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Abstract 1 

This study introduces a remote sensing application using satellite imagery to survey a network-2 

scale aggregate stockpile inventory. First, a real scale aggregate quarry site was surveyed using a 3 

small Unmanned Aerial Vehicle (sUAV) to produce digital terrain models that enabled analysis of 4 

aggregate pile geometry. Second, a lab experiment was designed and performed to validate the 5 

applicability of close-range Structure from Motion (SfM) photogrammetry for measuring 6 

aggregate piles' physical properties such as volume and density. The other part of the lab 7 

experiment delved into direct measurement of aggregate density under varying compaction efforts. 8 

These experimental results, in conjunction with some simplifying assumptions, enabled the 9 

calculation of aggregate stockpile volumes and estimated weights from satellite imagery. We 10 

estimated that an inventory of 4.4 and 1.1 million metric tons of crushed aggregates and Reclaimed 11 

Asphalt Pavement (RAP), respectively, stockpiled in Washington State for asphalt production in 12 

2017. The merit of producing such database was further showcased in an example on the economic 13 

and environmental impacts of material transportation. We approximated that hauling aggregates 14 

from quarry plants to construction sites within Washington State incurs a cost of about $50 15 

thousand to over $4 million, consumes about 0.25 to 20 TJ of energy, and emits 20 to over 1,500 16 

tons of CO2-eq per asphalt plant annually. 17 

 18 

Keywords: Hot Mix Asphalt, Aggregate Stockpile, Reclaimed Asphalt Pavement, Remote Sensing, 19 

Unmanned Aerial Vehicle, Drone, Photogrammetry, Structure from Motion, Density, Volume 20 

Calculation, Life Cycle Assessment21 
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1. Introduction 22 

Construction and building materials comprise about three-quarters of raw materials consumed 23 

by weight in the U.S. [1], and this trend has been fairly consistent over the past century of rapid 24 

infrastructure growth and urbanization. Buildings and roadway construction are two major 25 

industries using these materials, mostly in the form of crushed stone, sand, and gravel. In 2018, 26 

the U.S. Geological Survey (USGS) reports that 2.2 billion tons of sand, gravel, and crushed stone 27 

were produced in the U.S. at a value of $25.3 billion, out of which 970 million tons were attributed 28 

to sand and gravel (44% concrete; 24% road base; 12% asphalt; 12% construction fill) and 1.4 29 

billion tons to crushed stone production (75% as construction materials, mostly for roads; 13% 30 

cement) [2]. Moreover, the U.S. Environmental Protection Agency (EPA) reported that around 70 31 

and 15 percent of construction & demolition debris in 2015 were generated from out of service 32 

Portland cement and asphalt concrete, respectively, totaling approximately 465 million tons value 33 

of weight [3, 4], most of which was recycled in the form of Recycled Concrete Aggregate (RCA) 34 

and Reclaimed Asphalt Pavement (RAP). 35 

Because of their resource prevalence and availability in almost every corner of the world, 36 

crushed stone is relatively inexpensive, roughly falling in the range of $5 to $30 per metric ton, 37 

with a National average of $10.6 in 2015 [5]. However, these materials are comparatively heavy 38 

with specific gravities ranging from 1.5 to over 2.5. As a result, aggregate transportation can incur 39 

as much expenditure as extraction and processing operations [6]. Depending on gas price and 40 

location, hauling processed aggregates from the point of origin (i.e. quarry) to the point of use (i.e. 41 

construction site) can cost over $0.18 per metric ton-km, or $110 per hour of trucking [6].  42 

Traditional methods of estimating aggregate stockpile volumes include truck ticket records and 43 

geodetic surveys. While these approaches typically offer high accuracy, conventional surveying 44 

methods can be time-consuming and expensive to perform. In the past decade, modern surveying 45 

methods such as Structure from Motion (SfM) photogrammetry from Unmanned Aerial Vehicles 46 

(UAV) and airborne, or ground-based, Light Detection and Ranging (LiDAR) have become more 47 

affordable. Cameras can be mounted on a UAV (drone) platform to capture images systematically 48 

from different angles and distances. Close-range (terrestrial) photogrammetry using consumer-49 

grade cameras can be used for laboratory experiments given their small-scale geometry, while 50 

UAV photogrammetry surveys are ideal for site-scale field studies. Regardless of scale, automated 51 

SfM processing software can then produce high-resolution (typically mm to cm) digital terrain 52 

models and orthoimage mosaics from these images. The terrain models can be used for stockpile 53 

volume calculation, while repeat surveys can provide volume change. 54 

Several private companies currently perform UAV surveys of aggregate quarry plants for 55 

internal interests such as time and cost savings, on-demand inventory measurements, uninterrupted 56 

site operations, demand-supply equilibrium, and reduced human error and injury risk. While 57 

individual companies typically keep records of their stockpile inventory for project-level decision 58 

making, large-scale inventories seem nonexistent. Many recent studies have also leveraged these 59 

new technologies for volume estimation and accuracy assessment. A summary of recent research 60 

results is presented in Table 1. This table is sorted in the order of sample volume sizes. Most 61 

research in this area involves a comparative study between one traditional surveying technique 62 

