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Abstract

Inspecting defects, geometric size discrepancies compared to the design profile, and displacement under the
load of the bridge structure aims to gather information and current data before putting the bridge into operation.
However, the quality of inspection on the structure size performed by traditional methods usually takes time-
consuming and potentially unsafe due to difficulties in accessing because the bridge dimension is high and
the rugged terrain is challenging, especially with bridges crossing rivers, deep valleys, etc. Therefore, applying
modern, effective, and reliable inspection methods is essentially required. The Terrestrial Laser Scanner (TLS)
is a technique to quickly and accurately gather topographic data points of objects’ surfaces. TLS is applied
in many survey fields, including surveying the structure of bridge engineering. To evaluate the effectiveness
of applying TLS, the research conducted a determination of the main span P61-62’s deflection of the balance
casting bridge crossing the Vong intersection of the urban traffic bridge project Ring Road 2, Hanoi city during
static load testing. Three methods to determine the deflection of the bridge span structure were implemented:
(1) Using dial indicators; (2) Using a total station to measure points reflecting attached to the structure of the
bridge girder; (3) Applying TLS to inspect the structure at the time of no load and load. The results led to
the conclusion that TLS methodology facilitates the determination of the bridge deflection with acceptable
accuracy.

Keywords: deflection inspection; TLS; dial indicators; total station; geospatial data process; vertical displace-
ment; Vietnam bridges.

https://doi.org/10.31814/stce.huce2023-17(4)-02  © 2023 Hanoi University of Civil Engineering (HUCE)

1. Introduction

The requirement to collect data on the structure of old bridges aims to serve renovation, repair, or
assess the quality of newly-built bridges and create as-built drawings constantly puts forth challenges
in collecting geospatial data. Recently, TLS has been evaluated as effective in the work of quickly and
accurately collecting 3D surface spatial data [1-3]. With the main function being the collection of
point cloud data, TLS allows the depiction of the spatial surface of the structure with a level of detail
that can go up to millions of points on a meter square [4]. Point cloud data is also used to monitor the
deformation of construction structures through appropriate analysis methods [5].

One of the initial studies of TLS in bridge engineering was used to determine the overall rotational
motion on grid bridges and the deflection of the bridge girder under static load [6]. In evaluating the
condition of old bridge projects when there are insufficient documents about the measurements of the
structure, Kushwaha et al. [7] used TLS combined with a close-range photogrammetry technique to
create point clouds to assess the deformation of the bridge deck structure layers. The outcomes from
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the point cloud data of different types of bridges - truss bridge, girder bridge, and cable-stayed bridge
- were compared with the laser distometer, having a difference of about 3-5 cm. Cafiso et al. [§]
combined TLS and Ground Penetrating Radar techniques to determine the geometry of the structure
and the thickness of the asphalt overlay, the bridge deck thickness, and the location of steel reinforce-
ment of an old bridge in Sicily, Italy. The results of evaluating the condition of parts of the bridge
surface from this solution are considered valuable, ensuring accuracy, time and cost-effectiveness.
Liu et al. [9] used TLS to collect point cloud data to detect and analyze damage to the Beishatan
urban bridge in Beijing, China. From point cloud data, 2D, 3D deformation maps and Digital Surface
Models (DSM) were built, supporting in determining the areas (locations) of potential damage (areas
with large deflection) at the bottom of the bridge. The results of this study affirmed that TLS is an
effective technique for detecting potentially damaged areas of bridges.

In terms of monitoring the deformation of bridge structures is also an issue of great interest [ 10—
12]. In this regard, the application of TLS (Terrestrial Laser Scanner) is recognized as effective and
suitable for determining the vertical displacement of steel bridge structures in Poland [13]. The re-
search results show that this is an appropriate solution for monitoring and static load testing tasks.
Enhancing research on the application of TLS for static load testing of old steel bridges, the authors
have also proven that the TLS vertical displacement measurement has a difference of +1 mm com-
pared to the traditional height measurement method with leveling [14]. TLS is also considered useful
for determining the elastic line of bridges when conducting dynamic load testing for types of steel
bridges, concrete bridges, and cable-stayed bridges [15]. The TLS solution has been proposed to over-
come the weaknesses of the deformation observation method for high-speed bridgeheads by precise
leveling [16]. A mobile TLS system is arranged on a car to collect point cloud data for three experi-
mental areas. The raw data is denoised in two steps, which are coarse filtering and fine filtering using
the plane fitting method based on the experimentally set threshold values. The height of the deforma-
tion monitoring point obtained between different TLS measurements differs by +1 mm and +2 mm
compared to the results measured by the electronic total station TMS50.

