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Abstract  

Formwork systems significantly impact the safety risk, construction productivity, and capital investment of 

infrastructure projects. Ensuring that formwork systems are properly installed is fundamental to avoid those 

adverse impacts. To do that, quality inspection during installation is important. The traditional spacing 

inspection process of different members of the formwork system is time-consuming and labordemanding, and 

it is easily affected by the inspector’s knowledge and skills. This study proposes a methodology for the spacing 

measurement of formwork system members using 3D point clouds to overcome these shortcomings. The 

feasibility and effectiveness of the proposed methodology were tested on a formwork system mockup. The 

mean absolute percentage error (MAPE) of the eight spacing measurements compared to those using a 

measuring tape was 1.05%. The experimental test demonstrates that the 3D point cloud approach is promising, 

and it has the potential to be an alternative solution to measure the spacing of formwork system members.   
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1. Introduction  

In infrastructure projects, the formwork system is a set of temporary structures for molding fresh concrete into 

the desired appearance, dimension, shape, and position [1]. The formwork system is a critical element in 

concrete construction. It can easily cause safety risks during concrete placement and seriously affect the quality 

of concrete after the placement. Formwork systems occupy a significant proportion of the investment in 

concrete construction. A report shows that it usually accounts for something between 40% to 60% of the total 

cost of a building’s structural concrete frame [2]. Consequently, formwork systems can significantly impact the 

smooth progress and successful completion of infrastructure projects.  

Compared to permanent structures, temporary formwork systems are more fragile and require sufficient 

strength, stiffness, and stability [3]. The quality inspection of formwork systems is an essential construction 

management procedure that examines, measures, and gauges whether the characteristics (e.g., number, size, 

and spacing) of installed formwork systems properly meet specific design requirements. On the one hand, if 

the installed formwork systems do not satisfy the design requirements, they could be not firm enough and 
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may cause severe damage or deficiencies to the infrastructure project being constructed, even fatalities in the 

case of a collapse. On the other hand, if the installed formwork systems exceed the design requirements, they 

might result in unnecessary waste such as more work hours and materials. For these reasons, the quality 

inspection of formwork systems is of great practical significance in infrastructure projects.  

The formwork system typically comprises different members such as panels, studs, wales, ties, and braces (Fig. 

1). To ensure its strength, stiffness, and stability, the spacing of different members of the formwork system 

needs to be specifically designed according to the force determined by the properties of concrete (e.g., density, 

initial setting time, slump) and the means and methods of construction (e.g., placement approach, speed) and 

the object determined by the features of formwork system members (e.g., material, size, shape). Traditionally, 

the spacing inspection of different members of the formwork system is conducted through eye observation or 

simple measuring tools (e.g., measuring tapes). This process is time-consuming and labor-demanding. In 

addition, it is easily affected by the inspector’s knowledge and skills, making the collection of data subjective 

and inconsistent [4].  

 

Fig. 1. A typical formwork system [5].  

A 3D point cloud is a set of data points containing three-dimensional coordinates and other information such 

as reflectance, color, etc. It provides a promising solution to overcome the above shortcomings because 3D 

point clouds can effectively represent the external surface of objects. Currently, 3D point clouds have been 

successfully applied to various dimensional quality inspections in infrastructure projects. In the field of precast 

components, a technique was presented to detect slab sizes and shear pocket sizes and positions to ensure 

the quality of precast concrete slabs [6]; and a framework was developed to examine slab sizes, girder sizes, 

shear pocket sizes and positions, and shear connector orientations and positions to guarantee the proper 

connection between precast bridge deck slabs and precast girders [7]. Since irregular precast components and 

precast components with holes increase the complexity of detection, a technique was presented to determine 

the panel depth, shear key sizes and positions, and flat duct positions of a precast bridge deck slab with 

geometric irregularities [8]; and a method was proposed to estimate panel sizes and squareness and hole sizes 

and positions for accelerating the measurement of precast concrete panels with holes [9]. Considering the 

difficulty of scanning the side surface of precast concrete components, a mirror-aided system was developed 

to check the outer sizes and shear key sizes of a precast bridge deck slab [10]. In the field of steel reinforcement 

bars (rebars), a methodology was proposed to assess rebar spacings, concrete covers, and formwork inner 

sizes to control the placement of rebars in formwork [11]; and a colored point cloudbased technique was 

proposed to estimate rebar positions that are important for the overall structural performance [12]. In the field 

of steel structures, an approach was presented to determine the bottom and top center point positions and 

altitudes of steel columns for the dimensional compliance control of the steel structure of an industrial building 