(e.g. total station) or another basic method of volume approximation (e.g. truck ticket records) 63 

with more advanced and newly emerged technologies such as UAV photogrammetry or LiDAR. 64 

In general, regardless of methods deployed, the relative absolute difference in volume 65 

measurements found to be less than about 5%. These studies can be broadly categorized into two 66 

areas: real-world application, and laboratory scale evaluation. 67 
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Table 1 68 
Comparison of volume estimation methods and results discussed in the literature. 69 

Object Comparison 
Absolute 

Difference 

Approximate 

Volume 
Source 

Lab experiment on 

plaster cone 

Close-range SfM vs 

geodetic survey 
1.3% 364 cm3 [7] 

Lab Experiment on 

soil embankment 

Close-range SfM vs 

lab measurements 
<2% 3,000 cm3 [8] 

Hay bales 
UAV vs tape 

measure (in-situ) 
<5% 2 to 20 m3 [9] 

Natural hill 
Close-range SfM vs 

geodetic survey 
1.3% 33 m3 [10] 

Stone heap 
Close-range SfM vs 

geodetic survey 
5.1% 34 m3 [7] 

Rock dumps 
Satellite imagery vs 

terrestrial LiDAR 
2% 700 m3 [11] 

Rock dumps 
Satellite imagery vs 

GNSS 
5% 700 m3 [11] 

Aggregate stockpile UAV vs truck ticket 2.5% 1,500 m3 [12] 

Aggregate stockpile UAV vs LiDAR <1% 3,800 m3 [13] 

Aggregate 

Stockpiles 

UAV: ArcGIS vs 

Photoscan Software 
<0.2% 78 to 5,500 m3 [14] 

Earthwork 
UAV vs truck 

tickets 
2.5% 10,500 m3 [15] 

Aggregate stockpile UAV vs total station 3.4% 11,500 m3 [16] 

Aggregate stockpile 
UAV vs plant 

estimate 
0.7% 11,500 m3 [16] 

Open pit quarry UAV vs GPS 1.1% 12,700 m3 [17] 

Earthwork UAV vs GNSS 1 % 17,000 m3 [18] 

Aggregate stockpile UAV vs LiDAR <3% 43,000 to 70,000 m3 [19] 

Aggregate stockpile UAV vs GNSS 2.6% and 3.9% Unknown [12] 

 70 

Despite being efficient, inexpensive, and accurate, current UAV surveys are typically limited 71 

to areas of less than 1 km2. On the other hand, high-resolution satellite imagery can offer nearly 72 

global coverage with sub-meter to meter-scale resolution [11]. While it is possible to acquire stereo 73 

satellite images that can be used for 3D reconstruction (e.g. [20]), most publicly available satellite 74 

images are acquired monoscopically. These 2D orthoimages can still provide detailed information 75 
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on stockpile area, which can then be scaled for volume estimates. Remote sensing applications 76 

involving geodetic volume calculations are limited in the aggregate stockpile literature, though 77 

they are more common in other areas of study such as glaciology to find glacier volume change 78 

(e.g. [21]), limnology to find lake and other water reservoir volumes (e.g. [22]), and forestry to 79 

find potential biomass supply (e.g. [23]). The present paper is an attempt to expand the current 80 

knowledge and technology of remote sensing applications to the construction engineering arena. 81 

2. Objective 82 

This study investigates the applicability of remote sensing methods to estimate crushed 83 

aggregate stockpile weights at different scales from laboratory to state-wide inventories. To gain 84 

insight into the geometric and physical properties (i.e. shape and density) of aggregate stockpiles, 85 

we performed UAV SfM surveys for an aggregate quarry plant and close-range SfM surveys for 86 

small-scale laboratory aggregate pile samples. Satellite imagery from Google Earth along with 87 

some simplifying assumptions were then adopted to locate stockpiles and measure their volumes 88 

in a case study of Washington State hot mix asphalt (HMA) inventory. Results from the laboratory 89 

experiments were examined to constrain the conversion of volume to weight, which was then used 90 

to validate the assumptions made to convert the volumes measured from satellite imagery 91 

technique. The outcome is a detailed spatial distribution of crushed aggregate and RAP weights 92 

between May and August of 2017 within the state of Washington. The application of such database 93 

in environmental impact assessment of materials transportation will be exemplified for the case of 94 

HMA production plants within Washington State. 95 

3. Methods 96 

This research is structured into three sections. The first section explains the experimental 97 

design of SfM photogrammetry surveys for an aggregate quarry site and a laboratory setup. The 98 

second part elaborates on how satellite images of state-wide aggregate storage sites were located 99 

and processed to calculate volumes. Lastly, we spend another section to explain the challenges 100 

involved and solutions proposed in converting volume measurements into weights. 101 