The above studies clearly have shown many valuable benefits that TLS brings in evaluating ge-
ometry and reconstructing the current situation of various types of old bridge structures in operation.
However, the applications of TLS to verify and evaluate the quality of new-build bridge projects have
not been mentioned much. In Vietnam, conducting verification of large bridge projects, the bridges
with special structures before putting them into operation is a mandatory technical requirement. The
main tasks include: (1) Surveying, measuring, and evaluating the current state of the structure [17]; (2)
Evaluation of girder concrete quality; (3) Assess the load-bearing ability of bridge structures through
load testing experiments. These are the jobs if using TLS techniques and/or combining them with
some other techniques like the studies above [7, 9] will help increase efficiency, and safety and ensure
the required accuracy.

This paper presents the application of TLS for the assessment of the bearing capacity of the newly
built bridges before being put into operation. The process of collecting and processing point cloud data
and analyzing bridge deflection during static load testing is mentioned in the article systematically
and completely. For comparison with conventional methods, this study contributes to an effective
method of utilizing geospatial data for the field of construction structural assessment in Vietnam.

2. Material and Methodology
2.1. Tested Bridge

The study subject selected is the overpass at the Vong intersection which is a part of the elevated
route (urban traffic bridge) of Hanoi city’s Ring Road 2 project (Fig. 1). The overpass includes 3
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spans arranged according to the diagram 55 m + 90 m + 55 m, using the pre-stressed concrete box
girder structure with strutted using slabs, constructed by the balanced cantilever method. The bridge
girder width is 18.7 m with three vertical walls. The height of the box girder changes according to the
parabolic path with the girder height at the closure segment and cast on the scaffolding is 2.687 m,
and near the pier top is 5.687 m. The width of the box girder’s bottom slab is 7 m.

Figure 1. The overpass at Vong intersection which is a part of Hanoi city’s Ring Road 2 project

To assess the load-bearing capacity of the bridge girder structure before it is put into operation,
static and dynamic load tests are carried out. The static load test work is performed for the mid-span
between P61-P62 and the side span P62-P63. For the main static test P61-P62, 8 concrete mixing
trucks are used, each with a whole load of about 27-30 tons. The experiment vehicle layout includes
two cases which are concentric and eccentric load positions (Fig. 2). For each case, three measure-
ments are carried out (the vehicle enters and exits the load position three times).

(a) Concentric load (b) Eccentric load

Figure 2. The truck arrangement diagram for static load tests of the P61-P62 span,
illustrating potential load scenarios

2.2. Methodology

To measure the deflection of the bridge under a static load with eight trucks as mentioned above,
our study used 3 measurement methods: (1) Installing dial indicators, (2) Using total station, and (3)
Applying TLS to collect data. The solution using a dial indicator or a total station can only measure
the bridge’s deflection at some predefined positions, while TLS allows gathering point cloud data.
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a. Using dial indicators

Using the dial indicator is a conventional method to determine the bridge deflection during the
static load test. Four dial indicators are vernier dial gauges arranged in the middle of spans P61-P62
under the bridge girder as shown in Fig. 3. The numbers read on the dial are performed in two cases
no load and with a load (when arranging trucks on the bridge). The difference between these two
measured values is the deflection at the point where the device is mounted. The disadvantage of this
method is that there may be errors due to the human eye reading the dial and the elasticity of the
suspension system of the measuring device.

