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Abstract: This paper presents a time- and cost-efficient method for the management of construction
and demolition (C&D) debris at construction sites, demolition jobsites, and illegal C&D waste
dumping sites. The developed method integrates various drone, deep learning, and geographic
information system (GIS) technologies, including C&D debris drone scanning, 3D reconstruction
with structure from motion (SfM), image segmentation with fully convolutional network (FCN),
and C&D debris information management with georeferenced 2D and 3D as-built. Experiments
and parameter analysis led us to conclude that (1) drone photogrammetry using top- and side-view
images is effective in the 3D reconstruction of C&D debris (stockpiles); (2) FCNs are effective in
C&D debris extraction with point cloud-generated RGB orthoimages with a high intersection over
union (IoU) value of 0.9 for concrete debris; and (3) using FCN-generated pixelwise label images,
point cloud-converted elevation data for projected area, and volume measurements of C&D debris is
both robust and accurate. The developed automatic method provides quantitative and geographic
information to support city governments in intelligent information management of C&D debris.

Keywords: drone photogrammetry; image segmentation; volume measurement; concrete debris

1. Introduction

With the largest concrete consumption in the world in 2019, China has been generating
an increasing amount of construction and demolition (C&D) debris as a result of construction,
renovation, and demolition activities [1,2], the majority of which, however, has been landfilled
or illegally dumped, causing adverse environmental impacts on the soil and water. Despite
local investigations and regulations, such disposal and illegal dumping continue to exist
due to the lack of automatic C&D identification and volume calculation tools. Therefore, we
propose an automated method for C&D debris management at construction and demolition
jobsites, landfill sites, and illegal dumping sites, which utilizes drone photogrammetry, deep
learning, and geographic information system (GIS) in C&D debris surveying, detection,
measurement, and information management. In addition, concrete debris detection and
quantification experiments were conducted on an illegal dumping site, and the application
benefits of the new method are discussed and summarized here. The method developed in
this study provides quantitative and geographic information to support city governments and
the related departments in C&D debris intelligent information management.
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2. Background
2.1. Construction and Demolition Debris Management

Global cement production was estimated at approximately 4.1 billion tonnes (BT)
in 2019 by the European Cement Association [1]. This huge amount of cement products
indicates that the construction industry consumed a total of 27.4 billion tonnes (BT) of
concrete worldwide in 2019, with approximately 15.4 BT in China, 1.2 BT in the EU, and
0.6 BT in the USA (note that in this calculation, concrete is assumed to be made of 15%
cement, 75% aggregate, and 10% water) [1–3]. To meet such demand in China, its cement
production increased from 1.08 BT to 2.3 BT from 2005 to 2019, while cement production
has decreased in developed countries, dropping from 0.25 BT to 0.18 BT in the EU and from
0.1 BT to 0.09 BT in the USA between 2005 and 2019 [1,2]. On the other hand, while the
amount of construction and demolition (C&D) waste has remained stable in developed
countries, it has increased substantially in China due to construction, renovation, and
demolition activities in residential, non-residential, and civil infrastructure projects. For
example, approximately 0.85 BT of C&D waste was generated in the EU in 2012 (34% of
total waste) compared with 0.83 BT in 2018 (36% of total waste) [4,5], whereas in China, it
doubled from an estimated amount of 1.54 BT in 2005 to 3.53 BT in 2013 [6–8].

The material composition of C&D waste is mostly concrete, metal, mortar, brick/block,
plastic, and timber, where concrete debris typically contributes the largest percentage (60%
by weight), followed by brick (21%) and mortar (9%) [7,9]. In developed countries, much of
this waste is reused; for example, 76% of C&D debris was processed for further use in the
USA, and most concrete debris was recycled into aggregates or new concrete products [10].
On the contrary, China has a rather low C&D debris reselling and recycling ratio of 8%,
indicating that 92% of concrete, brick, and mortar waste is landfilled [9]. This is partially
because the potential recycling values of concrete, brick, and mortar in China are only 4%
of the recycling value of metal, which is relatively low compared with other developing
countries, e.g., 10.4% in Bangladesh [8,9]. Moreover, to further reduce the transportation
and landfill cost of C&D waste, much of the concrete debris is dumped at illegal sites,
imposing substantial environmental impacts on the soil, surface water, groundwater, and
air quality after long-term sun exposure and saturation by rain.

Figure 1 shows the conditions of two illegal dumpling sites in Shenzhen, China,
captured by an engineer of the local construction waste management team during a field
visit. In Shenzhen, the identification and investigation of C&D waste is conducted via
field visits and on-site measurements, which are time- and labor-consuming to achieve
satisfactory results. In addition, illegal dumping sites are typically located in rural and
mountainous areas, where access to the waste stockpile is limited and the soft soil surfaces
also create safety hazards of sliding and falling debris. Such barriers greatly hinder the
construction waste management team’s ability to accurately measure the quantities of
C&D debris, impacting the decision making of subsequent transporting and cleaning tasks.
Although the local regulation “Shenzhen Construction Waste Management Method” specifies
the punishment for illegal dumping, it does not differentiate the severity of violations such
as dumping areas and volumes [11]. As a result, illegal dumping of C&D waste continues
to exist in Shenzhen, China. Therefore, it is necessary and urgent to employ an automatic
construction waste stockpile measurement tool for the construction waste management
team to efficiently identify C&D waste quantities and accurately issue citations based on
measurable individual violations.
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Figure 1. (a,b) Illegal construction waste dumping sites in Shenzhen, China (Images by authors).

