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A B S T R A C T   

A new proposal has been applied using Bridge Information Modeling associated to Terrestrial Laser Scanning TLS 
and photogrammetry to obtain the digital model of an existing bridge. For the laser scanning process. Thus, it 
was also possible to identify the pathologies and damages in the concrete of the bridge. Furthermore, it was 
shown how geo-information with remote sensing using the station Trimble SX 10 can be applied in area of bridge 
projects with less time and lower cost, in relationship to a conventional survey Asbuilt with manual survey in 
field. One of the innovations of this paper was to obtain the digital model of the bridge by integration of TLS and 
photogrammetry to obtain the 3D digital model. The new methodology consisted of acquisition of the bridge 
scenes through points previously implanted, making the polygonal contour of the entire bridge. Furthermore, the 
execution of the field survey from georeferenced points to capture the scenes during the sweep with TLS facil
itated the refinement and, consequently, it was possible to obtain the digital model with the concrete damage. It 
was also possible to perform a complex nonlinear analysis with Finite Element with the digital model of the 
bridge. Therefore, it was applied a reverse analysis of the strength of the structure using the Concrete Damage 
Plasticity Model using ABAQUS software. Two numerical analyses were performed on the bridge; one consid
ering only the static behavior of the bridge and another considering the dynamic behavior. In the static analysis, 
the behavior of the dapped-end beam of the bridge, was investigated. On the other hand, in the dynamic 
evaluation, the natural frequency and damping ratio for bridges with Dapped-end beams was obtained in 
ABAQUS through Rayleigh damping and compared with the technical literature, which presented satisfactory 
results.   

1. Introduction 

The Brazil instituted the National Department of Transport Infra
structure (DNIT), to be the public agency responsible to restructure the 

modes of transport in Brazil. DNIT is also responsible for the mainte
nance, expansion, construction, inspection, and preparation of technical 
studies to solve problems related to the federal road system. The agency 
makes the management of more than 8 thousand Special Engineering 
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Structures – SES (Bridges, Viaducts, Tunnels and Footbridges) [1]. 
Recent collapses of road bridges have led the technical–scientific 

community and society to reflect on the effectiveness of their manage
ment [2]. In this context, due to the high number of SES that need 
structural recovery, DNIT created in 2017 the Program for Maintenance 
and Rehabilitation of the Large Structures, called - PROARTE, which 
became responsible for manage maintenance and rehabilitation of these 
large structures. Within the scope of PROARTE, the Bridge Information 
Modeling – BrIM methodology was implemented, which establishes the 
technical criteria for the development of preliminary design of bridge on 
the BrIM platform for bridge rehabilitation works [3–15]. For the pur
pose of applying BrIM, an inspection is initially carried out at the SES to 
determine the degree of degradation of the structure, to determine a 
management note for the structure and, then, define a prioritization rule 
of which bridge will be reinforced first, based on the standard ABNT 
NBR 9452 (2019) [16], DNIT-010 standard [17], and the ABNT NBR 
7188 (2013) [18]. 

Photogrammetry and laser scanning are solutions that can be inte
grated and enable the representation of existing bridge elements in 
three-dimensional digital models [19]. On the other hand, in inspections 
of bridges and viaducts, design engineers face difficulties in accessing 
important points of the structure, impairing the collection of essential 
data for the characterization of geometric elements of the SES as well as 
in obtaining the measurements of the observed pathologies in in
spections. That in most cases to have access to the structural elements of 
the superstructure requires several special equipment that have a high 
cost for mobilization and execution. 

Koch et al. [20] presented current achievements, open challenges in 
vision-based inspection of large concrete structures and vision-based 3D 
reconstruction and as-built spatial modeling of concrete civil 

infrastructure with focus in set on structural member recognition as well 
as on concrete damage detection and assessment exemplified for con
crete columns. 

McGuire et al. [21] presented a method and prototype imple
mentation for tracking and assessing the structural condition of bridges 
using BIM. In the proposed method, an inspector uses a custom software 
add-in, developed by the authors, to capture information on damage 
type, amount, severity, and location gathered during bridge inspection. 
Next, a custom tool in Microsoft Excel evaluates the structural perfor
mance and provides simplified load ratings of the inspected bridge. The 
proposed method was validated through field testing on a case study 
bridge. Findings from this study suggested that BIM can effectively 
facilitate the inspection and evaluation of bridges. 

Riveiro et al. [22] presented a new method for fully automated point 
cloud segmentation of masonry arch bridges. The method efficiently 
creates segmented, spatially related and organized point clouds, which 
each contain therelevant geometric data for a particular component 
(pier, arch, spandrel wall, etc.) of the structure. The method was vali
dated using a representative sample of masonry arch bridges. The results 
demonstrate that this tool can provide data for further structural oper
ations without requiring neither training in laser scanning technology 
nor high-performance computers for such data processing. 

Sedek and Serwa [23] applied laser remote sensing data of asbuilt 
model, with BrlM (Bridge Information Model) for a constructed bridge. 
An experimental work was carried out to confirm the planned method 
for monitoring the structural defects through a case study was imple
mented in the design and inspection data in the Jacques Cartier Bridge in 
Canada. The outcomes demonstrated that the existing technique can be 
cmployed to sense the defected elements or structure imprecision fast 
and accurately. 

