35 
D Laser Profiling 7    1     1/31    1    5     15.33 0.19 
E Structured Lighting 7    3     1/31    1    5     17.33 0.22 
F Water Column 5    1     1/7  1/3  1/31     7.81 0.10 
      Grand Total 79.07 1 
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Table 9.  Option vs. Each Criterion (Applicable Range) 

 Applicable Range  A B C D E F 
Row 
Total 

Relativ
e Value 

A Automated Sieve Analysis 1    7   5    7    5     5     30.00 0.39 
B Laser Spectroscopy  1/7 1    1/5  1/5  1/5  1/3 2.08 0.03 
C Digital Image Analysis  1/5 7   1    3    1     5     17.20 0.22 
D Laser Profiling  1/5 5    1/3 1    1     3     10.53 0.14 
E Structured Lighting  1/5 5   1    1    1     1     9.20 0.12 
F Water Column  1/5 5    1/3  1/3 1     1     7.87 0.10 
      Grand Total 76.88 1 
 
Table 10.  Option vs. Each Criterion (Costs) 

 Costs  A B C D E F 
Row 
Total 

Relative 
Value 

A Automated Sieve Analysis 1     7  3    5    3     3     22.00 0.34 
B Laser Spectroscopy  1/5 1   1/5  1/3  1/5  1/5 2.13 0.03 
C Digital Image Analysis  1/3 5  1    3    1     1     11.33 0.17 
D Laser Profiling  1/5 5   1/3 1     1/3  1/3 7.20 0.11 
E Structured Lighting  1/3 5  1    3    1     1     11.33 0.17 
F Water Column  1/3 5  1    3    1     1     11.33 0.17 
      Grand Total 65.33 1 
 
Table 11.  Option vs. Each Criterion (Shape) 

 Shape  A B C D E F 
Row 
Total 

Relative 
Value 

A Automated Sieve Analysis 1  1   1/7  1/9  1/9 1    3.37 0.03 
B Laser Spectroscopy 1  1   1/7  1/9  1/7 1    3.40 0.03 
C Digital Image Analysis 7  7  1     1/5  1/5 5    20.40 0.20 
D Laser Profiling 9  9  7    1    3     9    38.00 0.38 
E Structured Lighting 9  9  5     1/3 1     7    31.33 0.31 
F Water Column 1  1   1/5  1/9  1/7 1    3.45 0.03 
      Grand Total 99.95 1 
 
Table 12.  Option vs. Each Criterion (Degree of Automation) 

 Degree of Automation  A B C D E F 
Row 
Total 

Relative 
Value 

A Automated Sieve Analysis 1  1   1/5  1/5  1/5  1/3 2.93 0.04 
B Laser Spectroscopy 1  1   1/5  1/5  1/5 1     3.60 0.05 
C Digital Image Analysis 7  5  1    1    1     5     20.00 0.30 
D Laser Profiling 5  5  1    1    1     3     16.00 0.24 
E Structured Lighting 5  5  1    1    1     5     18.00 0.27 
F Water Column 3  1   1/5  1/3  1/3 1     5.87 0.09 
      Grand Total 66.40 1 
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Table 12.  Option vs. Each Criterion (Degree of Automation) 

 Degree of Automation  A B C D E F 
Row 
Total 

Relative 
Value 

A Automated Sieve Analysis 1  1   1/5  1/5  1/5  1/3 2.93 0.04
B Laser Spectroscopy 1  1   1/5  1/5  1/5 1     3.60 0.05
C Digital Image Analysis 7  5  1    1    1     5     20.00 0.30
D Laser Profiling 5  5  1    1    1     3     16.00 0.24
E Structured Lighting 5  5  1    1    1     5     18.00 0.27
F Water Column 3  1   1/5  1/3  1/3 1     5.87 0.09
      Grand Total 66.40 1
 
Table 13.  Option vs. Each Criterion (Material preparation) 