3.1. Structure from Motion 102 

SfM is a photogrammetric technique to reconstruct three-dimensional surface structure from 103 

two-dimensional digital images by solving for 3D object and camera position/orientation 104 

simultaneously [10, 14]. Images can be acquired by cameras mounted on a tripod, a pole, or a UAV. 105 

When georeferenced output products are desired, Ground Control Points (GCPs) in a known 106 

coordinate system are deployed to constrain the SfM optimization. When absolute georeferencing 107 

is not required, objects with known dimensions can be situated within the field of view for 108 

subsequent scaling of point clouds. We deployed GCPs for the UAV survey of the aggregate quarry 109 

plant and scale constraints for the lab experiment. 110 

We took advantage of the Pix4DMapper software to produce dense point clouds, 3D 111 

triangulated meshes, gridded Digital Surface Models (DSMs), and orthoimages. We manually 112 

digitized object boundaries (i.e. stockpile margins) within Pix4DMapper. Volumes were calculated 113 

using the built-in algorithms which involves fitting a planar surface to these points to approximate 114 

the base area and triangulation to calculate the volume of objects [24]. We used ESRI ArcMap for 115 

final data visualization and raster analysis.  116 
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3.2. Satellite imagery 117 

To complement the field and laboratory studies, we used satellite imagery to survey a 118 

representative sample population of HMA production plants in Washington State. We used Google 119 

Earth Pro software to identify these features, browse historic image records, and measure surface 120 

area and elevation (when available) for a sample of aggregate and RAP stockpiles. Details on this 121 

methodology was described elsewhere [25]. The Washington Asphalt Pavement Association 122 

(WAPA) member roster list was used as the primary source to find and locate asphalt producers, 123 

as WAPA claims to represent most of the asphalt industry within the State. In addition, we used 124 

general Google queries with keywords such as "asphalt," "aggregate quarry," "recycling," and the 125 

names of local companies.  126 

To estimate the volume of each stockpile, we first used the 3D polygon tool from Google Earth 127 

Pro to measure base area of aggregate piles, and the default Digital Elevation Model (DEM) to 128 

estimate an average height [7, 25]. This average height is a fraction of maximum height of the 129 

pile; for instance, in a case of a perfect cone, this fraction is equal to one-third. Since piling up 130 

crushed stones in the form of a perfect cone is practically impossible, the ratio of average to 131 

maximum height of aggregate stockpiles were assumed to be greater than 0.33 but less than 0.5. 132 

Validity of this assumption will be examined when analyzing results of the aggregate quarry site 133 

survey. Furthermore, the Washington State Department of Transportation (WSDOT) limits the 134 

maximum height of aggregate piles to 24 ft (7.3 meters), so the average height should not exceed 135 

this upper threshold in most situations [26]. Therefore, stockpiles were assumed to resemble right 136 

prisms with a base area as measured from satellite images and an average height in a range of 1 to 137 

7.5 meters. To find the volume of each pile, average height was multiplied by base area. Details 138 

on the validity of average height assignments can be found elsewhere [25]. These volume 139 

measurements then need to be converted into weights which will be discussed later. 140 

3.3. Volume to weight conversion 141 

While volume is a common physical property measured in UAV surveys, it is useful to find 142 

weight since aggregates are most often priced, batched, and controlled by weight. Thus, it would 143 

be valuable to convert the estimated volumes to a representative weight. Piling up aggregates may 144 

cause a non-uniform distribution in air voids and moisture content which adds up to the complexity 145 

of finding an equivalent density; however, we will investigate whether a general rule of thumb 146 

applies. As Skorseth & Selim (2000) put it, compared to bulk specific gravity, materials in 147 

stockpiles or in the back of dump trucks are very loose and have lower densities [27]. EPA Standard 148 

Volume-to-Weight Conversion Factors document outlines typical density values for a variety of 149 

materials including sand and gravel in different conditions such as dry, loose, wet, and moist [28].  150 

According to EPA, specific gravity of gravel and sand regardless of moisture condition falls in 151 

the range of 1.5 to 1.9 and 1.4 to 2.1, respectively. Conversion of volume to weight, therefore, 152 

relies heavily on the existing literature. However, two laboratory experiments designed in this 153 

study will help examine and validate the density values offered from the literature and publicly 154 

available documents. In that, one experiment implements SfM technique to estimate volumes of 155 

laboratory simulated aggregate piles with known weights to approximate density. The other 156 

method adopts a more traditional way of determining density by measuring the weight of 157 

aggregates required to fill a cylinder with known volume.  158 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 December 2020                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 December 2020                   doi:10.20944/preprints202012.0330.v1

https://doi.org/10.20944/preprints202012.0330.v1


 

6 

 

4. Data collection 159 

4.1. Aggregate quarry plant 160 

A UAV survey was performed over an aggregate quarry located in Monroe, WA on May 20, 161 