(a) The position of dial indicators (b) The on-site installation process

Figure 3. Deflection inspection using dial indicators

b. Using a total station

The total station with the function of measuring distance based on the principle of mirrorless
reflection has high accuracy. This allows the total station to be applied to determine the elevation of
points according to the principle of trigonometric height measurement, the following formula (1).

h=D=xtanV + j—g

1
H,'=HM+/1 ()

where /4 is the elevation difference between the station and point, D is the horizontal distance, V is the
vertical angle, j is the height of the total station, g is the height of the reflector, H; is the elevation of
the point and H)y, is the elevation of the station.

The bridge deflection then is calculated following the total station methodology by the formula (2)

Vi — Hilm' _ HiCur (2)

in which V; is the deflection value, H{”i is the elevation at the no-load case and HiC “ is the elevation
at the load test case.

The Trimble C3 total station and paper reflections were selected in the study (Fig. 4). The accu-
racies of distance and angle measurements are 2 + 2 ppm and 17, respectively.

Keeping the total station stable during the load test process so that the values of the station ele-
vation (H)s) and station height (j), in formula (1), are unchanged components. In addition, the height
reflector (g) is considered zero because the paper reflectors were attached to the survey points (Fig. 4).
The accuracy of the elevation of the points (H;) depends completely on the accuracy of quantities D
and V. The accuracy of quantity D depends on the distance from the station to the measurement point,
in practice with the longest distance within 100 m, this accuracy is achieved within + 2.2 mm. For
quantity V, to ensure the accuracy requirement, at each point, conduct three times at both left and
right readings and then take the average value. Parallelly, choosing the position to set the station so
that the vertical angle value V is miner than 15 degrees.
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Figure 4. Installation of total station and paper reflectors’ position for deflection inspection

Although it is impossible to avoid sources of error due to the accuracy of the equipment and
the environment affecting the elevation of the survey points, with the measures implemented, these
sources of error are always stable for all the measuring points during the load testing process. In
formula (2), the bridge deflection is calculated as the difference between the elevation values of the
measuring points at the unloaded time and the loaded time. Therefore, these uniform errors once again
reduce the impact on the accuracy of the elevations by the subtraction of the calculation formula. This
helps us obtain more reliable results (according to the principle of accuracy being less than three
times the allowable limit).

c. Using TLS

4 P (Xp, Yp. Zp)

S (Distance)

B (Elevation)

kel 4

// a. (Azimuth)

(a) The operation principle of TLS
Figure 5. Deflection inspection using TLS

TLS is a non-prism laser measurement technique used to acquire 3D point cloud data. From the
instrument station, a laser girder is emitted toward the scanning object. Each reflected girder will
yield the values of distance §, vertical angle 8, and azimuth angle @ of a spatial point, as shown in
Fig. 5(a). In this case, the spatial coordinates component (Xp, Yp, Zp) in the coordinate system with
the instrument station as the origin can be determined according to formula (3) [18].
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Xp =S cosfcosa
Yp =S cosBsina 3)
Zp =S cosf

TOPCON GLS-2200 is the TLS device used for scanning and measuring the bridge deflection
in this study, as shown in Fig. 5(b). In addition to its scanning range of up to 500 m with a distance
accuracy of 3.1 mm and angle accuracy of 6 seconds, this TLS device allows for the collection of
point cloud density at a frequency of 120,000 points per second. After processing through MAGNET
Collage software, it is possible to obtain surfaces with an accuracy of +1 mm [19].

In reality, it is hard to determine the exact po- |
sitions of the same surveyed points in point clouds
from different scans. So the determination of dis-
placements by comparing these points directly is [ (‘001‘dilla‘e:r:l:f:iir‘:; l\ﬂdlcl:: of no load ]
impossible. It requires allocation of parts of the -
object in the process of modeling the parts of
the pOil’lt cloud data [5] Determining displace- Put origin coordinates, 01'igi1‘1lele;"arion values into other point
ments therefore based on the differences between —
two point clouds is commonly applied. The rela-
tiOl’lShip between point clouds is determined by Inject initial values into ppim cloud data
registering them in a common coordinate system, [ of concentnc, eccenticfoad case ]
usually done using the ICP algorithm [20]. Af-
ter a registration process, the point clouds are