 Material preparation  A B C D E F 
Row 
Total 

Relative 
Value 

A Automated Sieve Analysis 1  1  1/3  1/3  1/3  1/3 3.33 0.06 
B Laser Spectroscopy 1  1  1/5  1/5  1/5  1/3 2.93 0.06 
C Digital Image Analysis 3  5 1    1    1    1     12.00 0.23 
D Laser Profiling 3  5 1    1    1    1     12.00 0.23 
E Structured Lighting 3  5 1    1    1    1     12.00 0.23 
F Water Column 3  3 1    1    1    1     10.00 0.19 
      Grand Total 52.27 1 
 
Table 14.  Option vs. Each Criterion (Robustness) 

 Robustness  A B C D E F 
Row 
Total 

Relative 
Value 

A Automated Sieve Analysis 1    3  1    3  1     3     12.00 0.27 
B Laser Spectroscopy  1/3 1   1/3 1  1     1     4.67 0.11 
C Digital Image Analysis 1    3  1    3  1     3     12.00 0.27 
D Laser Profiling  1/3 1   1/3 1  1     1     4.67 0.11 
E Structured Lighting 1    1  1    1  1     1     6.00 0.14 
F Water Column  1/3 1   1/3 1  1     1     4.67 0.11 
      Grand Total 44.00 1 
 
Table 15.  Option vs. Each Criterion (Potential for deployment) 

 Potential for deployment  A B C D E F 
Row 
Total 

Relative 
Value 

A Automated Sieve Analysis 1  1   1/5  1/3  1/5 1     3.73 0.06 
B Laser Spectroscopy 1  1   1/5  1/5  1/5  1/3 2.93 0.04 
C Digital Image Analysis 5  5  1    3    1     5     20.00 0.30 
D Laser Profiling 5  5   1/3 1    1     5     17.33 0.26 
E Structured Lighting 5  5  1    1    1     5     18.00 0.27 
F Water Column 1  3   1/5  1/5  1/5 1     5.60 0.08 
      Grand Total 67.60 1 
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Table 16. Summary Matrix (Options vs. All Criteria) 
        

1 2 3 4 5 6 7 8 9 Row                                                  Criteria (Weight) 
         Option 0.27 0.17 0.10 0.13 0.08 0.04 0.06 0.10 0.04 Total 
A Automated Sieve Analysis 0.13 0.02 0.39 0.34 0.03 0.04 0.06 0.27 0.06  
B Laser Spectroscopy 0.27 0.11 0.03 0.03 0.03 0.05 0.06 0.11 0.04  
C Digital Image Analysis 0.13 0.35 0.22 0.17 0.20 0.30 0.23 0.27 0.30  
D Laser Profiling 0.30 0.19 0.14 0.11 0.38 0.24 0.23 0.11 0.26  
E Structured Lighting 0.13 0.22 0.12 0.17 0.31 0.27 0.23 0.14 0.27  
F Water Column 0.03 0.10 0.10 0.17 0.03 0.09 0.19 0.11 0.08  
A Criteria weight x Option Value 0.04 0.00 0.04 0.05 0.00 0.00 0.00 0.03 0.00 0.16
B Criteria weight x Option Value 0.07 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.12
C Criteria weight x Option Value 0.04 0.06 0.02 0.02 0.02 0.01 0.01 0.03 0.01 0.22
D Criteria weight x Option Value 0.08 0.03 0.01 0.01 0.03 0.01 0.01 0.01 0.01 0.22
E Criteria weight x Option Value 0.04 0.04 0.01 0.02 0.03 0.01 0.01 0.01 0.01 0.18
F Criteria weight x Option Value 0.01 0.02 0.01 0.02 0.00 0.00 0.01 0.01 0.00 0.09
          Sum 1.00
 
 
 
Table 17. Conclusion 
 Technologies Value 
 Automated Sieve Analysis 0.16
 Laser Spectroscopy 0.12
 Digital Image Analysis 0.22
 Laser Profiling 0.22
 Structured Lighting 0.18
 Water Column 0.09
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 Finally, overall ranking is performed by combining all criteria and technology 
options into a summary matrix. All criteria are listed on the horizontal axis (column 
headings), while all technology options are listed on the vertical axis. In each matrix cell, 
�criteria weighting� of each criterion is multiplied by the �option rating�, producing an 
�option score�. Each option score is added across all criteria for a row total. Then, each 
row total is divided by the grand total and converted to the final decimal value. The final 
results are tabulated in Table 17. 

