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Abstract

:

The enhancement of new quality criteria in highway construction is a key aspect to improving the construction process and lifetime of road. In particular, mobile laser scanning systems are nowadays able to provide realistic 3D elevation profiles of a road to detect anomalies. In this context, this study utilizes a high-accuracy high-speed mobile mapping vehicle and evaluates a weighted longitudinal profile as an improved measure for evenness analysis. For comparison a classical method with a rolling straight edge was evaluated on the same road section and observed effects are discussed. The second focus is the areal reconstruction of the road thickness. For this purpose, a modern method was developed to spatially synchronize two high-speed laser scans using reference boxes next to the road, to transfer the point clouds into a surface model and to calculate the layer thickness. This procedure was conceptually validated by some pointwise measurements of the layer thickness. With this information, imperfections in the base layer could be detected automatically over a wide area at an early stage and countermeasures might be initiated before constructing the highway.
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1. Introduction


Road construction and especially the enhancement of its production process is a key focus to improve transport infrastructure in many countries. Since growing traffic volume increases the strain on road networks, they need to be properly built and maintained. Concrete construction plays an important role in this aspect, as it has, if properly built, a longer service life with less maintenance requirements and is more resilient to heavy duty traffic [1,2]. In recent years, the automation of construction site machinery and processes on a construction site has evolved [3,4,5]. Furthermore, new evaluation criteria for the existing highway network as well as for new constructions are being investigated [6,7].



In this context, Torres et al. [5,8] also evaluated the general gaps in automation and provided guidelines for highway construction. They identified data acquisition and management as crucial limiting factors to automation for road construction in the US. In addition, some of the used machines and technologies do not produce or provide sufficient access to relevant data for road quality control.



An area where more complex data acquisition and computation methods have shown great promise, is surface layer scans and their use to generate 3D surface profiles and road thickness information. The surface evenness is limited by the manufacturing process. Commonly stringlines are used to guide the paver to achieve a defined road profile and even surface. The surface quality is additionally influenced by the smoother, being directly attached to the paver as well as various post processing steps such as brushing or grinding.



The surface evenness in Germany is commonly measured using contacting methods such as rolling straightedges (RSE) [9] but is more and more replaced by 1D and 2D laser scans as non-contacting measures. In addition, 3D elevation profiles are generated using 2D laser scans. Due to higher road quality requirements and an improved laser scan accuracy, 3D laser scanning techniques have been extensively researched in the past years for a variety of different applications [10,11]. The advantage of 3D elevation profiles is that they more accurately represent the three-dimensional characteristic of the road surface and are able to inspect the whole road surface instead of only one line. Mobile laser scanning systems, in particular, provide the advantage of being able to record an entire road while driving. However, a tradeoff between the measurement grid, the vehicle speed and the achieved laser scan precision arises. Commonly, a 2D laser scan is conducted at a defined recording frequency while the vehicle is driving. If the vehicle increases its speed, the distance between the grid points in the direction of travel increases likewise. In addition, since the measurement equipment is mounted on a car which is excited by various unevenness during driving, the distance of the laser scanner to the surface varies leading to errors. Thus, an inertial measurement unit (IMU) or similar measurement equipment and complex calculations are required to compensate for these errors to achieve a high accuracy.



Most mobile laser scanning systems described in the literature focus on road system mapping and road feature extraction such as those summarized in [10,11]. In these cases, the precision of the laser scanners ranges between some millimeters up to centimeters. Thus, no highly accurate road surface profiles can be extracted. On the other hand, Puente et al. [12] employed a mobile mapping system for surface scans. However, they limited the vehicle speed to 20 km/h and recorded with only a precision of the laser scan of about 8 mm. Research by De Blasiis et al. [13] employed a similar technique but was already able to conduct measurements with a vehicle speed of 55 km/h with a line scan distance of 7 cm. Still, current research focuses either on very accurate laser scans or on collecting data over a large area. Little research is available on high-speed and high-accuracy 3D laser scanning technology, which can be used to qualify a road surface.



Besides providing an accurate 3D scan of the whole surface at a high speed, a simplified measure is often desired to quantify the road surface evenness to gain an acceptance certificate for the built road. In this context, geometric methods or response type methods such as the International Roughness Index (IRI) are used [13,14]. The weighted longitudinal profile (WLP) combines advantages of geometric methods and response type methods and is currently being researched in Germany. One prerequisite for such advanced evaluation methods is that the 3D surface evenness can be recorded at a high accuracy.