2019 at 11:30 AM PDT. The quarry consists mostly of crushed stone particles specifically 162 

processed for HMA production. There were a total of 9 aggregate stockpiles with varying particle 163 

sizes (from 1.5 inch (38.1 mm) to less than 0.5 inch (12.5 mm)) during the survey. A UAV mission 164 

plan was designed using the Pix4DCapture mobile application. A DJI Mavic Pro Platinum UAV 165 

with 12 MP camera was used to fly at a fixed altitude of 40 meters, resulting in image Ground 166 

Sample Distance (GSD) of 1.16 cm. The coverage area was approximately 25,500 m2 (170×150 167 

meters). Roughly 400 images were acquired over a flight duration of 19 minutes, with camera 168 

orientation fixed at 80o. 169 

A total of thirteen 48×48-inch "iron-cross" GCP targets were deployed around the quarry site 170 

prior to the UAV survey mission. The GCP coordinates were measured using an Emlid ReachRS 171 

Global Navigation Satellite System (GNSS) receiver mounted on a standard two-meter survey pole. 172 

The survey team performed a Real-Time Kinematic (RTK) GNSS survey with real-time 173 

corrections from the Washington State Reference Network (WSRN) through Networked Transport 174 

of RTCM via Internet Protocol (NTRIP) feed. Each GCP was occupied for one minute, offering 175 

final horizontal and vertical position accuracy of 1-3 cm. Some GCPs near large aggregate piles, 176 

however, displayed higher error due to limited horizon coverage and multi-path phenomenon. 177 

Overall, the root mean square error of the GCP positions was 39 cm. Geographic coordinates were 178 

recorded in WGS84. Studies have shown that deployment of 10 GCPs is sufficient for most 179 

applications and will produce satisfactory accuracy/precision [15, 29]. Figure 1 shows the GCP 180 

layout and UAV survey details of the quarry site. 181 

 182 

Fig. 1. UAV flight pattern and GCP locations over the aggregate quarry site. 183 
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4.2. Lab experiment 184 

Although SfM is a powerful tool for measuring volume, the property that is more critical in 185 

many real-world applications is mass or weight. The link between the two properties is density, or 186 

weight per unit volume of an object. Since there were no records available on the approximate 187 

weight of aggregate stockpiles of the quarry plant survey, a lab experiment was designed to 188 

constrain the density. Two aggregate sources were tested: 100% passing #4 sieve sand with a 189 

fineness modulus of 2.6, and a coarse aggregate source with no particles passing #4 sieve and a 190 

nominal maximum aggregate size of ¾ inch (19 mm). Moisture content of both aggregate types 191 

were maintained as close to Saturated Surface Dry (SSD) condition as possible. Sand and gravel 192 

were purchased from Salmon Bay Sand & Gravel company which reported bulk specific gravities 193 

of 2.6 and 2.7, respectively. 194 

A total of twelve close-range SfM experiments were performed in the lab, involving dumping 195 

materials over a steel-top table in increments of 50 kg, with final pile weights of 50, 100, 150, 250, 196 

and 300 kg. For both materials, a duplicate 300-kg pile was considered to examine the effect of 197 

aggregate pile redistribution on volume measurements. To document final pile volumes, an average 198 

of 50 images were acquired with a Canon PowerShot SX200 IS camera for each pile from a variety 199 

of angles and distances. Since georeferencing was not necessary for this experiment setup, objects 200 

with known dimensions including three meter-sticks were used to constrain scale. 201 

4.2.1. Direct density measurement 202 

The final component of the experimental plan involved direct measurement of sand and gravel 203 

densities. A standard 4×6 inch (101.6 mm × 152.4 mm) hollow plastic cylindrical container was 204 

filled with each of the aggregate types and weighed using a digital scale. Sampling occurred 205 

immediately after SfM data collection to minimize changes in moisture content. Knowing the 206 

volume and filled weight, the density of each material can be calculated. As with the field study of 207 

aggregate stockpiles, the level of compaction in the laboratory experiments was unknown, so a 208 

statistical approach to density measurements was adopted. Each time the cylinder was filled, 209 

different levels of compaction effort were applied to obtain a scatter of results for density. A total 210 

of 35 samples were tested for each aggregate type. Summary statistics such as average, range, and 211 

standard deviation were computed, offering thresholds for expected density values. 212 

4.3. Satellite imagery 213 

A total of 60 potential locations in Washington State with some sort of aggregate or RAP 214 

stockpile in 2017 were identified in satellite images. Those stockpiles were either located at asphalt 215 

plant facilities or in some cases at a processing site within immediate vicinity of an asphalt plant, 216 

as it makes economic sense to minimize truck hauling distances. Satellite image acquisition dates 217 

ranged from May to August 2017. 63% of these locations had usable 3D terrain information in 218 

Google Earth Pro, which represented 75% of the total aggregate volumes as discovered later. 219 