 
 The assigned weights shown in Tables 6 through 15 were obtained by having all 

four members of the research team individually assign weights. This process began with a 
group discussion to clarify the definitions of our criteria and choices. Assigning the 
weights requires judgement � to resolve differences among the four evaluators, the 
weights suggested for each item were averaged. For example, if two of the weights were 
3 and the other two were 7, the weight became 5. If two of the weights were 1 and the 
other two were 1/9, the weight became 1/5. If the average was exactly in the middle of 
two weight numbers, the weight became the larger one. For example, if two of the 
weights were 3 and the other two were 5, the weight became 5. 

 
 The AHP procedure formalizes selection of the �best� technology for the stated 

criteria. By selecting the various weights (in Table 7 to 15) when comparing only two 
technologies with respect to one criterion, one is forced to focus on making a rational, 
unbiased judgment. The AHP procedure then leads to a ranked listing of best choices. 

 
 The final results from our analysis are summarized in Table 17. Our rankings 

range from a low of 0.09 for the fractionating water column method to a high of 0.22 for 
both digital image analysis and laser profiling. While the AHP analysis relies on 
subjective judgements, it clearly confirms our basic intuition that some of these 
technologies are better suited for this application. Namely, given the formal evaluation 
criteria defined above, digital image analysis and laser profiling seem to be more 
promising than the other options. These conclusions also seem to be consistent with 
current research in the field, where most development efforts are centered around digital 
image analysis. Relatively less attention has been given to the use of a laser profiler, but 
our judgments indicate that this technology also shows significant promise. Additional 
evaluation of the digital image analysis and laser profiling techniques is therefore 
warranted. 
 
7. CONCEPTUAL DESIGNS BASED ON RECOMMENDED TECHNOLOGIES 
 

 As concluded in Section 6, laser profiling and digital image analysis appear to be 
the most promising technologies for rapidly grading aggregates. The design of a practical 
device for industry applications must also consider the acquisition and preparation of 
aggregate samples, how the material is supplied to the scanner, and the arrangement of 
scanner equipment. These issues are discussed in this section. A conceptual layout for 
developing the test equipment in a �grading station� is also described. 
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 The various designs described in this section incorporate a number of ideas for the 
development of a rapid grading device. Some of these concepts have been investigated by 
other researchers while other ideas are more inventive. Continued work on this project 
will sort out which of these ideas are workable. Hence, many of the views expressed in 
this section should be considered preliminary and even speculative, but do serve to 
document our thinking at this early stage of this development effort. 

 
7.1. Sample Location and Preparation 

 
 Sampling issues and material preparation are very important to achieve an 

accurate measure of particle size distribution. As discussed in Section 2, the most logical 
places to sample aggregates appear to be at transfer points, such as where material drops 
from a conveyor to a bin. In addition, sampling sorted material before it is sent to a 
stockpile, and/or between the stockpile and charge bins in a mix plant, appears to yield 
the greatest potential for quality control of the final products. The optimal location or 
locations for sampling will depend on the requirements of a specific plant installation. 

 
 One must also consider the sample preparation required before scanning with a 

given rapid technology. The degree of preparation depends on the technology used, but 
will generally require washing and sorting to separate clumps of particles and remove the 
fines. Because stockpiled aggregates have already been processed, very little additional 
material preparation will be needed if rapid gradation is accomplished where indicated 
above; that is, if sampling is done where aggregates are sent to sorted stockpiles or where 
aggregates are brought to charge bins in a mix plant. Having material that is already 
sorted into a fairly narrow range of sizes is advantageous to the design of rapid gradation 
equipment, because each scanner can be optimized to grade particles in a given size 
range. 