Another aspect of evaluating the final road quality is road thickness. Similarly to surface evenness, road thickness is commonly predefined and maintained by using stringlines as a reference during paving. The location of the stringline is measured and calibrated at defined supporting points once before paving. This method requires intensive calibration effort and offers the highest accuracy at the defined grid points [15]. The road thickness, however, is also influenced by unevenness in the base layer, which are not covered by the stringlines.



Measurement methods for the road thickness are commonly locally limited manual or visual methods. For example, a destructive but accurate method for thickness evaluation is to draw drill cores. Alternatively, steel rounds can be placed on the base layer which can later be detected by non-destructive measurement principles. Likewise, ground penetrating scanners can be used but they might not be accurate enough [16]. Most of these manual measurement methods lead thus to a high effort if many locations needed to be evaluated. Furthermore, they do commonly not automatically collect and record the data for later use.



If 3D profiles of the road surface and base layer are easily obtainable by mobile LiDAR measurements, they might also be utilized to provide road thickness information. Some studies on this topic have been conducted in the compaction of earthen structures. For example, Meehan et al. [17] evaluated the lift thickness for earthen embarkments. They employed a RTK-GPS attached to the compactors to measure the placed soil and its compaction. The accuracy of this method was also reported in [18] to be sufficiently accurate for earthworks but might be insufficient for road thickness evaluations.



In the context of road pavements, Walters et al. [19] presented a first study to utilize laser scans of the base layer and top layer of a concrete road. However, a stationary laser scanner was used. A study by Puente et al. [12] expanded that concept by actually recording the base layer and finished road surface by using a mobile measurement vehicle with GPS/INS, LiDAR, and cameras. However, the vehicle speed was only 20 km/h, with a limited resolution of the scanner of 8 mm. The synchronization between the different test drives was achieved by using retro-reflective targets. This was extended by a study by González-Jorge et al. [20], where the accuracy of different targets for the synchronization of different mobile laser scans was evaluated. They showed that the accuracy of pavement thickness estimation lies within 2 to 3 cm for suitable sensor targets. On the other hand, Liu et al. [21] presented a real-time road elevation measurement directly before and after paving. However, the described approach utilizes a mobile platform attached to the paver which is tracked by a robotic total station instead of a mobile laser scanning system.



Thus, this research utilizes a mobile mapping vehicle, which is equipped with modern LiDAR instruments. It can be used to record highly accurate topographies of a road surface over a wide area at high travel speeds, even in moving traffic. The measurement vehicle can record both the base layer of the road before paving and also the surface of the finished road. This data can be used for two purposes: First, the surface scan of the finished road provides a 3D evenness map over the whole road instead of a locally limited 2D profile as provided by RSE or profilograph and more advanced evaluation criteria like the WLP [7,22]. This leads to an improved surface evaluation and can be used to identify and post-process areas with a large unevenness. Second, the surface scan of the base layer can be used to quantify the surface evenness before paving. In combination with the surface scan after paving, the road thickness can be calculated. In addition, it can be identified if variations in the base layer evenness result in similar variations in the final surface. The estimated road thickness can be used to draw drill cores at critical areas instead of predetermined locations, to improve critical areas before the road is released, or to add preventive measures if e.g., the surface of the base layer shows larger imperfections.



One essential prerequisite for such advanced methods is that the data are available in a common database and framework, e.g., by using common coordinates, which can be identified in all measurements. This is required since the relative accuracy of the 3D scans in terms of surface measurement is high but the absolute positioning of the measurement vehicle e.g., using GNSS is limited. The aim of this research is thus to show that 3D laser scans do not only provide a high-accuracy 3D surface profile of the whole road to reliably detect surface unevenness, but to also provide a proof of concept that this data can be used to generate an estimate of road thickness and its variation.



Thus, the main contributions of this study are



	
To discuss the evenness of the road surface with classical and new methods by using real highway construction site data;



	
To demonstrate the feasibility of high-speed high-accuracy multitemporal laser scan technology in combination with the Weighted Longitudinal Profile;



	
And to implement and verify an areal road thickness analysis based on spatially synchronized multitemporal laser scans for a real construction site.






Background information on a construction site and the challenges are provided in Section 2. The measurement technology and analysis methods are described in Section 3. The road evenness is evaluated based on mobile LiDAR measurements. The same measurement principle is then used to estimate the areal road thickness. Section 4 discusses the results of the 3D surface profile and the derived evenness and thickness. The findings are concluded in Section 5.