2.2. Literature Review

Previous research deployed remote sensing (RS) technologies in construction waste
management, such as satellite imagery. The benefit of its extensive areal coverage and
feasibility has been demonstrated in illegal landfill detection [12,13], monitoring the surface
temperatures of municipal solid waste landfill sites [14], and volume estimates of stockpiled
reclaimed asphalt pavement inventory [15]. However, the resolution of typical satellite
imagery limits its application in investigating scattered C&D waste illegal dumping sites
in urban, suburban, and rural areas. To obtain high-resolution aerial images, drones and
cameras are a potential solution that has been successfully applied in 3D mapping and
surveying [16–21], building and infrastructure structure inspection [22–27], and search
and rescue applications [28–30]. Furthermore, the advancement of structure from motion
(SfM) photogrammetry has made it possible for convenient aerial image-based 3D recon-
struction with ready-to-fly consumer drones, e.g., DJI Mavic 2 Pro (SZ DJI Technology,
Shenzhen, China), which can achieve high accuracy within 5 cm error in both horizontal
and vertical coordinates [16,31,32], and the obtained point cloud can be used in soil volume
estimation [17,32,33].

Furthermore, with the advancement of deep learning technologies, e.g., convolutional
neural network (CNN)-based image classification and fully convolutional network (FCN)-
based image segmentation, automated object detection has become more convenient and
accurate in images no matter the target objects’ sizes and shapes [22,25,34–41]. Researchers
have conducted several studies in waste image classification and waste material detection,
including municipal solid waste and construction waste, which were separated as “eyes”
and a “brain” in domestic waste automatic sorting machines and construction waste
recycling robots (see Table 1). These previously developed approaches are all CNN-based
image classification methods, which are suitable for extracting one target object from a
small image (equivalent to multiple target objects in a large image).

Table 1. Waste classification and waste material detection via deep learning.

Task (Reference) Objects Model Image Size

Waste image classification [34] Cardboard, glass, metal, paper, plastic,
and trash ResNet18 256 × 256

pixels
Construction waste material classification

(image captured above trash bin) [35]
Timber, plastic, brick and concrete,

carboard, and polystyrene VGGNet 224 × 224
pixels

Truckload image classification (image
captured above waste bulks) [36]

Inert (e.g., concrete and bricks) and
non-inert materials (e.g., wood, plastic,

and bamboo)
DenseNet169 -

Nails and screws recycling with a robot on
construction sites [37] Nails and screws Faster R-CNN -

Waste classification for an automatic sorting
machine [38] 13 categories of municipal solid waste VGGNet 160 × 160

pixels
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However, for extracting stockpiled C&D materials, e.g., concrete debris, from drone
imagery, FCN-based image segmentation is required, where all pixels belonging to concrete
debris are expected to be assigned a corresponding class label, as in [22,42]. The image
segmentation results will help estimate the projected area of concrete stockpiles if the
ground sampling distance (GSD) is known for the drone images and also can be used for
stockpile volume estimation if the images’ elevations are known.

3. System Design and Development
3.1. System Overview

To facilitate construction waste management and alleviate related environmental con-
cerns, we propose a time- and cost-efficient method that integrates drone photogrammetry,
deep learning, and GIS to automate the process of C&D debris identification and measure-
ments at construction and demolition jobsites, landfill sites, and illegal dumping sites, as
illustrated in Figure 2.
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Figure 2. Enhanced construction waste intelligent information management system.

Figure 3 presents the overall process used in the proposed automated method for
C&D debris detection, measurement, and documentation, which are explained using waste
concrete debris (written as WC for the remainder of the paper), including C&D debris
scanning, SfM photogrammetry, point cloud RGB texture and elevation feature image
generation, deep learning-based segmentation, and C&D debris extraction, measurement,
as-built modeling, and GIS mapping.

3.2. Aerial Image Collection and Photogrammetry

To enhance the SfM photogrammetry performance, the following scanning strategies
are recommended in aerial image collection: (1) on a forward path, set the drone gimbal’s
pitch axis at negative 90◦ to make the camera lens face the ground for capturing overlapped
top-view images of C&D debris (stockpiles), such as those shown in Figure 4b; (2) on
a backward path, set the pitch axis at negative 45◦ to capture side-view images of the
C&D debris (stockpiles), as shown in Figure 4c; and (3) hover above the center of each of
the scanned C&D stockpiles to capture additional top-view images for global positioning
system (GPS) information collection.

Following that, we can import the captured 90◦ and 45◦ images into SfM photogram-
metry software, such as Autodesk ReCap Photo (Autodesk, Mill Valley, CA, USA), to
generate a 3D mesh model (Figure 4a) and a 3D point cloud for the scanned site.
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3.3. Point Cloud Feature Image Generation