Fig. 1. Flowchart with the analyses carried out in this research.  
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In general, the researchers found in the literature only use the TLS 
and BIM to obtain a digital model or even to do a simplified analysis of 
the model obtained. Therefore, the objective of this paper is perform a 
Terrestrial Laser Scanning -TLS and photogrammetry on the bridge over 
the Pianco River to obtain the point clouds and a 3D model that repre
sent the existing structure with concrete damage. In addition, is perform 
a nonlinear Finite Element modeling using ABAQUS for obtain the 
natural frequencies and mode shapes of the bridge, as well as the stress 
concentrations in the structural elements using Concrete Damage Plas
ticity Model. With these results, it is possible to define a better solution 
for rehabilitation project of the bridge. The Fig. 1 shows the research 
flowchart. 

2. Materials and methods 

2.1. Typologies of bridges indicated for TLS and photogrammetry 

When the design engineer has easy access to bridge elements and 
does not need special equipment to carry out the inspection and access 
all bridge elements is possible to carry out the measurements of the 

sections with the use of a simple tape measure for obtaining of AsBuilt. 
In this case, the TLS and photogrammetry still have a cost that does not 
justify their application in the survey of AsBuilt. In relation to field 
survey with a manual tape measure, without use of equipment to access 
bridge elements. However, the purpose of this paper is to make the TLS 
and photogrammetry in bridge with difficult access to the structural 
elements. Since that, the realization of the conventional survey using a 
simple tape measure would require several special equipment, whose 
cost would be high compared to TLS and photogrammetry. Thus, the 
Figs. 2 and 3 show three examples of bridges that have difficult access to 
structural elements to perform AsBuilt using a manual tape measure. 

This paper aims to overcome the standard methodologies for pave
ment, beams, column cap, column, joints and girder inspections of a 
bridge, which require the use of By-bridge equipment (see Fig. 4), Aerial 
Work Platforms (AWP) or ropes. These methodologies have several 
limits and risks, especially in difficult to access areas or with obstacles 
[24,25]. 

2.2. Terrestrial laser scanning in bridge design application 

A detailed review of the literature from the last decades showed that 
TLS has been widely used in geosciences, infrastructure monitoring, 
structural assessment with damage detection, and As-Built survey of 
architectural buildings, among other topics in engineering and medi
cine. Indeed, TLS allows the accurate and fast acquisition of millions of 
points that represent the scanned structure in a digital file composed by 
a cloud of points [5,26,27]. The Trimble RealWork software is specif
ically designed for point cloud processing and analysis. 

2.3. Use of photogrammetry to obtain the digital terrain model in bridge 

Nowadays, with the development of digital photography and the 
digital treatment of the image with photogrammetry, a method 

Fig. 2. Dom Pedro II steel bridge with 237 m of span with a height of 86 m over 
San Francisco River in Brazil. 

Fig. 3. (a) The Biggest cable-stayed Bridge in Brazil pass over the Rio Negro, has a central span of 400 m with a mast of 185.00 m of high; (b)Felipe Guerra Bridge 
over the Piranhas/Açu River with 585 m of extension with 2 main beams of section variable type parabolic. 

Fig. 4. Bridge inspection. (a) and (b) Inspection of the bridge using special equipment coupled to the munck truck; (c) Inspection of the bridge using rappelling 
equipment using ropes to access the columns. 
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developed at the beginning of the 20th century and presents new fields 
of application with advantages over traditional methods of obtaining the 
Digital Terrain Model [28,29]. 

The field of application of this technique within civil engineering is 
focused on mainly for aerial surveying in obtaining of the contour lines 
[28]. Photogrammetric models use the principle of triangulation to 
identify points between two different images and triangulate them back 
to a single point of view [29]. 

Abdelwahab [30] proposed the creation of the digital terrain model 
(DTM) included two components, the surface model and satellite im
ages. A surface model was created using the available topographic 
contours maps which created a mesh looking image that defines the 3D 
geometry of the site. Then, to make the DTM more realistic, satellite 
images were superimposed on the 3D surface creating a realistic earth 
surface applied to bridge project. 

3. Field surveys and processing 

3.1. Work methodology in the survey with TLS 

Sketches with hand-drawn photos may not provide comprehensive 
information or may miss small important details of the project. The 
Creation of a digital model of a bridge solves this problem as the digital 
model is an exact replica of reality that can be shared between engineers, 
bridge design specialists and construction teams, using TLS this process 
makes it more accurate, secure is fast. The bridge investigated with TLS 
in this paper has a typology similar the bridge shown in Fig. 3 in the item 
(b), which, superstructure is composed of two beams in variable section 
parabolic type in reinforced concrete (See Fig. 5). The bridge over the 
Pianco River have 5 spans of 34.00 m, with 170.00 m length. The cross- 
section of the bridge has two lanes of 3.00 m of width and two guardrails 
of 0.20 m of thickness and 0.90 m high, the total width of the bridge is 
6.40 m. 

To carry out the TLS, the work methodology consists in the imple
mentation of the polygonal points, starting with the bridge abutments. 