2. Road Construction and Evaluation


To understand some of the challenges in concrete road construction, the road design and production process is introduced at first. The general road layout of a typical German highway is presented in Figure 1. Before a road is paved, a base layer (hydraulically bound, asphalt) is built as a basis. In this case, a two-layer pavement with an asphalt base layer is shown. A thicker bottom layer is built at first and immediately afterwards, a finer top layer is installed. Since the concrete shrinks during hardening and temperature changes, the concrete surface needs to be cut thus leading to transverse and longitudinal joints. The concrete slabs are connected via tie and dowel bars to prevent the slabs from moving. Once the road work is finished, the sides, guardrails, and signs are installed.



The construction process itself is illustrated in Figure 2. The mixing plant produces the concrete by mixing raw materials such as cement, water and coarse, and fine aggregates. The material is loaded onto dumpers. If a two-layer road is paved, both the bottom layer and top layer concrete need to be mixed and transported to the construction site. In this case, two adjacent slipform pavers, as shown in Figure 3, install the concrete. At first, the bottom layer is paved, followed by the top layer. In the end, a retarding agent is sprayed on top of the surface to slow down the hardening. In addition, the dowel bars are either placed or vibrated into the concrete. The surface is additionally brushed and cut to achieve a proper surface grip, to reduce noise emissions, and to prevent the road from cracking. Once all downstream operations have been completed and the concrete has sufficient strength, the road can be opened to traffic. The duration of the different process steps is illustrated in Figure 2 to highlight the different time constants of the production steps. For further details refer to [23].



The final road quality can be influenced by variations and issues within each process step. In this case, focus is laid on the evaluation of the final road and especially the surface quality. Possible influencing factors during paving can be assigned to the categories of concrete quality and especially its workability, continuity of the paving process, accuracy of the bar placement, reference tracking to achieve a consistent thickness and surface, environmental conditions and logistics, and pre-distribution of the concrete. For example, if the hardening process of the concrete is too evolved then the paver will have difficulties to provide an even surface or cavities might occur. If the concrete quality is within limits, a continuous compaction using vibrators influences the properties of the concrete road as e.g., described in [24]. A continuous speed during paving leads to a high material throughput and might improve the surface quality due to less stop and go procedures. Therefore, the logistics (mixing, transport) has to function well. Unfavorable weather conditions during paving, e.g., extremely low or high temperatures or heavy rain showers, can hinder the curing process, alter the consistency of the concrete, or even lead to defects in the surface. Delays in the delivery of concrete impair the workability of the concrete or force the paver to stop reducing productivity.



Accurate tracking of the road location, e.g., using a stringline or high-accuracy GPS, is essential to keep the exact course of the road and a steady elevation profile. Surface evenness and texture play an important role in ride comfort and safety. An uneven surface leads to vibrations or induces periodic excitations, which affect the driving experience and increase stress on the road. The surface quality is for example influenced by the paving process, irregularities during the construction process, e.g., where manual work is required or at transitions between different pavement types, and surface post processing through brushing, cutting, and sometimes also grinding.



Furthermore, constant road thickness needs to be maintained. Variations in the road thickness might result in different road properties such as load-bearing strength and reduce durability, especially if some road segments become too thin. Small variations in the road thickness occur naturally since the surface of the base layer is typically less even. However, if these variations become too large, they might either lead to reduced road thickness in some areas or to a similar large unevenness in the final road surface, if the road thickness is to be kept constant. Since these variations might occur randomly and in a small area, standard road surface and body evaluation methods might not recognize them. Thus, possible failures due to these effects are only detected after years of operation.




3. Measurement and Analysis Methodology


Two quality criteria of the finished road—the surface evenness and the road thickness—are evaluated on a highway construction site during regular operation. Examples on how the relevant data can be recorded, preprocessed, and evaluated to achieve a smart construction site as described in [23] are provided. At first, the measurement methods and equipment are introduced.



3.1. Road Evenness Evaluation Based on Mobile LiDAR Data


With increasing traffic loads, especially the rising proportion of heavy-duty traffic, higher demands are also placed on the evenness of a road surface. In particular, unevenness in the road surface significantly influences the dynamic portion of the wheel load and can thus lead to disproportionate damage to the road structure [25].



The evenness of a surface in Germany is commonly evaluated using a 4 m RSE [9]. Simplified, a 4 m long bar is supported by 10 wheels. In between, a measurement wheel is installed which can move up and down to record surface deviations. A schematic of the working principle is given in Figure 4. The RSE is pulled along the road to generate a 2D surface profile along one line. Areas of high unevenness which occur not directly along the travel path of the RSE are not detected. Thus, more advanced methods such as 2D and 3D laser scanning and wavelet analysis [22,26,27,28] are being researched.