 
 Additional material preparation, although undesirable, may be needed to dry and 

further separate particles prior to scanning. A goal in developing this technology is to 
minimize any additional preparation of material coming into the testing machine. Hence, 
the need to dry or perform other sample preparation steps prior to grading will be an issue 
for further consideration in the remainder of this study. 
 
7.2. Presentation of Material to Scanner 

 
 To achieve an accurate measure of gradation, the size of all particles in a sample 

will need to be measured.  While this could be accomplished by arranging particles in a 
line to be scanned individually, such a design would be inherently slow. A better 
arrangement would be to simultaneously scan multiple particles that are spread out before 
the measuring device. The particles need to be spread in a single layer to avoid having 
particles mask one another. Moreover, scanning just the surface of a small pile of 
particles is not likely to yield sufficiently accurate data because of the probable 
segregation of particle sizes in the pile. Thus, scanning of an aggregate pile on a conveyor 
belt is probably not feasible for the test equipment under consideration. 
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 One option is to use a falling curtain of material, as employed in the VDG-40, 
OptiSizer, and the PPMS (Visionsizing) equipment. With this approach, scanners can be 
set up to see both front and back of the falling particles. A significant disadvantage is that 
the speed of the particles passing the scanner cannot be controlled. Therefore, scanning 
equipment with adequate resolution and speed must be used with a falling particle 
configuration. 

 
 A second option is to spread particles out on a horizontal conveyor belt that 

carries the material past a vertically mounted scanner device. This approach provides the 
advantage of being able to control the speed of material passing before the scanner. The 
drawback to scanning aggregates on a belt is that the scanner can view only one side of 
the particles.  A transparent belt would allow viewing of the bottom side, but would 
probably require significant maintenance. The belt would need to be kept clean and 
relatively free of scratches to ensure unobstructed viewing from the underside. 

 
 A third option is to use a conveyor belt that has parallel indentations, where the 

walls are perpendicular to each other (Figure 20). If aggregates were supplied properly 
from a chute to this conveyor belt, the aggregates would fall one by one into an 
indentation. Viewing particles on the conveyor belt from the camera�s point of view, as in 
Figure 20, the longest axes of the aggregate are parallel to the camera so that the camera 
can capture intermediate (width) and shortest (thickness) dimensions of the aggregates. 
These two dimensions, which could be determined quickly from the distance between the 
indentation and the farthest point on the particle profile, could be easily correlated to the 
smallest sieve opening through which the particle could pass.  

 
 
 
 
 

Shortest 
Dimension 

Intermediate 
Dimension 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 20. Camera view of aggregates placed on the conveyor belt with indentations. 
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7.3. Position of Scanner 
 
7.3.1. Laser Profiling 
 
 Figure 21 depicts an aggregate grading method based on laser profiling and a 
falling curtain of material. This technique adopts the idea of using a horizontal wheel 
drum from the VDG-40 Video Grader to make the particles fall in a controlled manner 
(no rotation), in a single-layer curtain in which the elements are separated. The laser line 
scanner generates a horizontal sensing field through which the falling particles pass.  
When each aggregate passes the sensing field, the line scanner measures the profile (scan 
width and depth direction; see Figure 22) of the particle. Knowing the particle speed, 
aggregate volumetric information can be obtained by integrating the profiles.  
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Figure 21. Schematic diagram of laser profiling of falling particles
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Figure 22. Scan width and depth of a laser line scanner. 
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 Figure 23 shows how each particle can be profiled in a detailed way. However, 
this proposed idea can measure only one side of the aggregate because the laser line 
scanner cannot detect the opposing side of the aggregate. Thus, an algorithm would be 
needed to approximate the shape of the backside based on the profile of the measured 
side. If more accuracy is required, it is possible to use two laser scanners positioned 
opposite to each other, as shown in Figure 24. In this arrangement, information on both 
particle sides yields a direct measurement of volume, eliminating estimation or 
assumptions.  