After, defining the points at abutment E01 and abutment E02, located at 
the top of the bridge, auxiliary points were launched in strategic loca
tions, as shown in Fig. 6 with total station measurements in cm. The 
auxiliary points served as a basis for parking the Trimble® SX10 total 
station to scan the underside of the structure, scanning the individual 
already georeferenced for easy post-processing. 

The points at which the total station was positioned were georefer
enced through Global Navigation Satellite Systems GNSS of the dual 
frequency with receiver to the UTM SIRGAS 2000 coordinate system. 
The processing of these points was performed using the service of Precise 
Point Positioning (PPP) provided on the platform of the Brazilian 
Institute of Geography and Statistics. After the implementation of the 
polygonal points, the laser scanning step was started, which consists of a 
high precision three-dimensional survey for digital documentation 
purposes, resulting in a cloud of points. 

This means that points were captured in a defined window area along 
a grid interval specified by the user, but without user intervention 
during scanning, everything is done automatically, and in particular no 
need to aim at each individual point of the structure [31]. Subsequently, 
to finish each scene, photos were taken using the Trimble® SX10 station 
itself, to obtain details of the pathologies in the structure. 

3.2. TLS settings for getting the point cloud 

The Trimble® SX10 robotic total station has three viewing cameras: 
an overview camera; another of primary division; and finally, a camera 
on the telescope that does the laser scanning [27,31]. In addition to 
these cameras, two more are attached to the total station, one to assist in 
fixing the robotic total station at the point of the polygonal, and another 
camera to locate and follow the prism during topographic survey. In this 
context, the execution of the implementation of TLS, was first, fixed the 
robotic total station Trimble® SX10 with the specific camera for 
recognizing the topographic point of the polygonal at the points indi
cated in Fig. 7. 

To obtain the best precision in this paper, the superfine cloud was 

Fig. 5. Details of the bridge over the Pianco River. (a) and (b) General view of the bridge; (c) half-joint or dapped-end beam; (d) Beam with parabolic section.  

Fig. 6. Total station positions along the bridge to scanning with TLS of the bridge elements with measurements in meters.  
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configured in the scan of the bridge elements. In addition, chosen 
configuration was used to color the point cloud, as well as super
imposing these images in post-processing with Trimble® RealWorks 
with recognition of cloud features. Another application used during 
point scanning was Trimble® Access, which enabled the visualization of 
data acquired in the field, automatically, with all colored point clouds. 
Thus, it was possible to ensure that all elements of the bridge structure 
were captured by zooming the point cloud using the tablet, connected 
via remote (with to 700 m away from the Trimble® SX10 total station). 
Table 1 shows the main Trimble SX10 total station configurations using 
in the survey field. 

The Fig. 7 shows the Trimble® SX10 total station with the equipment 
for georeferencing the points, with the GNSS type GPS receivers TOP
CON HIPER SR. 

In the scanning point cloud processing, a segmentation was first 
performed, eliminating noise and separating the parts of the structure. 
The 3D modeling was performed from the point cloud. Which consists of 
creating 3D models in CAD format that can be integrated into archi
tectural design software, with BrIM tools [32]. The 3D modeling was 
divided between RealWorks software, for cloud segmentation and 
feature extraction, and Sketchup for model creation and finishing. The 
RealWorks together with Sketchup have a direct link, which facilitates 
transfer of information in the Trimble® platform, finally, the IFC model 
was imported from Sketchup to REVIT®, where the 3D model was 
refined with the creation of families of each bridge element according to 
the criteria of the BrIM from PROARTE. 

3.3. Application of georeferenced points to obtain of the photogrammetry 

Photogrammetry was carried out on the contour of the bridge over 
the Pianco River to obtain the topography of the terrain, which was 
integrated with the TLS to acquire the As-Built of the bridge with the 
terrain profile. Therefore, in order to carry out photogrammetry, it was 
necessary, initially, to install control points that are landmarks used to 
increase the geographic accuracy of images obtained during aerial sur
veys. The Ground Control Points GCP were identified through land
marks along the terrain, inserted in the areas where the aerial survey 
took place. These points were used to relate the image coordinate system 
to the georeferenced terrain coordinate system. These control points 
(GCP’s) were georeferenced using a dual frequency GNSS receiver with 
closure of the polygonal using the Trimble® SX10 total station. Thus, 40 
support points were randomly deployed in the study area, with PPP 
processing after tracking with the TOPCON HIPER SR GNSS system 
through Real-Time Kinematic - RTK. The use of GCP’s in aerial mapping 
with drones is always associated with the use of high geographic 

Fig. 7. Equipment used in the TLS of the bridge over the Pianco River. (a,b) Capture landmarks for georeferencing; (c-d) Trimble® SX10 Bridge Scan with TLS.  

Table 1 
Overview of scanning Trimble® SX10 total station with some of their technical 
specifications according to manufacture [23].  