In Germany, non-contact methods are based on the high speed road monitoring method (HRM), in which four laser distance sensors are used in a linear arrangement for the long- and short-distance road excitations [9]. Since the classical contacting measurement methods and HRM have the drawback of mapping only limited wavelength ranges [29], more complex evaluation methods have been investigated in recent years. These address the aspects of ride comfort, safety, and surface durability more comprehensively than possible with the previous detection technologies and evaluation indicators [28,30]. In addition, modern recording methods, such as mobile laser scanning, enable a fast recording of road surfaces. Thus, 3D laser scans represent the three-dimensional characteristic of a road surface more adequately than a two-dimensional representation in the form of elevation profiles. A comparative study between classic non-contact measurement methods and the acquisition of a longitudinal profile from laser light-sectioning and laser scanning is the subject of an ongoing research project of the Federal Highway Research Institute [31]. As a result, this technology is systematically evaluated and tested for its feasibility.



In the following, the weighted longitudinal profile (WLP) [7,22], a modern evaluation approach for the analysis of longitudinal evenness is presented. This approach will be introduced into regulations and standards for German and European levels. The underlying evaluation of the WLP combines the advantages of conventional geometric methods, such as the virtual rolling straight edge or profilograph simulations, and response type methods, such as the International Roughness Index [14], which also take into account aspects of vehicle dynamics. The WLP thus ensures an objective evaluation of irregularly and periodically occurring unevenness, but also of local single events. Here, a transformation process is used to emphasize short waves with comparatively low amplitudes via a weighting function. This enables the short- and long-wave excitations contained in the true longitudinal profile of a road surface to be assessed using the same evaluation scale (millimeters). Since periodicities contained in the longitudinal profile of a road can lead to resonance phenomena of the vehicle and consequently to a noticeable loss of comfort, a special octave band filtering is applied. Thus, short irregularities occurring at regular intervals receive an appropriate weighting.



In detail, a longitudinal height profile   h ( x )   is converted into a frequency spectrum   H ( Ω )   by means of a fast Fourier transformation (FFT) and scaled to equal the power spectral density by the evaluation function   W ( Ω )  . The weighted spectrum:


   H w   ( Ω )  = H  ( Ω )  W  ( Ω )   








is divided into a total of nine octaves ranging from a wavelength of 0.2 m to 102.4 m and transformed back into spatial domain    h  w , 1    ( x )    …   h  w , 9    ( x )   . The WLP:


   h w   ( x )  =  ∑  i = 1  9    σ  w , i    σ  w , t o t a l     h  w , i    ( x )   








is the weighted sum of the nine octave band filtered, weighted partial height profiles. The weighting factors   σ  w , i    are chosen based on the standard deviation of the corresponding partial height profile    h  w , i    ( x )   . The parameter   σ  w , t o t a l    is the sum over all weighting factors   σ  w , i   . Further details can be found in [7,9,22]. Figure 5 visualizes the calculation scheme of the WLP    h w   ( x )   . Two indicators are derived to describe the WLP. This first indicator is the standard deviation:


  W L  P σ  =    n  ∑  i = 1  n     h w   ( i )   2  −    ∑  i = 1  n   h w   ( i )   2    n 2     








and the difference between maximum and minimum:


  W L  P δ  = max  (  h w   ( x )  )  − min  (  h w   ( x )  )   








over an evaluation section. The parameter n is the number of profile points in the evaluation section. The proposed evaluation section lengths for road monitoring on a network scale are 100 m for federal highways and 20 m for urban areas. For approval after construction, an evaluation section length of 20 m is proposed [7].



Where conventional non-contact measurement methods only record individual longitudinal height profiles along the line of travel, modern LiDAR instruments can be used to record highly accurate topographies of the road surface over a wide area at high travel speeds, even in moving traffic. The kinematic multi-sensor system S.T.I.E.R of the company Lehmann+Partner [32] is a measuring system for the acquisition of longitudinal and transverse evenness, three-dimensional surface as well as surface appearance of roads and traffic areas. Figure 6 shows the mobile mapping vehicle S.T.I.E.R. The core components of S.T.I.E.R are an inertial positioning system, laser distance sensors for measuring a longitudinal height profile in the right-hand rolling lane (HRM), a surface LiDAR system, and various camera systems for recording the vehicle environment and the road surface. Optionally, the modular Mobile Mapping System can also be expanded with additional sensor technology, such as an environment laser scanner. For this study, the relevant data sources are the pavement laser scanner (LiDAR), the environment scanner (LiDAR), and the inertial positioning system.