Generally, asphalt plants and aggregate processing sites pile up crushed stone in separate 220 

stockpiles based on gradation. The resolution of satellite images (~0.5 m), however, is not fine 221 

enough to distinguish particle sizes. Aggregate gradation, thereafter, was left out as a variable in 222 

satellite imagery data collection. Other than crushed stone, RAP is most often stored within asphalt 223 

plants; however, due to its distinct black color, RAP could be differentiated from grayish colored 224 

crushed stone. It should also be noted that covered aggregate stockpiles were excluded in this study 225 

as the underlying material was unknown. Overall, a total of 759 aggregate and 67 RAP stockpiles 226 

were identified and used for subsequent analysis. 227 
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Figure 2 shows a sample aggregate pile captured from Google Earth in aerial and oblique 228 

angles. The base area of this pile was measured as 1,245 m2 (Figure 2-a) with a maximum height 229 

of approximately 4.5 meters (Figure 2-b). Since the shape of this pile resembles a frustum, the 230 

average height was assumed to be 2 meters, which can be translated into an equivalent fraction of 231 

0.44 of the maximum height. This would result in a volume of 2,490 m3. We took the same 232 

approach for all other stockpiles and the resulting data were compiled into a spreadsheet 233 

accompanied with other pieces of information such as the geographic coordinates of the site and 234 

the name of property owner (if available). 235 

 236 
(a) 237 

 238 
(b) 239 

Fig. 2. A sample 3D rendering of an aggregate stockpile in Google Earth, a) in aerial and b) oblique view, showing 240 
approximate height. 241 

4.5 meters 
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5. Results 242 

5.1. Aggregate quarry plant results 243 

Figure 3 shows the results for the aggregate quarry UAV survey. A total of 9 aggregate piles 244 

are identifiable in these illustrations. Elevation values are geodetic heights above the WGS84 245 

ellipsoid. Although not clearly visible, there are some artifacts in the DSM near the margins of the 246 

survey area (e.g. pile number 9), where the number of overlapping photographs was limited. 247 

Overall, the volumes of 9 distinct stockpiles were measured totaling 87,162 m3. Table 2 248 

summarizes the UAV mission data collection of the aggregate processing site. An average height 249 

can then be calculated when dividing volumes by their corresponding base surface area; so that 250 

knowing only the surface area, one can roughly calculate the volume (i.e. upscaling areas to 251 

volumes). The average heights of these piles range from 1.75 to 4.7 meters with the exception of 252 

pile 9 which is suspected to be influenced by artifacts and therefore eliminated from further 253 

analysis. Dividing average height by maximum height of each pile, Table 2 indicates that this ratio 254 

ranges from about 0.37 to 0.49. 255 

 256 
       (a)       (b)  257 

Fig. 3. Output products from SfM surveys of the aggregate quarry site showing a) an orthoimage mosaic with piles 258 
numbered in the order of their volume, and b) corresponding digital surface model (DSM). 259 

5.2. Lab experiment 260 

Raster analysis of laboratory samples resulted in DSMs and orthoimage mosaics. To exemplify, 261 

Figure 4 shows one of the two 300 kg sand and gravel piles from the laboratory experiment. The 262 

resolution is fine enough that the DSM for the gravel pile shows a rougher surface texture. Due to 263 

the highly controlled lab environment, the output DSM products do not show any artifacts. Table 264 

3 is a summary of findings for volumes and their associated weight measurements. For each 265 

material, the 300-kg sample was used as a reference to calculate percent difference of densities. 266 

For example, the 300-kg gravel sample had a volume of 0.170 m3 and a corresponding density of 267 

1,765 kg/m3. For each smaller sample, densities were compared with this reference density, and 268 

1 
9 

4 
2 3 

8 

7 

5 

6 
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relative differences were calculated which fell in a range of 0.5 to 6.0%. Finally, results suggest an 269 

average density of 1,443 and 1,765 kg/ m3 for sand and gravel, respectively. 270 

5.2.1. Direct density measurement 271 

Figure 5 shows all density measurements with variable compaction levels and is accompanied 272 

by a picture of the test sample. The density of sand is more sporadic over a range of 1,300 to over 273 

1,800 kg/m3 while gravel densities are clustered in a tighter range of 1,550 to below 1,800 kg/m3. 274 

The average densities of sand and gravel were 1,519 ± 139 and 1,644 ± 54 kg/m3, respectively. 275 

The average density values will be used in place of the entire scatter of data when applicable. 276 

Despite not being Normally distributed, density measurements can still provide some clues on how 277 

compaction effort can influence the process of volume to weight conversion. 278 

5.3. Satellite imagery  279 

Stockpile volumes measured from satellite images are converted to weights based on our 280 

findings from the experimental results outlined earlier together with the literature knowledge on 281 

aggregate stockpile densities. This study assumes an average specific gravity of 1.8 (110 lb/ft3) 282 

and 1.9 (120 lb/ft3), as recommended [25], for all aggregate and RAP stockpiles, respectively. 283 

Figure 6 illustrates aggregate and RAP stockpiles spatial distribution, indicating that most piles 284 

crowded near the western side of Washington State where Seattle metropolitan area is located. 4.4 285 

million tons equivalent of 2.5 million m3 of aggregates and 1.1 million tons equivalent of 0.6 286 

million m3 of RAP summarizes the result of this case study. However, a caveat is in place on 287 

whether the aggregate stockpiles found as part of this study would be utilized solely for HMA 288 

production purposes or other potential applications such as base/subbase of pavement layers.  289 