Trimble® SX10 Total Station 

Features Results 

+

Date of release 2016 
Angular accuracy 1″ 
EDM maximum range 5500 m (prism)  

800 m (non prism) 
EDM accuracy (prism) 1 mm + 1.5 ppm 
EDM accuracy (non-prism) 2 mm + 1.5 ppm 
Imaging 
Number and kind of cameras overview + primary +

coaxial 
Resolution 5 Megapixel 
Frame rate up to 15 Hz 
Scanning 
Maximum rate 26,600 pts/s 
Maximum range 600 m 
Scanning range noise 1.5 mm @ 50 m 
Additional Features Scanning & enhanced 

VISION 
Laser Class and Ingress 

Protection 
Laser Class 1 M & IP55  

Fig. 8. Details of the aerial survey of the topography on the bridge over the Pianco River.  
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precision technologies, such as Real-Time Kinematic. 
The flight plan was made with the application Pix4Dcapture, with a 

flight height of 80.00 m and the Ground Sample Distance GSD obtained 
was 2.7 cm. Fig. 8 shows the details of obtaining the georeferenced 
points and with the position of the targets for the aerial survey, as well as 
the images of the Pix4Dcapture application used to process the images. 

In the aerial survey, the Parrot ANAFI Work drone was used, which 
captures high-resolution images and 4 K videos, in addition to provide 
high accuracy in the mapping. The ANAFI has a key feature for bridge 
inspection and topographic surveying below the bridge. Fig. 9 shows an 
overview of the Unmanned Aerial Vehicle of the Parrot ANAFI used in 
the photogrammetry. 

The aerial photogrammetry processing was performed in the 
Pix4Dmapper software, capable of processing drone images and creating 
orthomosaic and high-quality point clouds with accuracy as shown in 
Figs. 10 and 11. 

In the office stage, it was started with the processing of the aerial 
survey images, the coordinates of the control points and the correlation 
with the images was entered, then a dense and orthomosaic point cloud 

was generated. Subsequently, the segmentation of the point cloud was 
performed using Autodesk’s ReCap software, and obtained a digital 
model of the aerial survey, which was finally exported to Autodesk’s 
CIVIL 3D for refinement and finishing the Digital Terrain Models DTM. 
Fig. 12 shows the details of the DTM contours in the bridge segment. 

4. Results of the TLS and photogrammetry 

In order to keep the adequate safety levels in critical infrastructures 
such as bridges is essential to modern societies and their vital services. 
Reinforced concrete bridges are subject to deterioration, especially due 
to corrosion effects. Support Gerber are among the key components of 
bridges which are especially exposed to environmental actions due to 
their position and reduced possibility of inspection [33]. However, with 
the use of TLS, it was possible to identify the cracks in the Gerber of the 
bridge, as well as other pathologies in the concrete, shown in the Fig. 13. 

The 3D SketchUp model was used to export to REVIT software and so 
on the parameterized families of the structural elements was developed, 
finishing the as-built modeling process of the bridge from TLS (see 
Fig. 14). 

5. Numerical bridge simulation 

5.1. Concrete damage plasticity model in ABAQUS 

After obtaining the 3D model of the bridge in REVIT, the numerical 
simulation of the structural elements was performed through nonlinear 
analysis with Finite elements(FE) using ABAQUS. The non-linearity of 
concrete can be a result in a cracking process due to tensile stresses, 
which cause plastic stresses at the crack ends during loading. Another 
failure mechanism observed in concrete is failure by crushing in the 
compression zone. The Concrete Damaged Plasticity Model (CDPM) was 
designed with the aim of encompassing all the particularities of 
concrete. 

Moreover, a consolidated approach in numerical simulations with FE 
in reinforced concrete is the CDPM. Derived from the Drucker-Prager 
criteria, which consists of a multiaxial constitutive model. The CDPM, 
also known as the Barcelonan model, was first introduced by Lubliner 
et al. [34] who presented a strategy for considering the degradation of 
stiffness in which the damage variables were coupled to the plastic 

Fig. 9. Using the Parrot ANAFI UAV in the photogrammetry with 180◦ camera gimbal.  

Fig. 10. Processing aerial photogrammetry with the Pix4Dmapper with dura
tion of 13 h:29 m:08 s, 

Fig. 11. Orthomosaic and the corresponding sparse Digital Surface Model DSM 
before densification. 

Fig. 12. Topography on the contour of the bridge obtained from the 
point cloud. 
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deformations in the constitutive relationships, where, the parameters 
used in the model were obtained from experimental results in concrete 
or from normalized curves in the design codes. 

In the CDPM implemented in the ABAQUS software, it is defined the 
behavior of concrete basically dependent on five parameters (Kc, ψ , fb0/ 
fc0, ∊, μ). First, the yield surface of the CDPM model in the plane of 
deflection stress is non-circular to allow for different triaxial yield 
stresses and compressive stresses (See Fig. 15a) [35,36]. This non- 
circular flow surface is governed by the plastic variable Kc. The value 
of Kc represents the ratio between the distance from the hydrostatic axis 
to the traction and compression meridian in the deviatory plane, 
equivalent to the ratio between the deviatory stress in uniaxial traction 
and compression. 

Physically, this parameter Kc is interpreted as a ratio of the second 
invariant of stress in tension and compression for the same hydrostatic 

stress. On the other hand, the value for Kc must satisfy the relationship of 
0.5 ≤ Kc ≤ 1 to guarantee the convexity of the surface, the value of Kc =

2/3 is normally recommended for the CDPM model, and the graphic 
form corresponds to the combination of three tangent ellipses (See 
Fig. 15b). However, when the parameter Kc assumes a value of Kc = 1, 
the failure surface becomes a circle, as in the Drucker-Prager criterion, 
which converges with the results of the multiaxial tests that showed the 
deviatory plane of the concrete to be almost circular in high hydrostatic 
pressure [37]. Likewise, the CDPM is a two-invariant plasticity model, 
where the yield surface is a modified Drucker-Prager force hypothesis, 
incorporated in the ABAQUS software library [38,39]. 