The S.T.I.E.R positioning system is an integrated system consisting of a global navigation satellite system (GNSS), an inertial measurement unit (IMU), and a distance measuring instrument (DMI). The combination of these components enables the determination of both absolute position and relative position change, including all solid angles and accelerations. The absolute accuracy of the trajectory after post-processing of the inertial positioning system data is specified as 20 mm for the x-y-position and 50 mm for the altitude [33]. The surface laser scanner is a Pavement Profile Scanner Plus (PPS) from the Fraunhofer Institute for Physical Measurement Techniques [34]. The PPS measures 1 million points per second with approx. 920 points per scanned profile. The measurement accuracy of the PPS, averaged over a 10 cm × 10 cm surface element, is in the sub-millimeter range. To ensure this extremely high precision at high measurement speeds and simultaneous eye safety, the PPS uses the phase shift technology and a wavelength in the near infrared range as the measurement principle [35].



The basic data in terms of dense 3D point clouds for further investigations is created by synchronizing the measurements of the positioning system and the laser scanner over time. On an acquisition width of approx. 4.2 m, a surface measurement is taken transversely to the direction of travel approximately every 4.5 mm. Such scan profiles are generated every 28 mm at a driving speed of 80 km/h. A 4 m × 5 m concrete slab is therefore scanned with approximately 0.2 million measuring points. Figure 7 top shows such a laser scan of a concrete pavement. A higher density of measuring points in the direction of travel can be achieved by reducing the driving speed. From these disorganized 3D point clouds, a regular measurement point grid aligned with the trajectory is generated (3D surface model), as it is also used in the automotive sector for simulation purposes [36]. For evenness analysis in the context of road condition detection and assessment, a grid size of 0.1 m in longitudinal and transverse direction is relevant [9]. Due to the ordered matrix structure of the 3D surface model, longitudinal and transverse profiles with absolute elevation values can be efficiently extracted at arbitrary locations and fed to a evenness analysis based on the WLP or other indicators. Figure 7 bottom shows the described 0.1 × 0.1 m 3D surface model superimposed with green dots on the point cloud.



The second LiDAR instrument, which can be integrated on the measurement vehicle as required, is the Clearance Profile Scanner (CPS) also manufactured by the Fraunhofer Institute for Physical Measurement Techniques. The CPS is a rotating laser scanner for recording clearance profiles, which measures according to the phase shift technology. By rotating a mirror, the laser scanner records a 2D profile in a recording range of 350   ∘  . The CPS is mounted in the rear area of the vehicle’s roof rack and it is aligned in such a way that the individual profiles are recorded transversely to the direction of travel. Due to the movement of the measuring vehicle, the laser beam describes a helix, whereby the road space is successively scanned along the trajectory in an approximately 30 m wide corridor. The CPS achieves a data rate of 1–2 MHz and records approximately 200 profiles per second with 5000–10,000 points per profile. The accuracy of the length measurement is 3 to 7 mm at a distance of 5 m, depending on the reflective properties of a surface [37].




3.2. 3D Analysis of the Concrete Paving Thickness Using Multitemporal Mobile Laser Scanning


In addition to assessing the evenness, the investigations on the test section also focused on determining the installed layer thickness of the concrete pavement, as this is a decisive factor in the standardization and calculated dimensioning with regard to the service life of a road. The determination of the layer thickness is typically carried out selectively and randomly with classical methods by comparing the planned and actual layer thickness, either by taking drill cores or non-destructively by inserting control bodies between the base and the concrete layer. Statements about spatial patterns are not possible with these methods. This requires an area analysis of both the base layer and the concrete surface.