Orthophoto and digital elevation model (DEM) images can be generated from pho-
togrammetry software, i.e., ReCap Photo. The resolution of the DEM image, however, is
only one-tenth of the orthophoto, with, for instance, pixel dimensions of 294 × 335 com-
pared to 2940 × 3359, respectively, as demonstrated in Figure 5c,b. The low resolution of the
DEM image makes it difficult to accurately register elevation data to each RGB pixel in the
orthophoto. Fortunately, each point in photogrammetric results has multiple attributes, e.g.,
“RGB” and “elevation”, which can be visualized using different views, scales, and colors in
point cloud visualization and editing software. As a result, Autodesk ReCap Pro (Autodesk,
Mill Valley, CA, USA) was used to generate RGB texture and elevation feature images for
point clouds. For example, in Figure 5a, the “RGB” (red, green, blue) option displays points
with camera-captured colors, while the “elevation” view represents each point’s height in
Z-coordinates [43]. Once the perspective mode is turned off, the orthographic top-view of
an RGB point cloud in Figure 5a is similar to a large-sized orthophoto in Figure 5b, and
the top-view of an elevation point cloud in Figure 5a is similar to a DEM in Figure 5c. By
setting the same scale, the orthographic top-view images of the RGB texture and elevation
of a point cloud in ReCap Pro are originally linked to the same pixel coordinates, as shown
in Figure 5a.
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Accordingly, we designed a screenshot tool to obtain the RGB (in 24-bit) and elevation
(in 8-bit) images from ReCap Pro for deep learning model training and testing data set
preparation with the following steps: (1) crop the 1080 p capture by removing the toolbars
in each side of the capture, and (2) further remove the black margins on each side of the
cropped capture to obtain the finalized region annotated in Figure 5a. The ground sampling
distance (GSD) of the future images can then be determined via Equation (1).

GSD = Site width/ Image width (1)

where the Image width is the width of the finalized region, such as the examples shown in
Figure 3, and the Site width can be accurately measured from ReCap as the ortho distance
annotated in Figure 5a. In addition, a median filter [44] with a size of 11 × 11 pixels is
proposed to smooth (replace) point gaps, shown as black in Figure 5a, to obtain a smoothed
elevation image but maintain the edges of elevation changes.

Furthermore, we also developed a Pointcloud2Orthoimage (P2O) tool (code and demo
on [42,45]) to automatically generate feature images of orthoimage and elevation images
from a point cloud file. The generated feature images have unlimited size, which means any
scanned large site can be presented in a single-frame, high-resolution image. Meanwhile,
the differently sized RGB feature images also have the same GSD.
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3.4. Pixelwise Segmentation Models and Label Image Generation

In this research, two deep learning models (FCNs), a convolutional encoder-decoder
network (Table 2) and a U-Net [46], are compared for WC (label = 255) and non-WC
(label = 0) binary segmentation. Previous studies showed that the U-Net [47] can be
implemented with a Sigmoid activation function using two integers of 0 and 1 to achieve
suitable performance in binary classification for different shaped and sized AEC objects [22].
Thus, we used the Sigmoid function in the end layer of the encoder-decoder as well.
Following that, the one-channel pixelwise label image has a pixel value range of 0 to 255
after multiplying by 255 the Sigmoid results, which are in the range of 0 to 1. In addition,
the encoder-decoder only uses three max pooling layers and three up-sampling layers to
ensure the label image outputs have the same dimensions as the ortho-image inputs. Hence,
the encoder-decoder is lighter (has much fewer layers, channels, and parameters) than the
U-Net, and more likely to be implemented by a video card (GPU) with fewer CUDA cores.

Table 2. Convolutional encoder-decoder network model layers.

Blocks Layers (Kernel Size) Strides Padding Filters Activations Blocks Layers (Kernel Size) Strides Padding Filters Activations

Input input_1 - - - -

Decoder

conv2d_4 (3 × 3) 1 same 256 ReLU

Encoder

conv2d_1 (3 × 3) 1 same 64 ReLU up_sampling2d_1 (2 × 2) 1 - - -
max_pooling2d_1 (2 × 2) 2 same - - conv2d_5 (3 × 3) 1 same 128 ReLU

conv2d_2 (3 × 3) 1 same 128 ReLU up_sampling2d_2 (2 × 2) 1 - - -
max_pooling2d_2 (2 × 2) 2 same - - conv2d_6 (3 × 3) 1 same 64 ReLU

conv2d_3 (3 × 3) 1 same 256 ReLU up_sampling2d_3 (2 × 2) 1 - - -

max_pooling2d_3 (2 × 2) 2 same - - Output conv2d_7 (3 × 3) 1 same 1 Sigmoid

Since directly processing a large image requires more memory in a single GPU, we
applied a disassembling and assembling algorithm [48] for both model training and predic-
tion stages. In detail, a large image was first disassembled into multiple small patches with
dimensions of 128 × 128 pixels, each of which overlapped 50% with adjacent small patches
in both width and height directions. Then, for each large image, FCNs processed the
disassembled small patches rather than directly processing the full-resolution input image.
The FCNs then generated small-patch outputs that were assembled to produce a label
image with the same dimensions as the high-resolution input RGB image. Consequently,
with the 128 × 128-pixel small patch as the input, the proposed encoder-decoder model
only has 1,330,305 parameters, while the complicate U-Net has 23.33 times more parameters
(31,032,837). As a result, the proposed FCN-based pixelwise segmentation method can be
run on a workstation with a Core i7-7800X CPU@3.5 GHz, 32GB RAM, and 11GB GDDR5X
memory GeForce GTX 1080 Ti GPU for pixelwise label image generation for large-sized inputs.