Select the location of the feature points to be evaluated |

respectively

Interpolation of elevation values based on the input coordinates

then divided into clusters which are used to cal- and altitudes

culate the geometric displacements based on the

average distance strategies between correspond- — - :

. . . Pitch interpolation area of customizable
ing clusters. This can be done by computing the checkpoints

distances between matching point pairs from both
pOth ClOlldS, or by Complning the maximum dis- Export test results, evaluate elevation deviation and determine
tance from a set of distances of nearby points. Al- deflection

ternatively, displacements can be determined sim-
ply by the coordinate differences between the cen-
ters of corresponding point cloud clusters in scan-
ning cycles [21]. A more complex and improved method can use geometric principles by modeling
regression planes [4].

Based on the principle of comparing the coordinate differences between the centroids of each
cluster in different load conditions, the Height Inspection function of Coprocess software allows for
extraction, analysis of vertical displacement, and determination of deflection. The process of per-
forming deflection inspection and analysis of the structure uses data from point clouds described in a
workflow of Fig. 6.

Figure 6. Workflow of point cloud data
processing to determine the deflection

3. Experimental results
3.1. Girder deflection using dial indicators

Four dial indicators (marked V1, V2, V3, and V4) were installed respectively at the positions
of the right-wing, the right bottom, the left bottom, and the left-wing of girder following the route
direction of the P61-P62 main span (Fig. 3(a)). The data from four dial indicators are recorded with 3
readings per measurement and the average value is taken. Table 1 describes the average readings and
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the girder deflection is calculated by subtraction of average readings of the no-load case during both
tests of concentric load and eccentric load.

Table 1. P61-62 span deflections using dial indicators

Concentric load Eccentric load
Marker Position
Average Deflection Average Deflection
reading V (mm) reading V (mm)
Vi Right-wing 848.83 8.49 1065.90 10.66
V2 Right bottom 867.17 8.67 874.87 8.75
V3 Left bottom 851.03 8.51 776.60 7.77
V4 Left-wing 845.90 8.46 583.00 5.83
The graph representing the girder deflection 12
(Fig. 7) shows that the girder deflection under 10 N
the concentric load is relatively uniform. This re- g s . - achine AT &=
flected the proper functioning of the structure E . T -
suffering the impact of central load, the largest 2 X
deflection value at the right bottom position is & .
8.67 mm. In the case of the eccentric load ap-
plied towards the right side, the girder deflection e kid LS AL = -
at the right wing and bottom positions is larger - —Eccemricload 10,66 8.75 777 583

than that of the left side, with the maximum de-
flection value of 10.66 mm occurring at the posi-
tion of the right-wing.

Figure 7. Girder deflection values of the P61-P62
main span using dial indicators

3.2. Beams deflection using total station
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(a) Concentric load (b) Eccentric load

Figure 8. Girder deflection values of the P61-P62 main span using the total station compared to
Dial indicator and TLS methods

Determining the deflection using total station, four paper targets (marked G1, G2, G3 and G4)
are also simultaneously located at the corresponding positions of four dial indicators (Fig. 4). The
girder deflections are calculated according to formula (2) and shown in the chart of Fig. 8 (red line).
Compared with the dial indicator results (green line), there are differences of about +£0.5 mm and
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+2.0 mm in the case of the concentric load and eccentric load, respectively. It has been mentioned
that these deviations are due to the accuracy of the total station and they are within one-third of the
allowable limit. Therefore, this result fully satisfies the accuracy requirements for determining the
deflection of bridge structures according to technical standards, and it also accurately reflects the
behavior of the structure under the influence of both central and eccentric load. The results of girder
deflection using TLS are discussed in detail in the following subsection.

3.3. Girder deflection using TLS

Unlike the two previous methods, the TLS methodology does not determine a specific position on
the girder structure but relies on the analysis of point clouds for analysis. The TLS method requires
two basic steps: collecting, processing raw data and analyzing the vertical displacement of point cloud
clusters to determine the bridge deflection. In our experiment, point cloud data was collected using
the GLS-2200 device in unloaded, concentrically loaded, and eccentrically loaded epoque. Then, the
data was processed to eliminate noise using the MAGNET Collage Ver2.3 software, which provided
us with point cloud data in each loading case (Table 2).