Table 2 290 
Summary of aggregate quarry site UAV survey. 291 

ID 
Base Area 

(m2) 

Volume  

(m3) 

Average Height 

(m) 

Max Height 

(m) 

Average to Max 

Height  

1 301 676 2.2 5.2 0.43 

2 510 1,512 2.9 7.3 0.40 

3 494 1,635 3.3 8.7 0.38 

4 661 1,812 2.7 7.1 0.39 

5 727 2,648 3.6 9.9 0.37 

6 1,063 4,008 3.8 9.7 0.39 

7 1,528 6,331 4.1 10.7 0.39 

8 1,976 9,336 4.7 9.7 0.49 
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 292 
(a) 293 

 294 
(b) 295 

Fig. 4. Sample output for 300 kg piles in laboratory experiments, including DSM (left) and orthoimage mosaic (right) 296 
for a) sand, and b) gravel. Height is relative to the surface. 297 
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Table 3 298 
Summary of lab SfM results showing measurement accuracy and density of materials. 299 

Material 
Mass 

(kg) 

Volume 

(m3) 

Density 

(kg/m3) 

Relative 

Difference in 

Density 

Average 

Density (kg/m3) 

Sand 

300 0.210 1429 Reference 

1443 ± 35* 

300 0.211 1422 -0.5% 

250 0.178 1404 -1.7% 

150 0.104 1442 0.9% 

100 0.069 1447 1.2% 

50 0.033 1515 6.0% 

Gravel 

300 0.170 1765 Reference 

1765 ± 21* 

300 0.167 1796 1.8% 

250 0.142 1754 -1.0% 

150 0.086 1744 -1.2% 

100 0.056 1754 -0.6% 

50 0.028 1786 1.2% 

* Standard deviation 

 300 

 301 

Fig. 5. Beeswarm chart of all experimental density measurements using the 4x8 inch cylinder for gravel (left) and 302 
sand (right). 303 
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 304 

Fig. 6. Spatial distribution of aggregate and RAP stockpiles owned by hot mix asphalt plants within the state of 305 
Washington. [Area of circles are relative to weights.] 306 

6. Analysis and discussion 307 

6.1. Area to volume scaling 308 

Although the exact shape of an aggregate stockpile is irregular and difficult to derive without 309 

any advanced surveying tools, some relatively simple geometric relationships can still be offered. 310 

When dividing volumes by base areas, the result will be a metric termed as average height in this 311 

study. If all stockpiles resembled the shape of a right prism, volume calculations could have been 312 

simplified to the measurements of base area and height. The average height, in this essence, 313 

transforms the irregular shape of an aggregate stockpile to a right prism with a similar base area 314 

and a constant height. An expanded database of the relationship between surface areas and volumes 315 

would be useful, as 2D area is relatively easy to measure. 316 

Tucci et. al (2019) conducted a similar analysis on an aggregate quarry site of 9 stockpiles and 317 

found out that the average height of stockpiles ranges from 0.9 to 4.5 meters (compared to 2.2 to 318 

4.7 meters found in this study) [14]. While this hypothetical height is hard to measure (requires 319 

volume and area measurements) or questionable to assume, another property of aggregate 320 

stockpiles can well substitute it. As presented in Table 2, the average heights can be related to the 321 

maximum height of any aggregate pile. This relation (average to maximum height ratio) seems to 322 

be more constrained than any other vertical property (e.g., average height) of aggregate stockpiles. 323 

This ratio took values in a range of 0.37 to 0.49, with an average of 0.44 in our case. Such metric 324 

can be used in a variety of remote sensing applications when estimating volumes. In other words, 325 

the process of volume estimation can be summarized in three basic steps: 1) base area 326 

measurements, 2) maximum height measurement (or estimation), and 3) multiply step 1 and 2 by 327 
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a ratio between 0.37 and 0.49 (or as recommended otherwise).  328 

6.2. Volume to weight conversion 329 

Laboratory experiments designed in this study aimed particularly at demonstrating how density 330 

of aggregate stockpiles can be measured from two fundamentally different methods. In both 331 

experiment setups, however, weight measurements were involved. In general, density of such 332 

porous and non-isotropic materials can be defined in multiple ways. In this study, however, the 333 

loose density as in the case of aggregate stockpiles in a quarry site was of interest, and the 334 

experimental plan was devised in a way to simulate the case. In this section we discuss and compile 335 

the findings from this study and claim that while density measurements are sensitive to 336 

methodology and definition, our results in part conform with the existing literature. 337 

Direct density measurements (as depicted in Figure 5) showed that sand density tends to be 338 

more sensitive to compaction. One explanation is, as opposed to coarser aggregate sizes, finer 339 

particles can easily roll over each other and form tighter interlock under high compaction forces. 340 

This uncertainty in density values makes the conversion of volume to a weight less intuitive. 341 