[13]. In the field of temporary structures, a method was designed to detect toe-board heights and guard-rail 

positions for complying with scaffolding safety regulations [14]. So far, there has been some beneficial research 

on applying 3D point clouds for dimensional quality inspections; however, formwork systems have not received 
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much attention yet. Unlike other elements, the formwork system has its specific members and layouts, so it is 

necessary and meaningful to conduct specialized research according to the characteristics of the formwork 

system.   

With that in mind, this research focuses on the spacing measurement of formwork system members using 3D 

point clouds. The remainder of this paper is organized as follows. Section 2 elaborates on the steps of the 

proposed methodology. In Section 3, a formwork system mockup is tested for validation. Section 4 summarizes 

conclusions and outlook.    

2. Methodology   

The proposed methodology consists of five steps: 1) remove surroundings, 2) remove outliers, 3) transform 

the coordinate system, 4) recognize formwork system members, and 5) measure spacing between members 

(Fig. 2). Each step is detailed below.   

 

Fig. 2. Five steps of the proposed methodology.  

2.1. Step 1: Remove surroundings  

The point clouds acquired by the laser scanner include the formwork system and its surroundings. To avoid 

the interference of surroundings, Step 1 removes surroundings with the pass-through filter and the point cloud 

count histogram. By setting thresholds, the pass-through filter retains and filters the point clouds inside and 

outside the threshold range, respectively, to perform the preliminary filtering of surroundings. The thresholds 

are determined according to the three-dimensional coordinates of the formwork system, and this process 

needs to be done manually. In some cases, the ground is close to the formwork system, which makes it difficult 

to be completely removed by the pass-through filter. Hence, the point cloud count histogram is applied to filter 

the ground. Taking the normal direction of the ground as a coordinate axis direction, the point cloud count of 

the ground is significantly more than that of the formwork system along the coordinate axis. In other words, 

there is one highest peak representing the ground in the histogram, which can facilitate the division from the 

lower peaks representing the formwork system.  

2.2. Step 2: Remove outliers  

Laser scanning often produces outliers due to random noises, especially when scanning reflective surfaces. 

The information from outliers is of no use and should be ignored. Outliers are featured by being sparsely 

distributed in space. Considering this feature, Step 2 removes outliers using the statistical outlier removal (SOR) 

[15]. SOR computes the distances of each point to its set nearest k points and assumes that the resulting 
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distances follow a Gaussian distribution. If the mean distance of a point is outside the interval defined by the 

mean and the set n times the standard deviation, it is considered an outlier.  

2.3. Step 3: Transform the coordinate system  

The coordinate system of the point clouds acquired by the laser scanner usually does not adapt to the 

formwork system, which is not conducive to the segmentation of formwork system members. To facilitate the 

recognition of formwork system members, Step 3 transforms the coordinate system utilizing the random 

sample consensus (RANSAC) [16], the principal component analysis (PCA) [17], and the voxel grid filter. For the 

segmentation of formwork system members, the panel is the best reference object because other members 

are all installed based on it. PCA projects the point clouds of the panel identified by RANSAC onto a surface to 

find the main directions, and they are determined according to the distribution variances of the point clouds. 

To accelerate this process, the voxel grid filter is used to reduce the density of points. By setting voxel sizes, the 

voxel grid filter replaces points within a voxel with the centroid point. Considering the uncertainty of the 

positions of formwork system members on the plane of the panel and the certainty of the relative positions of 

formwork system members along the normal direction of the panel, it is not necessary to deterministically 

place the new coordinate system.  

2.4. Step 4: Recognize formwork system members  

The formwork system comprises different members (e.g., panels, studs, wales, ties, braces). To recognize the 

different formwork system members, RANSAC, the density-based spatial clustering of applications with noise 

(DBSCAN) [18], SOR, and the voxel grid filter are applied in Step 4. The recognition of members is divided into 

two parts. The first part segments members along the determined coordinate axis perpendicular to the plane 

of the panel according to the existing size data of members.  