 
 

Falling aggregate 

Distance from sensor 
to aggregate 

 
 
 
 
 
 
 
 
 
 
 
 

Laser line scanner 
 
 
 

Figure 23. Detailed schematic diagram of the laser profiling of a falling particle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Falling aggregate 

Laser line scanner

Figure 24. Use of two laser scanners to measure front and back profiles of a particle. 
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 A limitation to this technology is the resolution at which the laser can scan the 
surface of a particle. The M2D line scanners discussed earlier appear to be appropriate for 
this configuration, providing a 120 mm scan depth and 220 mm scan width. Although it is 
reported that the M2D scanner has a scan rate of 50 scans/sec, more investigation is 
needed to ensure that the scan rate is adequate to scan falling particles.  
 

 If a sufficiently fast scan rate cannot be obtained from a laser scanner to permit 
the falling particle configuration, the aggregates could be spread on a belt and scanned 
from above. This would allow control over the rate at which aggregates pass in front of 
the scanner, but would allow for scanning only one side of each particle and necessitate 
approximating the shape of the backside. 
 

 The data obtained from a laser profiler, set up to scan particles on a conveyor belt, 
would produce particle cross sections as depicted in Figure 25. In any single profile, the 
thickness and width of the particle cross section is obtained directly. Combining the 
multiple profiles of a particle would yield the particle length. Hence, with some relatively 
simple data analysis, this scanning arrangement would give an accurate measurement of 
the three principal particle dimensions: thickness, width, and length. However, as pointed 
out above, scanning particles on a belt gives no information on the shape of the particle 
underside, such that a direct measurement of particle volume could not be obtained. 
 
 
 
 
 
 
 
 

Figure 25. Schematic of laser profiling. 

Profile detected by laser scanner Aggregate 

 
7.3.2. Digital image analysis  
 

 In digital image analysis, the longest (length) and the intermediate (width) 
dimensions of aggregates, determined from a 2-D image of the particle have generally 
been used to infer three-dimensional volumetric information. However, the shortest 
dimension (thickness) is unknown and has to be assumed to calculate volume, elongation, 
and slenderness.  

 
 To get more complete, three-dimensional information on particle volume, Kuo et 

al. (1996; 1998), Broyles et al. (1994), and Maerz and Zhou (1999) all employed two 
camera views to obtain orthogonal views of each particle.  However, Rao and Tutumluer 
(2000) point out that this approach can still lead to significant error in estimating particle 
volume. Consider the prismatic shape in Figure 26.  An analysis of volume based on the 
two orthogonal views shown would indicate the volume of a box twice as large as the 
actual volume. For this reason, Rao and Tutumluer advocate the use of three orthogonal 
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images.  The addition of a side view of the particle in Figure 26 would lead to a more 
accurate interpretation of volume of this shape. 

 
Figure 26. Two objects with different volumes but the same top and side views (Rao and 

Tutumluer 2000). 
 

 However, it is fairly easy to think of shapes for which even three orthogonal 
views would be insufficient to accurately evaluate particle volume. Consider the two 
objects shown in Figure 27.  While the three orthogonal images are identical, the two 
objects have different volumes. Given that aggregate particles could also have surface 
indentations, one can quickly conclude that digital image analysis can never yield a 
completely reliable measurement of particle volume, even if multiple images are acquired 
on each particle. 

 
 At the same time, having two views of a particle will yield better information on 

particle volume than a single view, and three views would be even better. Hence, there is 
a trade-off between the complexity of the image scanner and the accuracy of the particle 
volumes determined. 
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  (a) 
 

Front View 

Side View 

Top View  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
 
 
 
 
 
 
 
 
 

Figure 27. Two objects that have different volumes but identical orthogonal views from 
the top, side, and front. 