However, following a statistical approach and not adhering to standard test procedures such as 342 

ASTM C29/AASHTO T19 to measure bulk density of aggregates, the method employed here 343 

intends to convey a sporadic nature rather than a deterministic value for density. In real world case 344 

of an aggregate stockpile, density might not be distributed uniformly throughout the pile either. 345 

We believe that the scatter of values observed in Figure 5 can represent how density changes 346 

throughout an actual stockpile and thus using the average appears justifiable. 347 

Comparing the results of the two methods of measuring density explained earlier (see Table 3 348 

and Figure 5), SfM-based density measurements fall well within the expected range. To 349 

recapitulate, densities found for sand and gravel from SfM application were in the range of 1,404 350 

to 1,515 and 1,744 to 1,796 kg/m3, respectively, while direct measurements yielded a rather similar 351 

respective range of 1,300 to 1,800 and 1,550 to 1,800 kg/m3. Based on these results, we argue that 352 

accurate density estimates can be obtained from laboratory or field SfM-derived volume 353 

measurements for piles with known weights. Moreover, density estimates from the two different 354 

approaches (i.e. direct measurements and SfM photogrammetry) are consistent with the values 355 

suggested in previous studies (e.g. [24]) and EPA recommendations [28] and can be used to convert 356 

remotely measured volume of stockpiles to weights. 357 

6.3. Comparison to National surveys 358 

The National Asphalt Pavement Association (NAPA) is an organization responsible for 359 

conducting annual surveys on HMA and recycled asphalt materials inventory. In a traditional 360 

manner, NAPA sends out survey questionnaires to a representative number of asphalt plant owners 361 

to collect information about the amount of asphalt and recycled materials used and stockpiled on 362 

a yearly basis. For the case of Washington State, NAPA received responses from 33 production 363 

plants in its 2017 survey, which is around half of the sites surveyed remotely as part of the present 364 

study [30]. NAPA also estimated that 5.4 million metric tons of asphalt was produced in 2017, out 365 

of which 1.1 million metric tons were RAP. This can then be translated into a total weight of about 366 

4.2 million tons of raw materials used in the form of aggregate and liquid asphalt. Compared to 367 

the 4.4 million tons of aggregates found here, while viewing the fact that NAPA uses an entirely 368 

different method to survey stockpile quantities, our results look promising and suggest acceptable 369 

degree of conformation. We should however point out that the quantities measured in this study 370 
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capture the inventory of aggregate and RAP stockpiles in a given year and not necessarily the 371 

annual supply. Repeat surveys in this essence can provide more detailed information on volume 372 

changes, annual consumptions, and recourse depletion.  373 

6.4. Significance, limitations, and implications 374 

Given the time and expenditure requirements to conduct UAV surveys, an approach involving 375 

satellite remote sensing seems to be a viable alternative to field measurements; especially if 376 

quantities beyond a single corporation are desired. The UAV survey of the aggregate quarry site of 377 

this study, as an example, took approximately 3 hours to carry out, not including 2 hours of travel 378 

time. The equivalent time to remotely estimate volumes of a same quarry site would take less than 379 

half hour using Google Earth as a publicly available platform (an effort ratio of 1 to 10, not 380 

considering the image processing time). UAV surveys similar to this research study can build a 381 

foundation for future remote sensing attempts on aggregate volume calculations by providing a 382 

framework on converting base area to volume, expediting the movement towards well documented 383 

inventory of HMA supply, and eventually other industries using stockpiled materials. 384 

Nonetheless, it must be emphasized that many assumptions were involved throughout this 385 

study which necessitate and call for future validation endeavors. One limitation of employing such 386 

surveying approach could be the unavailability of satellite images and the fact that some regions 387 

might not be fully covered, and if so, the resolutions can still be unsatisfactory. The other challenge 388 

is related to the temporal aspect of these images which are not usually spontaneous, nor taken at 389 

the same time intervals throughout the region under study. In this study, satellite images were only 390 

available for the time period between May and August. Therefore, the findings in this study pertain 391 

to a particular time frame during the entire year. This further means, due to the fact that aggregate 392 

stockpile volumes are subject to fluctuations in a given year, this study was unable to identify the 393 

total supply of aggregates. Moreover, as brought up previously, 3D simulated terrain models are 394 

not available for an entire state. However, this is a relatively newborn technology with high 395 

potential of rapid progression given the enormous amount of data produced on a daily basis. 396 

All complications aside, the superiority of a similar database formed in this study to National 397 

survey efforts is the fact that geographic information elements are embedded as a supplementary 398 

piece. Since materials transportation can incur significant costs, this database is believed to feed 399 

sufficient input to decision makers in a statewide scale. As an example, let us assume an average 400 

trucking cost of $0.25 per U.S. ton-mile (or about $0.18 per metric ton-km), as discussed in the 401 

introduction. Also, assume that an average truck can load 20 tons of materials and would drive for 402 