The second part further segments members using RANSAC and DBSCAN. These two approaches are used 

together to deal with cases such as different clusters corresponding to different members on the same plane. 

Regarding RANSAC, the points that can form a desired mathematical model are randomly selected, then these 

points are utilized to calculate the parameters of the model, and finally, the points that fit the resulting model 

within the set threshold are checked. This process is repeated until a set number of iterations is reached. With 

respect to DBSCAN, in each cluster, the points that meet the set minimum number of points within the set 

distance are identified as core points, then the points that are connected to the core points are identified as 

border points, and finally, the points that are not connected to any core points are identified as outliers. During 

the recognition of members, SOR is used to remove outliers, and the voxel grid filter is used for downsampling. 

It is worth mentioning that each recognized member is stored separately and numbered accordingly so that it 

can be retrieved directly without manual intervention.  

2.5. Step 5: Measure spacing between members  

The spacing between the members being inspected includes the horizontal spacing between studs, the vertical 

spacing between wales, the horizontal and vertical spacings between ties, and the horizontal spacing between 

braces. Step 5 measures spacing between members with RANSAC. The points of each recognized member are 

fitted as a straight line to calculate the mean of the corresponding coordinates of the points within the set 

threshold of the fitted line, and the spacing between two members is the difference between their means. For 

studs and braces, means are derived from coordinates of the horizontal direction. For wales, means are derived 

from coordinates of the vertical direction. For ties, means are derived from coordinates of the horizontal and 

vertical directions. The same category of members is measured sequentially according to the coordinate 

magnitude of the corresponding direction to achieve automation.  
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3. Experimental test  

To test the feasibility and effectiveness of the proposed methodology, an experiment was conducted using a 

formwork system mockup and a Leica BLK360 3D laser scanner (Fig. 3 (a)). The formwork system mockup 

comprises one wooden panel, three wooden studs, four wooden wales, four iron ties, and two wooden braces. 

The laser scanner has a field of view of 360° (horizontal) and 300° (vertical), a scanning range of 0.6 to 60 m, a 

point measurement rate of up to 360,000 pts/sec, and a 3D point accuracy of 6 mm@10m and 8 mm@20m 

[19]. Because the layout of the formwork system mockup is complex and the spacings between the members 

are small, three scans with different distances and angles were taken to avoid as much occlusion as possible. 

The distance between the formwork system mockup and laser scan 1 was 1,700 mm, and the spacing between 

the laser scans was 2,200 mm (Fig. 3 (b)).  

 

                 (a)                                                                             (b)  

Fig. 3. Experimental test: (a) real scene and (b) schematic plan.  

The raw point clouds from the three laser scan positions were registered, as shown in Fig. 4 (a). The 

experimental test was conducted following the five steps of the proposed methodology (Fig. 2), and the 

algorithm was developed using Open3D [20], a library for 3D data processing in Python. In Step 1, the 

surroundings were removed with the pass-through filter and the point cloud count histogram (Fig. 4 (b) and 

(c)). Regarding the pass-through filter, the thresholds were determined according to the threedimensional 

coordinates of the formwork system, and the coordinates were viewed on CloudCompare [21]. With respect to 

the point cloud count histogram, the point clouds were counted along the Z-axis, and the highest peak 

representing the ground was found in the histogram. In Step 2, the outliers were removed using SOR, and the 

removed outliers are highlighted in red (Fig. 4 (d)). In Step 3, the coordinate system was transformed utilizing 

RANSAC, PCA, and the voxel grid filter, with the Z-axis being perpendicular to the plane of the panel (Fig. 4 (e)). 

In Step 4, the different formwork system members were recognized by applying RANSAC, DBSCAN, SOR, and 

the voxel grid filter. The recognized studs, wales, ties, and braces are highlighted in red, green, black, and blue, 

respectively (Fig. 4 (f)). In Step 5, the spacings between the recognized formwork system members were 

measured with RANSAC. For example, in Fig. 4 (g), the points of the left and middle studs highlighted in red 

were fitted as two center lines, and the spacing between them was the difference between the means of the X-

axis coordinates of the points within the set threshold of the lines. A total of eight spacing measurements were 

taken (Fig. 4 (h)): two for the horizontal spacing between the studs (i.e., Spacings 1 and 2), one for the vertical 

spacing between the wales (i.e., Spacing 3), four for the horizontal and vertical spacings between the ties (i.e., 

Spacings 4, 5, 6, and 7), and one for the spacing between the braces (i.e., Spacing 8).  