Table 2. Scanning information in loading cases after noise processing

File name Number of Scanning Min density Max density Average density

(situation) scanning (point) area (m?) (point/mz) (point/mz) (point/mz)
1KT_SCNO0002 (no load) 1974106 1589 2 73060 1242,357
1KT_SCNO0003 (concentric load) 1972601 1586 4 68158 1243,759
1KT_SCNO0006 (eccentric load) 1973189 1587 1 69880 1243,345

View from above

P8 5020.003 2057.206 35.160
P9 5019.753 2045972 35150
P10 5019.842 2035.776 35117
P11 5019677 2028828 35019
P12 5004.285 2078633 35050
P13 5004.123 2057.528 35032

P14 5003.854 2045.826 35021

e Avea (m) 1000 2

Point Number 14

View from bottom

(®)

Figure 9. Registering and processing geospatial data of point clouds, (a) the results of 14 inspection points of
the unloaded case, and (b) G; points derived from the total station after registering point cloud data

With the Height inspection function in the Coprocess software, after registering the positions of
inspection points on the main span surface in the unloaded case, the elevation of points P; (Fig. 9(a))
is interpolated from points within the area of a one-meter square. The elevations of points P; in
the unloaded case are chosen as the reference values to determine the bridge deflections. Then, the
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corresponding obtained elevations under each load case are subtracted from the reference elevations
to calculate the girder deflection at each position.

Applying this principle, the coordinates of four targets (G;i) derived from the total station were
registered into point cloud data of the unloaded, concentric and eccentric loads (Fig. 9(b)). The ele-
vations of Gj points were then interpolated and extracted to calculate girder deflections. The girder
deflections derived from TLS data were presented in Fig. 8, these results were close to the deflection
results using the total station in the concentric load and the dial indicator data in the eccentric load. All
of the discrepancies are within =1.0 mm, demonstrating the suitability of the TLS method to collect
geospatial data and also to ensure technical accuracy during deflection testing.

As mentioned earlier, the use of point cloud © et specton - x
data provides us with the advantage of evaluating e | L Coime  |_trpen . S
the deflection of the whole girder. In this study, de- e s ——
flection data from fourteen P; points, which were 2 nam e pe o
distributed across the entire girder (Fig. 9(a)), - e == =2
were extracted. The original coordinates of the P; > == == =
points derived from the unloaded case were reg- ” v mes s 3519
istered into the point clouds of concentric and ec- e :
centric load cases, to ensure the correct position- o [ ot w10 re e 4 N
ing of the inspection points. Fig. 10 displays an Figure 10. The elevation interpolation for the P;
example of the elevations of fourteen inspection points of the concentric load case
points that were interpolated from the point clouds
of the concentric load test. These obtained elevations then are subtracted from the reference elevations
of the unloaded case to calculate deflection. Table 3 shows the elevation results of the P; points in each
unloaded, concentric load and eccentric load case, as well as the elevation differences (the girder de-
flections) of load cases.

Table 3. Elevation of inspection points and deflections in the case of the concentric load and the eccentric load

Unload Concentric load  Eccentric load  Concentric load  Eccentric load
Position  Elevation Elevation Elevation Deflection Deflection
(m) (m) (m) (mm) (mm)
P1 32.287 32.280 32.279 -7 -8
P2 32.819 32.811 32.812 -8 -7
P3 32.962 32.953 32.953 -9 -9
P4 32.689 32.682 32.682 -7 -7
P5 32.051 32.049 32.050 -2 -1
P6 35.124 35.119 35.121 -5 -3
P7 35.166 35.159 35.159 -7 -7
P8 35.160 35.151 35.155 -9 -5
P9 35.150 35.144 35.144 -6 -6
P10 35.117 35.111 35.113 -6 -4
P11 35.019 35.016 35.014 -3 -5
P12 35.050 35.046 35.049 -4 -1
P13 35.032 35.027 35.026 -5 -6
P14 35.021 35.014 35.013 -7 -8

The results in Table 3 show that the smallest deflections, in both centric and eccentric load tests,
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have occurred at the P5 point. The deflections at points P3, P8, and P13 (near the location of G;j
points) give us the largest values and this is rather reasonable to regard with the results of Gi points
discussed above. With the availability of point cloud data, we have the capability to accurately assess
and evaluate the deflection at any specific position along the girder during the static load test.