The 2nd plastic parameter is the dilation angle, which is defined as a 
frictional material with internal friction between particles, such as 
concrete, it is a phenomenon that causes inelastic volume variation 
because of plastic distortion, dilation can also be attributed to the 

Fig. 13. Modeling results with TLS. (a) Bridge model with point cloud; (b) Bridge model in Trimble SketchUp through the point cloud; (c and d) Pathologies in 
expansion joints; (e) Pathologies in the beam of the bridge with exposed steel wires of the midspan of the beam; (f) to (h) Cracks on the bridge pier of the midspan; (i) 
Bridge isometry with cross section cut in point cloud processing. 

Fig. 14. 3D model of the bridge in the BrIM.  
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growth of micro-cracking mechanisms that concrete undergoes during 
inelastic deformation [35]. The CDPM has a dilation control, that is, a 
volumetric expansion during shear [36]. This is an important phenom
enon in plasticity in cases of concrete structures subjected to multiaxial 
loads. Concretes with low values of dilation angle (ψ) present brittle 
behavior, while high values provide concrete with high ductility 
Fig. 17b shows the relationship of the dilation angle with the hyperbolic 

plastic potential function in the meridional plane. 
The 3rd parameter used in CDPM describes the state of the material 

when submitted to compression, represented by the ratio between the 
biaxial compressive strengths at the beginning of non-linearity and the 
uniaxial stress (fb0/fc0). ABAQUS uses a standard ratio to stress ratio 
(fb0/fc0) with a value of 1.16 based on the Kupfer curve [40,41]. The 4th 
variable is called the eccentricity ∊. Due to the shape of the plastic po
tential function in the meridional plane is hyperbolic and not circular, it 
is necessary to adjust this shape, through the eccentricity, which as
sumes a small value that expresses the rate of approximation of the 
hyperbola to its asymptote. 

Eccentricity can be calculated in the uniaxial case as the ratio of 
ultimate tensile to compressive stress. As the eccentricity value in
creases, the curvature for the potential function increases, implying that 
the dilation angle increases faster the confining pressure decreases. 
When assuming zero eccentricity, the behavior of the CDP is similar to 
the Drucker - Prager criteria, that is, the surface in the meridional plane 
becomes a straight line. Therefore, the default value used in the tech
nical literature is ∊ = 0.1 in almost all publications [37–39,42–45]. 

Finally, the 5th variable, which represents the concrete viscosity μ, is 
not directly applied in the CDPM equations, but it is assumed that the 
stresses may exceed the yield surface by a certain tolerance, which is 

Fig. 15. Graphic interpretation of Kc values and flow potential parameters. (a) Flow surface in the deviatory plane for the general values of Kc and (b) Hyperbolic in 
the meridional plane with the indication of the dilatancy angle. 

Table 2 
Plasticity parameters for CDPM in ABAQUS.  

Parameter. Value Description of variables [39,49] 

Kc 2/3 Coefficient that determine the shape of the deviatoric 
cross-section 

ψ 15 dilatancy angle 
fb0/fc0 1.16 Ratio of initial equibiaxial compressive yield stress to 

initial uniaxial compressive yield stress 
∊ 0.1 Eccentricity of the plastic potential 
μ 0.0001 Viscosity parameter 
Ec [MPa] 39,598 Young’s modulus 
ν 0.19 Poisson’s ratio 
Density [kg/ 

m3] 
2000 Concrete density  

Fig. 16. Relationship between parameters in CDP model. (a) Determination of the damage variable for concrete under compression dc. (b) Relationship of the 
damage variable for concrete under tension dt. 
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Fig. 17. Numerical simulation of dapped-end beam of Nagy-György et al. (2012) [48]. (a) Reinforcement details with dimensions in mm; (b) Reinforcement detailing 
of the beam; (c) and (d) Reaction floor with bars and profiles for beam testing; (e) Boundary conditions of numerical simulation; (f) Truss element used in the 
simulation with contact embedded region. 
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determined by the viscosity. Thus, viscosity is used because of the dif
ficulty in numerical convergence in softening. With the decrease in 
stiffness it is possible to allow viscoplastic regularization, the values 
recommended in the technical literature are between 0.0 and 0.0005 
[37,45–47]. 

Table 2 shows the parameters of the CDPM applied in model of the 
half-joint beam of Nagy-György et al. (2012) [48] and also to the bridge 
over the Pianco River. 

The CDPM model in ABAQUS also needs the definition of damage 
variables which are designed to model the degradation of the concrete 
stiffness [41]. CDPM offers a progressive material damage modeling 
capacity, in which the scalar damage variable varies from de 0 ≤ d ≤ 1. 
In this case, d = 0 corresponds to a fully intact material and d = 1 relates 
to complete damage or initiation of fracturing [36,50]. The compression 
damage factors dc and tension dt, represent the rate of degradation of 
concrete stiffness caused by damage to the material during compression 
and tension, respectively, under uniaxial stress. Fig. 16 (a) and Fig. 16 
(b) shows the behavior of concrete under uniaxial compressive and 
tension stress, respectively. Note that the graph in Fig. 16 (a), the rela
tionship between stress and strain has three phases [51]. 