As explained in Section 3.1, mobile LiDAR systems can be used to acquire high-resolution three-dimensional surface scans of the pavement. In an analogous procedure, a surface model of the base can be generated before the concrete pavement is installed. On the one hand, such multi-temporal measurements make it possible to check on a profile-by-profile basis whether unevenness in the base has an effect on the evenness of the manufactured surface. On the other hand, volume-based analysis or change detection analysis [38] can also be carried out. Hereby, the quality of the spatial data synchronization plays a decisive role in the derivation of absolute differences between temporally offset data recordings. In mobile mapping systems, the absolute positional accuracy of the acquired 3D data is largely determined by the GNSS conditions at the time of data acquisition. Even after integrating additional support sensors (IMU, DMI) of the inertial positioning system, the positioning solution is only accurate by a few centimeters, especially with regard to the height component. Through the additional integration of terrestrially measured control points or relative link points, which are visible in all time slices of data acquisition, the spatial synchronization of multitemporal laser scans can be decisively improved. Thus, these dense-meshed 3D data can also be used for the analysis of the manufactured thickness of the concrete pavement. Therefore, reference boxes were set up in the side space of the construction site to serve as relative linking points for multitemporal laser scans. As Figure 8 shows, these boxes are 0.45 × 0.45 × 0.45 m in size and were attached to stationary objects, such as sign structures. The CPS environmental laser scanner was used to track these boxes because the reference boxes were outside the field of view of the PPS.



Figure 9 shows on the left two exemplary laser scans of the CPS before and after installation of the concrete pavement. In the right, the two scans are shown spatially synchronized. The syncronisation is performed using Iterative Closest Point Registration on the visible surface planes of the reference box [39]. The reference box, which was attached to a traffic sign structure, served as the terrestrial control point for synchronization. Along the z-axis, the distance between the 3D points of the base and surface layer can be calculated and interpreted as an approximation of the paving thickness.



The thickness estimation based on the laser scans was backed up by a few manual thickness evaluations. In this case, a non-destructive method based on steel rounds and pulse induction (PI) measurements was used. The steel rounds were placed on the surface of the base layer before paving. In addition, drill cores were used as a destructive method to gain additional information about the road properties and thickness.





4. Results


For an evaluation of the proposed methods, a typical concrete highway construction site in Germany was considered. On the site, reference boxes for spatial synchronization were installed and the base and surface layer were recorded using high-speed laser scanning and a classical RSE. The following two sections present the evenness results as well as the results for the proof of concept for areal thickness analysis.



4.1. Evenness Evaluation Results


A 7 km long section of a highway concrete construction site was recorded with a planograph and the mobile mapping vehicle S.T.I.E.R of the company Lehmann+Partner was used to analyze the longitudinal evenness. In parallel to the pure measurement records, all anomalies were documented manually during the planograph inspection. The camera system on the measuring vehicle was also used to identify irregularities. This makes it possible to explain observed effects in retrospect. As the construction period was in autumn with a lot of rain, no standard conditions prevailed for the laser scan due to the surface moisture. This may have a negative effect on the scatter in the laser scan data and slightly influence the WLP indicators.



In addition to the measured RSE, a straightedge simulation was performed based on the processed laser scan data in the right rolling lane of the first lane. Both the real and calculated profile were then shifted along the driving direction until the peaks overlapped to synchronize the two measurement series. Since the RSE uses an odometric measurement system for position determination and the two measurement series were not collected exactly on the same trajectory, these measurement series are also slightly distorted against each other. This effect can be neglected because the WLP indicators WLP   σ   and WLP   δ   are averaged over a range of 20 m and the maximum chainage deviation of the peaks between RSE and the straightedge simulation is 1 m.



In Figure 10, a 1.5 km long section of the evenness analysis is shown. A direct comparison between the values of the RSE and WLP is difficult due to the different measurement and calculation principles. Hence, differences in the evaluation trajectory between the RSE and the height profile used for the WLP calculation can show different effects. However, the same tendencies can clearly be observed. One advantage of the measurement via S.T.I.E.R is that the camera pictures are available at each location. Thus, the anomalies within the profiles can be investigated. The two vertical red marks at a chainage of 113,662 and 113,763 indicate a change in the material between concrete and asphalt. This area is shown on the left of Figure 11. Unevenness is often unavoidable at such locations. In the direct comparison of the measurement series, a good agreement between the RSE and the WLP indicators is observable. According to Ueckermann et al. [22] and Maerschalk et al. [7], the type of cause of the unevenness can be interpreted by the relationship between   W L  P δ    and   W L  P σ   . A strong excitation of   W L  P δ    is an indication of a geometric single event and a excitation of   W L  P σ    indicates a dynamic periodic unevenness in the pavement. The RSE and the WLP indicators show a deflection at the positions where the material changes as well as at a chainage of 114,775. All these effects can be attributed to an unevenness caused by a single geometric event which is clearly visible in the camera pictures. This is also supported by the observation that the   W L  P δ    dominates the   W L  P σ   . The peculiarity in the area between 114,230 and 114,300 is probably due to the fact that paving started there anew due to an overnight shift change. Figure 11 on the right shows that the appearance of the surface changes in this area. This is a sign that a long interruption during road installation occurred. The surface is typically post processed, e.g., brushed and cut, once the concrete is sufficiently hardened. Since the hardening process of the concrete is influenced by different environmental factors such as temperature and humidity, the workers have to gradually check for the right surface hardening. Thus, some areas might show a different surface appearance. Since the peculiarity is only observable in the WLP, a dynamic excitation based on more smaller, single geometric events could be present until the whole installation process has properly restarted and all process steps have returned to a steady production state. However, this assumption cannot be confirmed at the present time and further information needs to be collected. In the range from chainage 113,800 to 114,000 a small dynamic periodic unevenness in the surface might be present because the   W L  P σ    dominates the   W L  P δ   . Such unevennesses cannot be represented by the RSE measurements.