Moreover, we propose the following data augmentation (DA) strategies in preparing
the 128 × 128-pixel RGB image and label image samples. (1) Randomly flip the image and
label in one of the following options: horizontal, vertical, both horizontal and vertical, or
non-flipped. (2) Randomly uniformly resize the flipped image and label by a factor in the
range of [0.5, 1.5]. (3) Randomly rotate the resized image and label in the range of [1, 89]
degrees (note that the resized image and label were padded with sufficient black margin,
i.e., 0 values, prior to rotation to retain all relevant textured regions). (4) Either randomly
conduct perspective transformation of the image and label (keep left, right, top, or bottom
edge the same) or not. (5) Cut the black margins (i.e., left, right, top, and bottom edges) from
the transformed image and label. (6) Pad the remaining image and label with 0 values to be
multiples of 128 pixels in size. (7) Randomly adjust the padded image’s brightness, color,
contrast, or sharpness by a value in the range of [0.5, 1.5] [49] (note that adjustments are not
applied to the label). (8) Rotate the adjusted image and label by 0◦, 90◦, 180◦, and 270◦ (when
combined with step (2), this covered nearly all possible 360◦ rotations). (9) Crop the four sets
of rotated images and labels into 50% overlapped 128 × 128-pixel small patches by moving a
128 × 128-pixel slide window with a stride of 64 pixels in both width and height directions.
(10) Discard black image and label samples, i.e., all pixels with a value of 0, for reducing the
overall size of training data sets. Consequently, well-trained image segmentation models can
be obtained under the condition of limited model training data sets.
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3.5. C&D Debris Extraction, Measurement, Modeling, and Mapping

We used the f indContours() function [50] to extract the contours of all individual C&D
debris (stockpiles) that occurred in a pixelwise label image and return a list of contours,
irrespective of their sizes (measured in pixel area). This meant that the fragile debris was
also included in the return list. Thus, an area filter of 10,000 pixels was used to skip thin
debris as noise. An example of an extracted contour is shown in Figure 3, which is the
boundary of a WC stockpile. Each contour’s vertices’ local pixel coordinates [u, v] can then
be transformed into real-world coordinates [X, Y, Elevation] via Equation (2): X

Y
Elevation

 =

 (u − Image width/2)× GSD
−(v − Image height/2)× GSD

Elevation image [u, v]/255 × (Elevationmax − Elevationmin) + Elevationmin

 (2)

where Image width/2 and Image height/2 set the origin of the customized real-world
coordinates at the image center. Alternatively, the origin location can be set at a known
ground control point. Elevationmin and Elevationmax are the minimum and maximum
elevation values of the elevation image in the range of [0, 255], in which Elevationmax
corresponds to a grayscale value of 255 and Elevationmin is equivalent to a grayscale value
of 0. Thus, when assuming C&D debris are evenly distributed across the base area and
along the stockpile height, the projected area and volume of C&D debris can be estimated
using Equations (3a) and (3b):

Debris area = Number o f pixel × GSD × GSD (3a)

Debris volume = Debris area × (Average height − Base height) (3b)

where Average height is the mean elevation value of the contour enclosed region of the
smoothed elevation image. When the ground surface is a flat plane and the customized
origin is set on that plane, the Base height is equal to zero. Alternatively, the Base height can
be set as the mean elevation value of the boundary of the C&D debris area. The estimated
geometry data are saved in a comma-separated value (CSV) file (Figure 6c) along with the
extracted GPS data, which was imported into ArcGIS Online (Esri Redlands, California)
for geographic visualization and information management. The converted real-world
coordinates (units in meters) of each extracted C&D debris area are initially saved in text
files (Figure 6a) and then converted to a single script file (Figure 6b) (units in millimeters)
for automatic drawing in Autodesk AutoCAD/Civil 3D (Autodesk, Mill Valley, CA, USA)
like in [45]. Furthermore, a C&D debris stockpile point cloud file (Figure 6d) is produced
by using all C&D pixels of the RGB image and elevation image, and the same output is also
generated for the projected stockpile’s base, as shown in Figure 6d.
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4. Experiments and Results
4.1. Experimental Site and Data Set Preparation

An illegal C&D waste dumping site (Figure 4), which was previously an abandoned
industrial building in Shaoguan, China, was selected for experiments. As shown in Fig-
ures 1, 4 and 7, typically only a single material category exists in a stockpile because truck
drivers want to quickly complete their illegal dumping behaviors. As a result, it is their
best choice to dump at a clear site without any previously dumped C&D debris. Thus, it is
reasonable to assume that the composition of C&D debris was evenly distributed across
the area and elevation of the stockpile. Two sets of aerial images were collected from 14 to
15 April 2021 with a Hasselblad L1D-20c aerial camera (1” CMOS, F/2.8, 20 megapixels)
via a DJI Mavic 2 Pro drone (SZ DJI Technology, Shenzhen, China). We manually controlled
the drone to hover over the site at altitudes of 10 m, 20 m, and 40 m to capture images.
Two point clouds were then generated via ReCap Photo, as shown in Figure 7a, which
focused on a WC stockpile, and Figure 7b, which mainly covered a soil stockpile. The two
point clouds were separately imported into ReCap Pro to export two sets of RGB images
(in orthographic top-view), including three 2048 × 2048-pixel RGB images (Figure 7c) for
model training and two 2048 × 2048-pixel RGB images (Figure 7d) for testing. The exported
images are similar to the orthophoto but have gaps among points due to the nature of the
source point cloud, whereas the orthophotos are continuous photographic images without
gaps. Following that, the 2048 × 2048-pixel label images (see Figure 7c,d) were manually
created by annotating WC pixels with a value of 255 and non-WC pixels with a value of 0.
The data sets are available in [45].
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4.2. Image Segmentation Model Training, Testing and Comparison
4.2.1. Model Training