The details of phases are described as follow: Phase 1: in this phase, 
the relationship of stress–strain is denoted linear given by σc(1) = E0εc. At 
the end of this phase registered the average strength of concrete (fcm) as 
being σc = 0.4fcm according to EC2 [52]. The also according to CEB-FIP 
(2010) [53] defines that Eci = 10000fcm1/3 with E0 = (0.8 + 0.20fcm/88)Eci 

Table 3 
Properties of the material, determined in laboratory test [48].  

Diameter (mm) fy (N/mm2) fu (N/mm2) εy(‰) εu(‰) εult(‰)

10 780 922  3.60  14.90  15.50 
12 522 600  2.50  23.10  24.0 
16/18/20 460 600  2.20  19.90  21.10 
25 440 625  2.20  18.90  20.0  

Fig. 18. Parameters of CDPM for input in ABAQUS of the experimental test of Nagy-György et al. (2012) [48]. (a) and (b) Compressive behavior concrete and 
compression damage; (c) and (d) Tensile behavior and concrete and tension damage. 
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[11]. Where the stress σc(1) : is the compression stress in phase 1; E0: is 
the initial (undamaged) modulus of the material; and εc: strain in 
compression. 

Already in phase 2: The second segment of the graphic is quadratic 
(see Fig. 16a), represents the hardening of the concrete and occurs be
tween 0.4fcm e fcm i.e, is defined when the compressive stress is achieved 
σc = 0.4fcm, cracks begin to appear accordingly, the relationship of 
stress–strain of concrete in this phase is nonlinear behavior. Phase 3: The 
behavior of concrete in this phase is softening and determined based on 
the theory which is proposed by Kratzig and Polling (2004) [54]. The 
ascending stretch is taken as linear-elastic and the descending one is 
designated based on the exponential expression derived from experi
mental tests Cornellissen et al. [55,56]. 

This model is suitable for numerical analysis because the model 

depends on the length of mesh elements leq. Therefore, the third 
(descending) segment is obtained the maximum damage in concrete dc. 
Regarding to concrete submitted to tension (Fig. 16b), the curve pre
sents two segments. The first one is linear until the limit stress, while, the 
second one represents the softening of the material after microcracks 
opening [57]. 

The characteristic of this curve is that it does not depends on the 
element meshing in the FE model. Therefore, with the curves of strength 
of the concrete the compressive and tensile, it is possible to obtain the 
damage parameters, indicated by εc

pl,h and εt
pl,h, which refers to equiv

alent plastic strains in compression and tension, respectively as follows 
[57]. 

εpl,h
c = εin,h

c −
dc

(1 − dc)

σc

E0
(1) 

Fig. 19. Comparison of experimental results × numerical. (a) Crack map of the experimental test; (b) Crack surfaces obtained numerically (Damaged finite ele
ments); (c) Experimental vs numerical result; (d) Tension damage path on finite elements in half-joint beam (e) Crack value in the half-joint beam of 3.50 mm [52]. 

Fig. 20. Extraction of specimens to determine compressive strength.  
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εpl,h
t = εin,h

t −
dt

(1 − dt)

σt

E0
(2)  

5.2. Validation of numerical simulation with ABAQUS 

To validate the numerical results performed in this work with FE 
static analysis, using ABAQUS, it was initially simulated, a reinforced 
concrete dapped-end beams, also known as half-joints with a length of 
20.0 m and a height of 1.50 m tested by Nagy-György et al. (2012) [48]. 
The material properties were determined from laboratory tests, in con
formity with [58] for concrete and [59] for steel. A concrete with a 
maximum aggregate size of 16 mm and mean compressive cube strength 
of 56 N/mm2 was used, corresponding to a C-50 concrete strength class. 
Characteristic values of the tensile properties of the steel reinforcements 
are presented in Table 3, while the concrete results using the CDPM in 
the numerical simulation are shown in Fig. 17 and Fig. 18, all materials 
according to work of Nagy-György et al. (2012) [48]. 

In ABAQUS it is possible to define different constitutive laws, from 

the stress–strain relationship for steel reinforcing bars. In this paper, the 
bilinear constitutive law was adopted. The parameters defined by the 
modulus of elasticity and steel yield strength were used from Table 3, 
respectively. 

The modeling results are shown in Fig. 19. The behavior of the half- 
joint beam tested by Nagy-György et al. (2012) [48] was used to 
compare with numerical simulation using concrete damage. The values 
of numerical load were compared with the experimental to calibrate the 
plasticity parameters, as shown in Table 2. The numerical model pre
sented a failure mode similar to the experimental. 

From of the plasticity parameters calibrated in this section (Kc, ψ, 
fb0/fc0, ∊, µ), was used in the model of the bridge over the Pianco River 
was simulated, also considering concrete density of 2000 [kg/m3], for 
quasi-static dynamic analysis using Dynamic Explicit algorithm in 
ABAQUS, changing only the parameters of strength of the concrete, as a 
parametric study, as presented in the following section. 