30 miles (about 50 km) [6] for delivery. We can infer from our database that overall annual hauling 403 

cost of aggregate transportation for asphalt producers within Washington State is about $42 million. 404 

Depending on the size of production plant, this cost ranged from about $50 thousand to over $4 405 

million per an individual plant. 406 

Beside economic factors, the environmental burden of aggregate transportation can be assessed 407 

from cradle to gate through the use of Life Cycle Assessment (LCA) techniques [31]. Similarly, 408 

performing such environmental assessments requires information on the location of which 409 

materials were originated (point of supply) and delivered (point of demand). While the results of 410 

this study can satisfy the former, linking to the latter piece anticipates further research to fully 411 

understand the demand-supply chain involved in the industry. At this point, we suffice to run some 412 

simple calculations using rule of thumb inputs for environmental impact assessment. A typical 413 

conventional heavy-duty diesel dump truck burns about 680 J energy in the form of fuel and emits 414 

about 56 grams CO2-eq per ton-km basis (retrieved from Greenhouse Gases, Regulated Emissions, 415 
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and Energy Use in Transportation Model (GREET) [32]). Following the same assumption on 416 

average hauling distance of 30 miles (about 50 km), our database estimates that 200 TJ of energy 417 

is consumed in the form of diesel which emits more than 16,000 tons of CO2-eq within the State, 418 

only due to aggregate transportation. Again, we estimate that, depending on facility size, 0.25 to 419 

20 TJ of energy and 20 to over 1,500 tons of CO2-eq is emitted annually from aggregate 420 

transportation per asphalt production plants surveyed here. It is worth mentioning, however, that 421 

these estimates are based on the assumption that plants would consume as much aggregates as 422 

found from the survey performed in this study. 423 

7. Summary and conclusions 424 

This study proposes a remote sensing application to estimate the statewide inventory of 425 

aggregate and RAP stockpiles in possession of asphalt plants. Information about the location of 426 

asphalt production facilities within the state of Washington was collected and organized in a 427 

database. Satellite imagery from Google Earth software along with some of its built-in 428 

measurement tools were used to identify and estimate the volume of aggregate stockpiles stored 429 

within processing sites. Although 2D measurements of base surface area is straight forward, 430 

finding out the elevation profile of aggregate stockpiles poses some serious challenges. To 431 

overcome this complication, simplistic though rational assumptions were made to come up with 432 

an average height for which when multiplied by base area would result in the volume of stockpiles 433 

(conversion of an irregular stockpile shape into a right prism). To examine and support the validity 434 

of these assumptions, two other experiments were performed to measure the volume of aggregate 435 

stockpiles at two different scales. 436 

First, to gain insights on a real scale geometry, a camera equipped UAV was flown over an 437 

aggregate quarry site to acquire aerial images. The UAV survey documented detailed pile geometry 438 

and volume, with the ratio between volume to base surface area (average height) of ~2-5 meters. 439 

Second, a laboratory experiment involving piles of sand and gravel with known weights and 440 

physical properties was designed to estimate bulk density of each aggregate type. Close-range SfM 441 

photogrammetry techniques were used to create 3D models and measure pile volumes. Average 442 

relative error for SfM volume measurements was typically less than 2%. Additionally, density of 443 

each aggregate type was directly measured by filling up a cylinder with known volume 444 

accompanied with weight measurements under a variety of compaction levels. Results from the 445 

field and laboratory experiments provided valuable constraints and insights on geometric (i.e. 446 

volume calculation) and physical properties (i.e. density measurements) of aggregate stockpiles. 447 

Satellite imagery analysis of aggregate volumes used to produce asphalt mixtures in 448 

Washington State showed that 4.4 and 1.1 million metric tons of crushed stone and RAP, 449 

respectively, were stockpiled throughout the state in 2017 which is in an acceptable compliance 450 

with NAPA survey results. Furthermore, economic and environmental cost assessments associated 451 

with transporting these dense materials require knowledge on spatial distribution and quantities, 452 

in which remote sensing surveys can deliver both at once. It was estimated that trucking aggregate 453 

resources from plant to job sites can incur a statewide cost of about $42 million, while consuming 454 

around 200 TJ of energy and emitting over 16 thousand CO2-eq. However, a more extensive study 455 

on the merit of such database in conducting economic and environmental impact assessment on 456 

asphalt production industry is warranted. 457 

To summarize, UAVs are quick, inexpensive, accurate, and safe tools to accomplish surveys in 458 

the construction industry. Having such powerful technology in hand, an inventory of a 459 

representative sample of aggregate stockpiles within an entire state can be collected. This will 460 
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enable construction engineers to adopt a network-level approach into resource allocation, 461 

ultimately reaching into an equilibrium state in the demand-supply chain for aggregates, the most 462 

commonly consumed raw material in the U.S. However, with the increasing availability of high-463 

resolution satellite imagery and improved global terrain models, remote sensing techniques can 464 

potentially be substituted to extract similar measurements with improved efficiency, especially for 465 

larger inventories that extend beyond a single owner entity. 466 
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