Both FCNs were set up using Keras 2.3.1, Python 3.6.8, OpenCV 3.4.2, and TensorFlow-
GPU 1.14 software packages, and run on a workstation with 2 × Xeon Gold 5122@3.6GHz
CPUs, 96GB DDR4 2666 MHz memory, and 4×11GB GDDR6 memory GeForce RTX 2080
Ti GPUs for model training. In model compiling, the encoder-decoder applied the Keras
settings of optimizer = ‘rmsprop’ and loss = ‘mse’, and the U-Net applied the settings of
optimizer = ‘adam’ and loss = ‘binary_crossentropy’. In addition, the following common con-
figurations were set for model training and validation: (1) callbacks = [EarlyStopping(monitor
= ‘val_loss’, patience = 10)] to avoid model overfitting, which stops model training when the
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validation loss does not decrease for 10 epochs; (2) epochs = 100, which stops model training
at the 100th epoch; and (3) validation_split = 0.05, which uses 5% of samples for validation
during model training.

By performing 11 rounds of the 10 steps in the combined data augmentation (DA)
process (which skips random processing steps (1) to (4) and (7) in the first round to
keep the original image and label, and then runs all steps for the remaining rounds), the
created model training data sets would have sufficient size, shape, color, orientation, and
perspective differences to characterize a range of WC and soil stockpiles. As the DA was
randomly conducted in model training, the encoder-decoder was trained on 80,071 samples
and validated on 4215 samples, and the U-Net was trained on 74,725 samples and validated
on 3933 samples by the setting of validation_split = 0.05. The plots of training and validation
loss and accuracy are shown in Figure 8. The encoder-decoder terminated early (at the 39th
epoch) with a training loss value of 0.0087 and accuracy of 0.9852, and a validation loss of
0.0182 and accuracy of 0.9719. The U-Net training was completed at the 100th epoch (i.e.,
the early stopping function was not activated as its criteria was not met) with a training
loss of 0.0210 and accuracy of 0.9949, and validation loss of 0.0477 and accuracy of 0.9878.
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The U-Net training typically took 159–162 s for each epoch on the four-GPU worksta-
tion, while the encoder-decoder averaged 45 s for each epoch. This is reasonable given that
the U-Net has more layers and parameters than the proposed encoder-decoder (Table 2).
For future practice, using the simple encoder-decoder would be a fast implementation
option when new data sets (image and label image) should be prepared, and new FCN
should be trained for the detection of other C&D materials.

4.2.2. Model Testing

Since the Sigmoid activation function was used in both FCNs to generate the contin-
uous values in the range of 0 to 1, we multiply by 255 to produce continuous values in
the range of 0 to 255 for the pixelwise label image. Hence, a filter is necessary to classify
pixels into two groups, the WC pixels and non-WC pixels, as the binary segmentation
results. In this research, for both FCNs, all pixels with a value >127 were updated to 255
to indicate WC; otherwise, they were replaced with 0 to represent non-WC objects. In
addition, previous research showed a filter that replaces a pixel prediction that falls in
the range of (class-label−15, class-label+15), and the defined value of each class label can
yield adequate performance in multiclass segmentation tasks [48]. Thus, the following
alternative option was tested for the encoder-decoder: all pixels within the [0, 15] range
were updated to 0 for non-WC, and all values within the [240, 255] range were updated to
255 for WC.
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Both trained FCNs were used to segment the five large-sized RGB images in Figure 7
using the disassembling and assembling algorithm, and the evaluation results of pixel
accuracy, WC intersection over union (IoU), and Non-WC IoU values are compared in
Table 3 for both training and testing data sets. By updating all pixel predictions with values
>127 to 255 to indicate WC objects and replacing others with 0 to represent non-WC objects,
the two FCN models generated similar results of IoU performance in the training data
sets of wc3 and wc2 and the testing data set of soil1. In addition, Table 3 shows that the
maximum WC IoU difference value between the U-Net and the encoder-decoder is only
0.0473 for training data set wc1 and 0.0844 for testing data set soil2. This is much better
than the alternative option, which has a WC IoU difference of 0.0612 in data set wc1, and a
difference of 0.1057 in data set soil2.

Table 3. Training and testing evaluation results.

U-Net Encoder-Decoder Encoder-Decoder (Alternative Option)

Training Testing Training Testing Training Testing

Performance wc3 wc2 wc1 soil2 soil1 wc3 wc2 wc1 soil2 soil1 wc3 wc2 wc1 soil2 soil1

Pixel Accuracy 0.9977 0.9969 0.9992 0.9886 0.9794 0.9914 0.9931 0.9954 0.9770 0.9733 0.9898 0.9892 0.9944 0.9751 0.9724
Non-WC IoU 0.9970 0.9949 0.9991 0.9872 0.9747 0.9886 0.9886 0.9950 0.9742 0.9674 0.9865 0.9826 0.9940 0.9723 0.9665

WC IoU 0.9911 0.9921 0.9898 0.9065 0.9006 0.9669 0.9824 0.9425 0.8221 0.8728 0.9601 0.9725 0.9286 0.8008 0.8646

Furthermore, the assembled large image label predictions are shown in Figure 9, where
the encoder-decoder mislabeled several WC areas are in the left side of testing data set
soil2 (Figure 9d) compared to the U-Net prediction (Figure 9c) and the ground truth label
image (Figure 7d). The mislabeled objects are plastic bags, which have a similar texture to
concrete in the image. Due to its superior accuracy, the U-Net was used for the remaining
applications. Table 3 shows that the pixel accuracy and IoUs of the training and testing data
sets are very close to 1, but these slight differences cannot be further reduced by adding
more training epochs due to the point gaps of the RGB images, which were filled with a
WC label in the manually created label images but were successfully identified as non-WC
objects in the assembled label image predictions. Moreover, the pixelwise segmentation
results of the point clouds’ perspective views and orthographic oblique views are also
shown in Figure 9e–h, where the U-Net successfully detected the WC stockpile and the
scattered WC pieces, which confirmed the effectiveness of the proposed DA.