5.3. Input data for CDPM modeling in ABAQUS with boundary 
conditions of the bridge 

In order to have a more realistic model, it was used the compressive 
strength of the concrete obtained experimentally by extraction of ten 
concrete specimens removed from the bridge beam near the abutment to 
determine the compressive strength, in which it was obtained the 
compressive strength of approximately 22 MPa and Ec = 26,043 MPa. 
The Fig. 20 shows the concrete extraction on the bridge, as well as the 
respective concrete compression test. While Table 4 presents the pa
rameters of the steel used in the modeling of the bridge in ABAQUS 
through of extraction of small steel bars, of the abutment of the bridge 
called the CA-50. 

Table 4 
Properties of steel reinforcement material.  

Description of steel properties Values used in numerical simulation 

Diameter (mm) 12.50;16.0;20.0;25.0 
Steel Density [tonne/mm3] 7.85e-9 
Yield Stress fy [MPa] 441.50 
Yield strain εy [‰] 2.1x 10− 3 

Ultimate Strength fult [MPa] 622.11 
Elastic modulus Es [MPa] 201,150 
Poisson’s ratio ν 0.30  

Fig. 21. Details of the bars of the Gerber of the bridge over the Pianco River.  
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Fig. 22. Vehicle live loading TB-360 kN. (a) Vehicle tire setup; (b) Tangential velocity direction; (c) Plan view of vehicle tires; (d) Conditions for applying the point 
load; (e) 3D model. 
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A 3D model of the bridge was numerically simulated using ABAQUS 
software, which considered the bars steel reinforcement in the girders of 
the bridge with typical support in Gerber (See Fig. 21). The beam has a 
variable parabolic section, close to the Gerber the section has a height of 
185.00 cm with a width of 60.00 cm and a half-joint of 105.00 cm in the 
support. The connecting base between the two beams on the Gerber is 
75.00 cm with a 50.00 mm neoprene plate. In detail, the girders of the 
bridge were simulated using solid element type C3D8R with 8 points of 
Gaussian with integration reduced. 

The bars were modeled with T2D3 element which is only under 
tension and compression conditions. Interaction between bar and con
crete using embedded algorithm. This method allows a node or group of 
nodes of bar to be constrained to the kinetic boundary conditions with 
the nodes in the concrete elements [52]. The interaction between the 
chartered neoprene plate and the concrete beam was used the contact 
with Coulomb friction with the friction coefficient equal to 0.6 [60]. On 
the other hand, the transmitted compressive stress between the contact 
surfaces was unlimited, between the surface of the tire of the load train 
and the bridge pavement. The tangential behavior was simulated by 
“Penality Friction.” In the Classical Coulomb Friction Model, the critical 
friction stress depends on the contact pressure and the elastic slip was 
allowed on the contact surface [61]. Assuming that the friction coeffi
cient µ0 between the contact surfaces was the same 0.1 of the master and 

slave surface [62]. The simulation model of the dynamic friction due to 
tire-pavement contact was created in a three-step process. Specifically, a 
3D model was built, then the steady state of the kinetic contact was 
analyzed in ABAQUS/Standard solver based upon static contact [63]. 
Considering the steady-state rolling analysis of a tire of ABAQUS 6.10 
Example Problem Manual [64], three steps were used to create the 3D 
models of grooving radial tires: (1) simplification before modeling, (2) 
importing a 2D tire cross-sectional model into ABAQUS, and (3) 3D 
model generation of pneumatic tire [60]. Details of the modeling with 
vehicle live loading in FE and also of the bridge are shown in Fig. 22. 

Fig. 22 presents a specific MPC constraint created for the control 
point at the geometric center between the two wheels live loading 
vehicle to include the boundary conditions at the constraint point. To 
allow which the tire could move a condition was established, with UR1 
= 4.95 rad, allowing rigid body rotation, while that a tangential velocity 
was assumed resulting in tire displacement over the bridge pavement. 
Due to the complexity of concrete with steel bars, the simulation was 
performed with ABAQUS/Explicit. 

5.4. Results of static simulations 

The analysis of Dapped-end beam is very complex and there is no 
unified theory that is universally accepted [65]. First, a numerical 

Fig. 23. Shear force and bending moment diagram in the girder of the Bridge. (a) Shear force diagram and (b) Bending moment diagram.  
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Fig. 24. Static results of the bridge with CPDM in ABAQUS. (a) Von Mises stresses in bridge concrete; (b) Stresses in the bridge slab pavement; (c) Stresses in the 
concrete and steel of the bridge column; (d) to (g) Dapped-end beam of the bridge with 25%, 50%, 75% and 100% of ultimate-strength on the bars of steel, 
respectively; (h) to (k) Dapped-end beam of the bridge with 25%, 50%, 75% and 100% of ultimate-strength of concrete with damage in crush; (l) and (m) Dapped- 
end beam of the bridge with 50% and 100% of ultimate-strength of concrete in tension with tension damage equal to 0.93. (n) Support type neoprene bridge bearing 
pads; (o) to (q) stress in bridge elastomeric bearings. 
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simulation of the bridge with linear element was carried out with the 
FTOOL software using the normative vehicle TB-360 [66] that considers 
the original conditions of the bridge when it was designed, later, the 
shear forces and also the envelope of bending moment were evaluated, 
the Fig. 23 shows the results. On the other hand, a non-linear FE model 
was carried out to evaluate the mechanical behavior of the bridge’s 
Gerber shown in Fig. 21. The results due to vehicle live loading TB-360 
kN [66] on the bridge’s Gerber are shown in Fig. 24. 