The area highlighted in green in Figure 10 shows the range of unevenness permitted by German regulations. Besides the previously investigated peculiarities, the highway was installed within the applicable tolerances and shows good quality.




4.2. Concrete Paving Thickness Results


The 3D laser scan profiles demonstrated that an accurate surface scanning for both the base layer and the finished road is possible. As a result, the measurements can be used to provide a proof of concept of an automated road thickness evaluation. As described in Section 3.2, an experimental approach based on multitemporal laser scanning was designed and implemented for a 100 m long section of a highway construction site for the areal analysis of the pavement thickness. One of the reference boxes described above and shown in Figure 8 was used as a terrestrial control point for the spatial synchronization of the laser scans recorded at different time instances (before and after paving). While the box was still completely visible in the base layer laser scan, it was partially shadowed by the guardrail at the time of the surface layer scan. Despite the resulting limitation for the point cloud matching, a synchronization of the data sets could be achieved by means of the Iterative Closest Point Registration with an RMSE of 9 mm. The left image in Figure 12 shows the situation before synchronization. The points represent the front and top of the reference box viewed from the side. The colors white and red denote the base and surface layer scan, respectively. The GNSS-induced global shift between the two scans is clearly visible and amounts to approximately 22 mm in height. The right image shows the situation after synchronization, where all red points are transformed using the translational shifts along x-y-z of the Iterative Closest Point Registration. The deviations between the two scans are now only in the range of the measurement noise of the CPS scanner.



After the laser scans of the base and surface layer were spatially synchronized, the scan areas of the pavement were isolated as separate point cloud clusters from the remainder of the scan (side-strip, inventory, etc.). Subsequently, the surface clusters of base and surface layer were reduced to a 10 × 10 cm grid using inverse distance weighting. The noise of the 3D measurement points on the base and surface layer is in the range of 4 to 7 mm and 4 to 6 mm, respectively and has about halved due to the grid. Afterwards, a triangulated irregular network (TIN) surface was calculated using Delaunay triangulation. Thus, areas with lower measurement point sampling or sporadic data gaps are closed. Finally, the difference between the TIN of the surface layer and the TIN of the base layer can be interpreted as an approximation of the absolute pavement thickness.



To support and validate this laser scan-based method, steel rounds were inserted in the relevant section between the base layer and the concrete pavement, and PI measurements were carried out at these points after installation. Figure 13 illustrates the obtained 3D thickness information over the whole road area. In addition, the location of the non-destructive measurement points A and B is shown. A drill core was taken at position C. The position of the reference box is marked by a square. In the background the slab structure of the pavement and the road markings are visualized. The paving thickness is shown as relative deviation from the road thickness at point C, since the drill core position is clearly visible in the laser scan. In the georeferenced surface model, shades of blue describe thicker road thickness and yellow to red indicates a thinner road thickness. In the middle and at three quarters of the section, a slight reduction in thickness can be observed in lane 1. At the end, an increase in paving thickness can be seen. Thus, local effects in the road thickness are clearly visible.



The comparison with point-by-point PI measurements of steel rounds and the evaluation of the drill core proves the plausibility of the values derived from the mobile laser scans. At point C, the drill core indicates a 3 mm thicker absolute layer thickness than was reconstructed with the laser scan. Points A and B have a deviation of 20 and −8 mm. However, their position cannot be located very accurately in the laser scan data. The presented approach cannot replace classical approaches for the determination of the absolute pavement thickness, but it allows the identification of local patterns or discontinuities and can give indications where imperfections in the base layer may have to be taken into account when finishing the concrete pavement. For example, areas of significantly lower thickness than the planned pavement thickness can be identified. This can be particularly useful when comparing the base layer scan to the planned surface layer to identify where imperfections in the base course could lead to a critical pavement thickness.