4. Discussion and future direction

Experiment results to determine the deflection at the P61-P62 main span have some slight dif-
ferences among the three used methods. Compared with the dial indicators and total station for con-
centric load test, the TLS method exhibits differences in the range of 0.46 mm to 1.51 mm. When
subjected to the eccentric load test, these differences lie within the range of 0.34 mm to 2.33 mm.
These discrepancies can be ascribed to the contrasting methods of data accumulation and treatment
amongst the devices involved. Nevertheless, it is observable that such errors remain lesser in magni-
tude, being between three to five times less than the deflection values, thereby satisfying the stipulated
technical standards. While variations in deflection values amongst the trio of methodologies persist,
they uniformly provide an accurate portrayal of the structural behavior under loading conditions.

Accessing work efficiency, using the dial indicators is a reliable traditional method for determin-
ing deflection in static load testing. However, it has no time effectively for installation and equipment
operation. These devices especially require strict occupational safety during installing equipment
for large-span structures. The total station equipment has an easier operation for the inspection of
bridge deflection. However, this method also determines vertical displacement for individual points
and hardly describes the entire structural surface. On the other hand, the TLS method provides point
cloud data with high point density, which has helped simulate the entire surface of the bridge struc-
ture during static load testing. From the point cloud data, the deflection of the bridge span can be
calculated to meet technical requirements. Additionally, the point cloud data also provides the ability
to construct cross-sectional planes and deflection contour maps over the whole structure surface. It
is an effective method for determining bridge deflection, the TLS methodology helps increase safety,
efficiency, and work productivity. However, it still has limitations in terms of cost and requires a more
complex data processing process than the above two methods.

In addition, one of the recent approaches of TLS to bridge infrastructure is to create a 3D digital
twin model to support bridge inspection tasks that are safer, cheaper, more reliable, and less cum-
bersome compared to traditional direct assessment methods [22]. In this research direction, Masoud
Mohammadi and colleagues [23] have also proposed the monitoring/inspection of bridge structures
based on accurate 3D model extraction, as well as the integration of non-geometric information with
structural components for managing bridge assets and developing a Bridge Information Model (BrIM)
system. Future research suggests the development of Bridge Management Systems (BMS) that include
Artificial Intelligence (AI) [24, 25], decision support systems [20], and Internet of Things (IoT) [26],
not only to collect real-time information but also to evaluate and prioritize tasks. Asset managers can
benefit from real-time decision-making, propose strategic plans, and distribute tasks to other team
members. Over the past decade, TLS technology has been well-known for its accurate and fast data
collection, making it perfectly suitable for creating and updating information models like BrIM. How-
ever, research still lacks automated and productive methods for creating high LoD (Level of Detail)
3D models [27], as well as suitable Al solutions for real-time monitoring of the health of structures
and updating bridge information models (BrIM) [18, 28].

5. Conclusions

In determining the bridge deflection during static load testing, the study used three methodolo-
gies such as dial indicators, total station, and Terrestrial Laser Scanning. All three methods meet the

23



Chieu, V. D, et al. / Journal of Science and Technology in Civil Engineering

technical requirements and render similar results, correctly reflecting the working conditions of the
bridge structure during load tests. The results of determining the main span deflection P61-P62 by all
three methods were approximately 11 and 9 mm in concentric and eccentric load tests, respectively.
Comparing the variations among the three solutions, the deflection values are three to five times the
differences. This reflects the acceptable level of confidence when applying TLS to replace the de-
flection meter and electronic total station method. This application aims to enhance the efficiency of
identifying bridge deflection.
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