4.3. Concrete Debris Extraction, Measurement, and Modeling

The target WC debris stockpile was placed in the center of the screen as in Figure 5
by zooming to extents, and the previously described screenshot tool collected the point
cloud’s RGB and elevation image (see Figure 10) with an orthographic top-view from
ReCap Pro, where the point display size was set at the default value of 2. The WC stockpile
has a Site width of 36.202 m (see Figure 5). The captured grayscale elevation image has
an Elevationmax of 4 m and Elevationmin of −1 m, as shown in Figure 10b. The finalized
RGB and elevation images have the dimensions of 1358 pixels in width and 886 pixels
in height, which were automatically determined in the screenshot tool by dropping all
black margins. Then, the GSD was calculated via Equation (1) as 0.026658321 m/pixel
(36.202 m/1358 pixel). In addition, the P2O tool generated the orthoimage and elevation
data shown in Figure 10c,d using the designated GSD = 0.025 m/pixel and elevation values
in the range of −0.710394 m to 3.353387 m. The generated feature images have the size
of 1448 × 944 pixels, and the Site width = GSD × Image width = 0.025 × 1448 = 36.2 m,
which is equal to the manually measured result of 36.202 m (see Figure 5).
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Consequently, the RGB image was dissembled into several 128 × 128-pixel small
patches and then processed by the trained U-Net for 128 × 128-pixel label image prediction,
and the large-sized pixelwise label image was assembled for WC stockpile extraction, as
shown in Figure 10a. Once the contour of the WC stockpile was obtained, its projected area
of 191.3 m2 and volume of 104.1 m3 were estimated using Equations (3a) and (3b). The
extraction and measurement results are annotated in Figure 11a, where the scattered thin
WC pieces and the small WC stockpile in the bottom-left were dropped by the 10,000-pixel
area filter. In addition, the U-Net-generated label image for the P2O result is shown in
Figure 10c. The major difference between Figure 10a,c is annotated and the detailed section
is shown in Figure 10c as well. This section has pavement marks and aggregate particles
mixed with thin concrete debris, and thus it is reasonable for the U-Net model to identify
this region as non-WC. Following that, the extracted WC stockpile has a projected area of
189.1 m2 and a volume of 98.9 m3 in Figure 11d, which is slightly less than the 191.3 m2

in Figure 11a. The extracted WC stockpiles have a 1.15% = (100 − 189.1/191.3 × 100)%
area difference, which is reasonable due to the U-net generating the different label images.
However, the 5% = (100 − 98.9/104.1 × 100)% volume difference is unreasonably large and
is discussed later.
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Figure 11. WC stockpile extraction: (a) point size = 2, area = 191.3 m2, volume = 104.1 m3

(red texts), (b) point size = 1, area = 188.6 m2, volume = 100.4 m3, (c) point size = 10,
area = 207.2 m2, volume = 123.6 m3, (d) GSD = 0.025 m/pixel, area = 189.1 m2, volume = 98.9 m3,
(e) GSD = 0.01 m/pixel, area = 189.8 m2, volume = 99.6 m3, and (f) GSD = 0.030 m/pixel,
area = 188.0 m2, volume = 98.6 m3.
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Additionally, the above processes were repeated to test the effect of filter size, where an
area filter of 1000 pixels was applied to extract WC debris stockpiles from another captured
and finalized RGB image with dimensions of 1357 × 886 pixels. Two WC stockpiles were
extracted and modeled in CAD and ArcGIS Online, as shown in Figure 12. The larger
one has an area of 191.2 m2 and a volume of 104.2 m3; these values are close to the results
annotated in Figure 11a with the 10,000-pixel area filter. Thus, the developed method using
photogrammetric point cloud-generated RGB and elevation images is a robust, accurate,
and effective approach for WC debris volume estimation.
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5. Discussion
5.1. P2O-Feature Image and GSD Parameter Analysis in Segmentation Performance

The performance of FCN-based image segmentation has a strong relationship with
the comprehensive level of the model training data sets. The arbitrary view segmenta-
tion results in Figure 9e–h confirm that using only orthographic views and the proposed
data augmentation (DA) strategies can yield a well-trained FCN for WC object detection.
The prepared data sets have a size of 2048 × 2048 pixels and an approximate GSD of
0.009261 m/pixel, and are available in [45]. Step (2) of DA randomly resizes training
data sets in the range of [0.5, 1.5], which should let the trained model successfully pro-
duce accurate label images for GSD in the range of 0.006174 to 0.018523 m/pixel. Since
the P2O tool can generate feature images with any designated GSD values, we tested a
GSD = 0.008 m/pixel and other GSDs from 0.010 m/pixel to 0.040 m/pixel with an interval
of 0.005 m/pixel.