 
 One common drawback in all previous efforts with multiple images is that 

aggregate particles had to be arranged in a single line so that orthogonal images could be 
captured without particles obscuring one another. This arrangement is the primary reason 
that such systems are significantly slow. To overcome this limitation, the following 
method might be used to obtain better three-dimensional data. As shown in Figure 28, a 
horizontal wheel drum is coupled with two linear CCD cameras. By using a second 
camera to image the falling aggregate stream diagonally from below, the three main 
dimensions of aggregates can be estimated using simple triangulation as described in 
Figure 29. The horizontal camera directly measures the longest and intermediate 
dimensions, while the shortest dimension is estimated using the second image from the 
diagonal camera image. The analysis technique shown in Figure 29 assumes the particle 
is rectangular, and thus is only approximately correct for irregularly shaped particles.  
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While this approach would not yield exact particle volumes, it would give more 
information than could be obtained from one camera at the same scanning rate. 

 
 Positioning the two cameras as shown in Figure 28 will take advantage of the 

tendency for particles to separate as they fall.  If the two cameras were positioned in the 
same horizontal plane, as depicted in Figure 30, the shortest dimension would be difficult 
to detect because adjacent particles would be more likely to mask one another. Each 
particle image from one camera would have to be matched with the corresponding image 
from the other camera to obtain its three primary dimensions. If some particles obscure 
others, or the positions and orientations of two cameras are not calibrated well, an 
inaccurate estimation of the shortest particle dimension would be obtained. Attention 
would be needed to ensure aggregate separation and exact synchronization of the two 
cameras.  

 
Falling aggregate 

 
 
 
 

Vibrating channel Line CCD camera 1

 
 
 
 
  
 
 
 

 
Figure 28. Schematic diagram of two-camera digital image analysis. 
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Figure 29. Detailed schematic diagr
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Figure 30. Configuration of two horizontally positioned cameras for size analysis. 

 
 
7.4. Correlation to Standard Sieve Test Results 
 
 Both of the rapid scanning techniques under consideration require an analysis of 
partial data on particle shape to determine an equivalent sieve test gradation. In all cases, 
data captured on any given particle must be analyzed to determine two things: 
• 

• 

The smallest square mesh opening through which the particle could pass in any 
possible orientation. 
The weight of the particle, which is generally computed from an estimate of particle 
volume and the average specific gravity of the aggregate material. 

Consider the use of a single camera image analyzer to capture a 2-D outline of a particle. 
The usual approach to analyzing this data involves some procedure to revolve particle 
outlines to arrive at a volume, and therefore particle weight. The smallest two dimensions 
are then used to determine a corresponding sieve size. 

 
 The details of these analytical procedures are rarely reported, but could lead to 

significant test errors. Fortunately, it is a simple matter to compare the results from a 
rapid grading device with a conventional sieve test. For example, Scientific Industrial 
Automation Ltd. claims that the PPMS device will yield a gradation that is within 2-3% 
of a sieve test (personal communication with Ian Browne). A better match with sieve 
testing can be obtained by introducing local �calibration factors�. 

 
 It might be possible to achieve reasonably accurate results if this problem is 

approached in a slightly different manner. First, the image or profile of a particle would 
be processed to determine the dimensions of the smallest rectangular box that could 
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contain the particle. The complete outline of the particle would not be needed; only the 
edge points defining the three principal dimensions of the enclosing box are sought.  This 
analysis scheme might be relatively fast and permit scanning at a higher rate.  In addition, 
the dimensions of the smallest enclosing rectangular box would directly yield the 
minimum mesh opening through which the particle could pass, as well as shape ratios for 
characterizing flatness and elongation. 

 
 On the other hand, this data would yield only a count of the number of particles 

smaller than a given sieve size, whereas standard sieve analyses are expressed in terms of 
weight fractions. Consequently, a measure of particle volume or weight is still required in 
this approach. One might get a sufficiently accurate measure of the particle profile that 
fills the enclosing box in a given image. For example, if the particle profile fills 83% of 
the box, it might be reasonable to assume that the particle volume would be 83% of the 
enclosing box volume. An estimate of the particle volume could thus be obtained without 
attempting to characterize the shape completely. 