The comparison of the spacing measurement results using a measuring tape and the 3D point clouds is 

summarized in Table 1. The maximum error (13 mm) was the vertical spacing between the two ties on the right 

(Spacing 7), and the maximum percentage error (2.14%) was the horizontal spacing between the two ties on 
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the bottom (Spacing 5). The minimum error (0 mm) was the vertical spacing between the two wales (Spacing 

3), and it was also the minimum percentage error (0.00%). It was found that the errors and percentage errors 

of the ties were significantly larger than the studs, wales, and braces. The mean absolute error and percentage 

error of the ties were 9.50 mm and 1.64%, respectively. They were 3.45 and 3.49 times more than those of all 

the studs, wales, and braces, respectively. Some of the reasons for that could be attributed to the smaller sizes 

of the ties and their positions, which were obstructed by other members, making the quality of the point clouds 

of the ties relatively worse since only a small part of them was recognized.  

 

( a ) ( b ) 
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Fig. 4. Experimental test details: (a) raw point clouds, (b) point clouds after removing the surroundings except the ground, (c) point clouds 

after removing the ground, (d) point clouds after removing the outliers, (e) point clouds after transforming the coordinate system, (f) 

recognized formwork system members, (g) recognized left and middle studs with the fitted center lines, and (h) eight measured spacings.  

 

(h) 

  

Fig. 4. Continued.  
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Table 1. Comparison of the spacing measurement results using a measuring tape and the 3D point clouds.  

Spacing  
Measuring tape (mm)  

(Smt)  
3D point cloud (mm)  

(Spc)  
Error (mm)  

(Spc - Smt)  
Percentage error (%)  

((Spc - Smt) / Smt)  

1  403  402  -1  -0.25  

2  403  400  -3  -0.74  

3  549  549  0  0.00  

4  516  518  2  0.39  

5  514  525  11  2.14  

6  623  635  12  1.93  

7  617  630  13  2.11  

8  801  808  7  0.87  

  

  

  

  

  

  

  

  

  

Mean absolute 

percentage error 

(MAPE)  
1.05  

 

4. Conclusions and outlook  

With the progress and development of point cloud-related technologies and equipment, some researchers 

have started to focus on applying 3D point clouds for various dimensional quality inspections in infrastructure 

projects. The traditional spacing inspection of formwork system members is mainly performed by manpower, 

and this process is tedious and error-prone. This study proposes a methodology for the spacing measurement 

of formwork system members using 3D point clouds to address these challenges. The proposed methodology 

consists of five steps: 1) remove surroundings, 2) remove outliers, 3) transform the coordinate system, 4) 

recognize formwork system members, and 5) measure spacing between members. An experimental test to 

measure eight spacings was conducted on a formwork system mockup with one wooden panel, three wooden 

studs, four wooden wales, four iron ties, and two wooden braces. When comparing the measurements using 

the measuring tape and 3D point cloud approaches, the mean absolute percentage error (MAPE) of the eight 

spacings was 1.05%. It is expected that this difference will be reduced by optimizing the number of scans and 

the position of the scanner, and the accuracy/resolution of the laser scanner. The results obtained showed that 

the 3D point cloud approach were comparable to the measuring tape approach; however, since the formwork 

system mockup comprised a small number of members, the 3D point cloud approach did not show a clear 

advantage with respect to the time taken during the experimental test. Considering the proposed methodology 

has only a few manual operations (i.e., the determination of the threedimensional coordinates of the formwork 

system), it can be foreseeable that the time advantage of the  

3D point cloud approach will become obvious with the increase of members. In general, the 3D point cloud 

approach is promising, and it has the potential to be an alternative solution to measure the spacing of 

formwork system members.   

In future work, the spacing measurement of formwork system members performed by an autonomous robot 

will be investigated to make such an inspection fully automatic; meanwhile, the testing will be extended to real 

environments (i.e., ongoing construction sites).  
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