The extracted WC stockpiles are shown in Figure 11d–f and have the projected areas
summarized in Figure 13a. The U-Net-generated label images for GSD = 0.008, 0.02, and
0.035 m/pixel are shown in Figure 13b–d, respectively, with the annotated difference and the
detailed section, as well. Among the different GSDs, only the GSD = 0.035 and 0.04 m/pixel
have significantly different area values compared to others. Figure 13c,d explains that the
marked section containing concrete debris is much darker than the others and close to the
aggregate particles, resulting in the U-Net failing to identify them as WC objects.
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Furthermore, Figure 11 indicates that the P2O orthoimages filled gaps on their edges
with similar textures from neighboring pixels, especially in the annotated top-left corners
of Figure 11a,d. When GSD = 0.008, 0.010, and 0.015 m/pixel, the U-Net model incorrectly
identified a piece of WC debris in the filled regions, as shown in Figure 13b, but this error
did not occur in other GSDs. The filled regions in the P2O feature image can be removed by
comparing them with the original point cloud. Therefore, the proposed DA can enable the
FCN to perform accurate pixelwise segmentation on P2O orthoimages with GSD = 0.008 to
0.03 m/pixel (0.86 to 3.24 times of 0.009261 m/pixel), which enhanced the designed the
GSD range of 2/3 to 2 times of the training data sets.

5.2. Screenshot Feature Image and Point Cloud Display Size Parameter Analysis in Measurement
Performance

The results in Figure 11a,d show that the extracted WC stockpiles for the screenshot
feature images and P2O feature images have a 1.15% area difference and a 5% volume
difference. Based on Equation (3b), the average heights of the WC stockpiles are different
between the two sets of feature images, as well. The elevation values for the P2O feature
images are directly obtained from the original point cloud, which are the ground truth
values. The measured WC stockpiles’ average height is 0.523 m for GSD = 0.020, 0.025, and
0.030 m/pixel. It is 3.86% = (100 − 0.523/0.544 × 100)% or 0.021 m less than the screenshot
feature images with an average height of 0.544 m. According to Equation (2), the elevations
of screenshot feature images are converted from the 8-bit grayscale images. As shown in
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Figure 10a, by setting Elevationmin = −1 m and Elevationmax = 4 m, the interval of adjacent
integers between 0 and 255 represents an elevation change of 0.0196 m, which means the
elevation values have a precision of ±0.0196 m. Thus, a majority (93.33%) of elevation
differences result from the grayscale elevation images, and we further investigated whether
or not the point size would result in the additional 6.67% (0.0014 m) elevation difference.

The ReCap Pro software has a default point cloud display size of 2, and supports
display sizes in the range of 1 to 10. The sensitivity analysis of point cloud display size was
conducted, and the results are shown in Figure 14, where the area, average height, and
volume of the extracted WC stockpiles have a positive relationship and are sensitive to point
sizes in the range of 1 to 10. Reasons were investigated and analyzed as follows: (1) when
the point size is small, the scattered thin WC pieces were dropped by the 10,000-pixel area
filter, e.g., the annotated WC pieces in Figure 11a,b; (2) when the point size is large, e.g., point
size of 10 in Figure 11c, the gaps in the RGB image and elevation image were filled, but this
also resulted in WC points invading non-WC regions when compared to smaller point size
values, e.g., point size of 1 shown in Figure 11b. As a result, the U-Net-generated pixelwise
label image detected more WC pixels and resulted in the projected area of the extracted WC
stockpile increasing by 18.6 m2 (or 9.86%) when comparing point sizes 1 and 10.
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Figure 14. Point cloud display size sensitivity analysis: (a) plot of area vs point size, (b) plot of volume
vs point size, (c) plot of average height vs point size, and (d) detailed results (* indicates the predictions).

Additionally, the average height of the WC stockpile has a difference of 0.064 m (or
12.01%) between point sizes 10 and 1. As a result, the estimated volume of the WC stockpile
has a difference of 23.2 m3 (or 23.11%). After eliminating the impact of point size by setting
the point size as zero, the estimated area, volume, and average height from the linear
regressions are 187.63 m2, 98.94 m3, and 0.5287 m, which are close to the results of 189.10 m2,
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98.90 m3, and 0.523 m from the P2O feature image with GSD = 0.025 m/pixel. Therefore, in
future applications, when using the developed screenshot tool with ReCap Pro, setting the
point cloud display size at the default value of 2 in ReCap Pro is recommended for C&D
debris object detection when the collected point clouds are sufficiently dense; otherwise,
the Pointcloud2Orthoimage tool is recommended for C&D debris object measurement.

5.3. Benefits for Construction Waste Management Practice

As shown in Figure 1, most C&D debris illegal dumping sites contain hazards for
in-person investigation. Using a drone and photogrammetry to obtain the 3D reality data
of the C&D debris stockpiles is a convenient and safe approach for field investigation.
The field investigator can first fly a drone at a higher altitude to have the overall view
of an illegal dumping site, then fly the drone at a lower altitude to capture the detailed
images (both top and side views) for SfM photogrammetry to generate 3D point clouds for
the illegal dumping site. Following that, the developed method can provide quantitative
analyses of occupied land area and debris volume in order to penalize the illegal dumping
of C&D debris. In detail, the deep learning-based image segmentation method allows
automated detection of C&D debris and the projected area measurement; the point cloud-
generated elevation data make volume calculation feasible for the C&D debris stockpiles
detected from the point cloud-generated RGB orthoimage.