 
 Finally, using either a laser scanner or a digital image analyzer, it is impossible to 

obtain weight-size data directly corresponding to that of a sieve test. Some degree of error 
in interpreting rapid gradation data seems inevitable, which depends on the assumptions 
used in processing the data. However, a much faster analytic scheme allows for the 
possibility of scanning much more material. Assuming that any measurement errors are 
random, scanning a larger number of particles increases the likelihood of determining the 
�true� gradation of the aggregate mix. Thus, a trade-off can be made between scanning 
rate and accuracy of determining the sieve opening and weight of each particle. 
 
7.5. �Grading Station� Concept 
 

 As discussed in Section 2, there are numerous potential applications of a rapid 
grading device in an aggregate handling plant. The design of such a device must possess 
enough flexibility to allow simple customization for a given plant operation. Hence, our 
approach is to pursue the development of a "grading station" that incorporates some of 
the sample handling and scanning functions in one unit, but is independent of the sample 
acquisition and data analyzer equipment. This concept of a grading station is depicted in 
Figure 31. 

 
 

sample acquisition       grading station    data analyzer 
 
 
 
 
 
 
 

 
Figure 31.  Overview of the grading station concept in a rapid gradation test system. 
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 Aggregate samples would be acquired from a given position and delivered to the 

grading station. The exact configuration of the sample acquisition delivery system would 
depend on the specifics of the given plant configuration. For example, a simple diversion 
chute could be used to capture periodic samples of material being transferred from a 
conveyor belt to a charge bin. Alternatively, a belt sweep sampler might be used, 
depending on the plant configuration. It would even be possible to manually acquire and 
deliver samples to a grading station placed in a laboratory setting. 
 

 The grading station would encompass all of the equipment needed to prepare the 
sample, scan the particles, and re-set for the device to scan the next sample. A laser 
profiler and/or digital camera would be the primary components of the grading station. 
Material would enter the grading station through a chute, would be spread out for 
scanning and possibly dried, passed before the scanning device, and dumped into a 
discharge chute. Hence, the grading station would incorporate the scanning conveyor 
belt, horizontal drum, etc. as previously discussed. Some settings or components in the 
grading station might be customized to fit a given installation, such as adjustments to 
optimize scanning of particles in a particular size range. 
 

 Data from the grading station would be transmitted to a computer (data analyzer), 
which would perform the analysis and reporting. It is possible that the grading station 
could be located remotely from the computer station, and that multiple grading stations 
could be connected to a single computer. In this scenario, several grading stations could 
be placed at numerous positions in a plant with data from each fed into a single computer 
in a centralized control room. The result would be a distributed network of devices, with 
a central data collection/processing unit to monitor various sectors of the plant. 
 

 The benefit of this system is that the same grading station could be used in the 
laboratory or easily adapted to work on the production line.  The basic components of 
these grading stations would be the same, with perhaps some optimization of settings or 
equipment to scan particles in a particular size range. Moreover, sample acquisition and 
delivery is handled separately from the grading station. This permits greater flexibility in 
meeting the constraints of a wide variety of potential plant applications. 
 
8. LABORATORY TEST BED 
 
 This research project will focus on the development of a �grading station� and 
data analysis algorithms, as described in the previous section, using laser scanners or 
digital image analysis. A laboratory test bed will be built to facilitate this development, 
with the goal of assembling equipment into a prototype grading station. 
 

 For initial testing purposes, particles will be arranged on a horizontal, fixed 
platform with a scanner mounted on a linear screw or similar device as shown in Figure 
32. This arrangement will permit repeated scanning of identical particle arrangements in 
multiple experiments while verifying one parameter at a time such as lighting, camera 
angle, particle velocity, sample distribution (simulating various drop heights), etc. The 
aggregate samples under examination can be thoroughly controlled in this arrangement. 
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 In the field implementation of the rapid grading device, the scanner would be 
fixed with aggregate samples moving at some rate either horizontally on a belt or falling 
vertically in front of the scanner. The planned test bed will simulate any of these 
conditions while allowing for complete control and experimental repeatability. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Aggregate 

Vertical sensing field 

Linear screw Laser line scanner 

Figure 32. Schematic diagram of planned laboratory test bed. 
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