Figure 14 shows a vertical cut through the pavement approximately along the middle of lane 1. The detrended height profiles of the base and surface layer are drawn over the distance. Here, imperfections (small bumps) in the base layer of the pavement can be observed at 35 to 50 m and at 75 to 90 m. These imperfections do not appear in the surface layer, which shows that the paving process is able to cope with such imperfections in the base layer. On the other hand, this leads to a reduced road thickness at these locations. This effect is also amplified by a small hollow at 50 m in the surface layer. In this case, the road thickness is still within the defined limits. However, if these imperfections become too large, it might become critical to maintain the desired road thickness. Thus, the scan of the base layer helps to identify deviations in the base layer and to react to them at an early stage as well as to estimate the road thickness and to identify peculiarities, which can then be investigated in detail.





5. Conclusions


The evenness and thickness of a pavement represent two central evaluation criteria for the quality and durability of construction work during road construction. These evaluation criteria are essential to identify dominant process variables, which become especially relevant in the context of the advancing digitization of construction process execution and the improvement in data acquisition and management systems.



Therefore, this study investigated a classical standardized evenness measurement method as well as new indicators of evenness based on high-speed multitemporal laser scanning. The measurements of different data collection systems were synchronized based on distinct events. In particular, specific height profiles were identified for combining the RSE and laser scan and stationary reference boxes were applied to correct the absolute absolute offset of the different measurement runs of the mobile mapping vehicle S.T.I.E.R. The 3D laser scan provided valuable surface evenness data over the whole construction site. The occurring irregularities could be identified and explained by specific effects seen both in the manual site documentation and on the basis of the camera system of the measuring vehicle. The WLP provided additional insight into some irregularities which were not observable by the standard RSE.



The second aspect of the study was the experimental determination of the capability to measure the road thickness using high-speed laser scans. For this purpose, the base and surface layer were scanned with a laser measurement vehicle. Reference boxes, which are visible in both measurements, were attached to permanent structures next to the pavement so that the laser scans can be spatially synchronized. The feasibility of the presented method could be validated by additional pointwise thickness measurements based on the pulse induction method using steel rounds and drill cores. The investigated road section showed a local imperfection in the base layer, which affects the road thickness. However, further investigations have to show the accuracy and robustness of the proposed method. Therefore, this method can currently only be used as an aid, e.g., for identifying interesting positions for further investigation. In addition to the possibility of an area-wide road thickness measurement, the presented method for road thickness determination offers the significant advantage that the planned location of the layer can already be examined for a potential reduction in pavement thickness before the start of the construction of the concrete layer. This way, preventive countermeasures can be taken at an early stage.



For further analyses, a detailed documentation of the process steps and an extensive data set of the construction machine fleet, not only for surface scan but also for concrete production, transport, paving, and post-processing, is available for this highway section. The data will be used in further studies to provide additional insight into a smart construction site.
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	LiDAR
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	Global Navigation Satellite System
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	High Speed Road Monitoring



	FFT
	Fourier Transformation
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	Inverse Fourier Transformation
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Figure 1. General road layout [23]. 
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Figure 2. Construction site participants and exemplary work flow [23]. 
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Figure 3. Two-layer concrete paving and spraying. 






Figure 3. Two-layer concrete paving and spraying.



[image: Automation 02 00002 g003]







[image: Automation 02 00002 g004 550] 





Figure 4. Schematic of a rolling straightedge. 
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Figure 5. Calculation scheme for the weighted longitudinal profile (WLP) [22]. 
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Figure 6. S.T.I.E.R measurement vehicle and schematic representation of laser scan. 
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Figure 7. Laser scan of a concrete pavement (top) and superimposed 3D surface model in a 0.1 × 0.1 m grid (bottom). 
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Figure 8. Reference box used for spatial synchronisation of multitemporal laser scans. 
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Figure 9. Principle of difference formation of base and surface layer scan for approximation of the paving thickness  Δ Z. 
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Figure 10. Evenness analysis for the first lane. The evenness indicators rolling straightedges (RSE), WLP   σ  , and WLP   δ   are shown normalized to their respective targeted value (4 mm and 24 mm). 
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Figure 11. Camera views of the material change (left) and at the start of the day (right). 
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Figure 12. Cross-section through the reference box before (left) and after (right) matching the multitemporal laser scans. 
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Figure 13. Relative layer thickness and location of the test points A–C with slab structure and road markings in the background. 
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Figure 14. Cross-section of the pavement approximately along the middle of lane 1. 
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