Since construction wastes’ quantities are known, moving and cleaning tasks are easy
to plan and optimize, such as determining equipment cycle time and production rate, and
deciding the optimal number of trucks. Moreover, if the city government has proposed
penalties for illegal dumping of C&D waste with unit penalty prices, then this quantitative
information can be used for calculating the total fines for illegal dumping of C&D waste
and will help the government to investigate the party responsible for the illegal dumping
of C&D waste and more fairly impose penalties on illegal dumping activity. Additionally,
at construction sites or demolition jobsites, different categories of C&D materials can be
accurately detected from a single point cloud-generated RGB orthoimage via a single FCN
or separate specialized FCNs; the hazardous waste and recycled C&D materials can then
be further classified. As a result, through improved categorization, reasonable C&D waste
treatment plans can be proposed for different C&D materials, such as backfilling muck at
other construction sites and recycling concrete debris as coarse and fine aggregates.

Furthermore, the developed method in this study provides geographic information
relating to C&D debris stockpiles to support the government’s C&D waste intelligent moni-
toring and information management. Using drones, LiDAR, and deep learning technologies
can allow investigators to automatically obtain the volume data and as-built models of
C&D waste generated at construction sites or demolition jobsites, and the stockpiled C&D
waste at landfill sites or illegal dumping sites. By importing and maintaining the quanti-
tative information in the construction waste intelligent information management system,
the city government and related departments can assess the stacking, transportation, and
treatment status of C&D waste within its jurisdiction in real-time [51,52]. Moreover, the
enhanced construction waste intelligent information management system (Figure 2) can
provide useful information for C&D material recycling firms in lean production since the
C&D debris inventory is accessible from the information system, overcome barriers to
reverse logistics in C&D waste [53], as well as reduce the transportation costs by using
C&D wastes’ GIS information for route optimization.

5.4. Limitations and Recommendations

This research did not evaluate the accuracy of the photogrammetry results and as-
sumed they are correct. Previous studies indicated that the measurement performance
of photogrammetry with camera drones has a 5 cm error in both horizontal and vertical
coordinates [16,31,32]. Future research could lay out several ground control points and
check points to enhance the accuracy of photogrammetry. For example, a drone landing
pad of known size (e.g., 75 cm) can be placed next to the C&D debris; then, the landing
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pad will be present in the point cloud-generated orthoimage and can be detected via an
additional FCN model. As a result, the actual GSD of the feature images can then be
determined via the ratio of the landing pad diameter in meters to the landing pad diameter
in pixel units. Furthermore, we did not evaluate the accuracy of the results of automatic
volume calculations against other traditional surveying methods such as total stations
and GPS devices. Future research is recommended in such comparisons to determine the
accuracy of drone-based photogrammetry volume calculations.

Additionally, the developed method can process both photogrammetric point clouds
and laser scanning point clouds automatically. For example, mobile devices, i.e., iPad Pro
and iPhone Pro with LiDAR sensors, could be used to quickly scan C&D debris stockpiles.
Then, the developed P2O tool can automatically convert a 3D point cloud file to a 2D
feature image of orthoimage and elevation data files, such as the examples in [45]. Any
preferred GSD value, e.g., 0.010 m/pixel, can then be used to generate the feature images.
As the image frame is not limited by a screenshot, any scanned large-sized C&D landfill
and dumping site can be presented in a high-resolution image. In addition, the step of
converting the elevation range to the grayscale value range [0, 255] can be skipped because
the elevation information can be directly accessed at each point. Bypassing this step also
eliminates the possible loss of elevation data precision that might occur in this step.

Furthermore, the designed conventional encoder-decoder can be trained with label
images that contain multiple categories of C&D materials; the pixelwise segmentation
results generated by the conventional encoder-decoder will then assign the corresponding
labels to the different C&D debris stockpiles, like the example in [45]. The U-Net can also be
applied to detect multiple categories of C&D materials, with two potential approaches: (1)
training separate U-Nets for different C&D material detections, as U-Net has the advantage
of requiring fewer training data samples to develop a well-trained model; and (2) modifying
U-Net to support multiple object detection by replacing the Sigmoid activation function
with the SoftMax activation function in the end layer. However, for the latter option, label
image one-hot encoding is required, and then a powerful workstation with more memory
is required for loading the one-hot labels. Thus, future applications should prepare the
training data sets and select the FCN models depending on the task’s requirements.

6. Conclusions

The purpose of this research was to develop a time- and cost-efficient method for
construction waste management at construction and demolition jobsites, landfill sites,
and illegal dumping sites, using drones and camera-based C&D debris scanning, SfM
photogrammetry-based C&D debris 3D reconstruction, FCN image segmentation-based
C&D debris extraction and measurement, as well as ArcGIS-based C&D debris information
management with as-built 2D CAD drawings and 3D point clouds (see Figure 3). The main
findings of the experiments and parameter analysis are summarized as follows:

(1) Scanning C&D stockpiles with a low-cost, ready-to-fly consumer drone, e.g., DJI
Mavic 2 Pro (USD 1599), to obtain C&D debris stockpiles’ top-view and side-view images
can be effectively used with the SfM photogrammetry approach to generate dense 3D point
clouds for C&D debris area.

(2) Using the Pointcloud2Orthoimage tool can convert 3D point clouds into 2D feature
images of RGB orthoimage and elevation data for automatic, robust, and accurate C&D debris
object measurement. Both the light convolutional encoder-decoder network (Table 2) and the
U-Net can be effectively trained for C&D debris detection with relatively few data sets of
images and label images through the data augmentation strategies. In this study, the U-Net
performed better, with a concrete debris IoU value of 0.9006 in testing data sets (see Table 3).

The method developed in this study provides quantitative and geographic informa-
tion to support city governments and the related departments in C&D debris intelligent
information management (see Figure 2).
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