In addition to evaluate the stresses in the concrete and steel of the 
bridge, the support of the bridge was also evaluated using elements type 
C3D8RH, that are available in the ABAQUS/Standard library (C3D8RH: 

8-node linear brick). FE model in the three-dimensional space consisted 
of 140,124 finite elements. With data from the constitutive model of 
Gajewski et al. [67]. 

The designed structure has strenght within the parameters of the 
ultimate limit state for the safety of the structure and its users by limiting 
the stress that materials experience. In order to comply with engineering 
demands for strength and stability under design loads (vehicle live 
loading TB-360 kN [66]). The Fig. 25 shows the ultimate strength of the 
Gerber of the bridge obtained in the numerical simulation with 
nonlinear FE. While the ultimate limit state of the beam is also shown in 
the plot with shear envelope force of 936 kN. 

Fig. 24. (continued). 
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Fig. 25. Load carrying capacity of the Gerber from the bridge over the Pianco river.  

Fig. 26. Comparison of the numerical result in comparison to experimental values for simply supported and continuous bridges. (a) Fundamental frequency for 
bridges with supported spans and (b) Comparison of the result for fundamental frequency in relation to bridges with continuous spans. 
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5.5. Dynamic evaluation of the bridge over the Pianco River 

Natural frequencies are useful information for bridges, as they relate 
closely to the stiffness of the bridge [68]. In some applications, the 
bridge frequencies, especially of the fundamental mode, have been used 
as an index of structural integrity or health condition [69–74], because it 
is a non-destructive method of structural evaluation [75]. In this paper, 
the bridge structure was modeled with CDPM through ABAQUS using 
the geometry obtained from the TLS. The mode shapes and the natural 
frequencies were obtained. The algorithm used in this analysis was the 
Linear Perturbation of the library in ABAQUS with number of eigenvalue 
equal to 6. The simulation result is shown in Fig. 26. The natural fre
quency result was applied for two types of structures, one with contin
uous beams and the other with simply supported beams. In this context, 
the values of natural frequencies were compared with the experimental 
results of Li et al. [76] and Amman (1995) [77]. 

The structural energy dissipation depends on many factors, such as 
the plastic development, damage, damping actions and so on [78–80]. 
Otherwise, for an elastic system, damping is the most important action 
which will induce vibration attenuation. For elastic–plastic analysis, 
plastic development and damage usually are the major inducements of 
energy dissipation [81]. Consequently, the damping ratios of the bridges 
decrease and tend toward stable values after a certain number of years, 
provided that, there is no damage increase in the structure, and main
tenance be carried out for preserve the integrity of the structure [69]. 
Therefore, the forms of damage, the locations of damage, and the 
strengthening methods have a great influence on the changing of 
damping ratios, and consequently in the natural frequency of the 
structure [69]. Therefore, due to the complexity of obtaining the 
damping, the Rayleigh damping was used through the ABAQUS library, 
and compared with the experimental results of Li et al. [76]. For bridges 
with a structural system composed of beams with Gerber connection the 
fundamental frequency, more if approaches of bridges constituted up of 
isostatic spans. 

The relationship of the first natural frequency is compared with 
different types of bridges shown in Table 5, where the frequency ob
tained in the technical literature was evaluated and compared with the 
results of the numerical simulation with ABAQUS, for the bridge over 
the Pianco River with a free span of 38.00 m. Therefore, the results of 
natural frequencies compared with bridges with continuous spans, did 
not present a good correlation, according to the values found by Ulker- 
Kaustell and Karoumi (2011) [80], Idris et al. (2016) [82] and also for Li 
et al. (2014) [76], while the results compared to bridges with supported 
spans showed better results and are in agreement with Bachmann and 
Ammann (1987) [83], Ammann (1995) [77], Li et al. (2014) [76] and 
Lin and Yang (2005) [84]. 

The Fig. 27 shows the six bridge mode shapes; the first mode shape is 
a flexural mode. The second and third mode shapes reflects the vibration 
of the two girders of the midspan of the bridge. On the other hand, in the 
fourth mode shape and also in the fifth mode shapes the structure 

showed behavior of the longitudinal beams and beams transverses with 
distortion in the Gerber’s type supports. Finally, the sixth mode shape, 
the structure behavior was mainly defined by bending and torsional 
vibration of the two longitudinal girders and also transverses beams in 
the midspan of the bridge. 

6. Conclusions 

Over the past few decades, remote sensing techniques have been 
used increasingly in structural engineering. This paper introduced an 
evaluation system for reverse engineering using a 3D laser scanner of the 
Trimble. Bridge designers are using the terrestrial laser scanning tool to 
assist in the elaboration of the digital model of the bridge elements. 
Thus, the aim of the present study was to demonstrate the capacity of the 
use of TLS in obtaining the existing geometry of the bridge to provide a 
detailed information to carry out a numerical simulation of the digital 
model of the bridge with nonlinear analysis in FE. Photogrammetry was 
also applied in the As-built survey of the bridge and integrated with the 
TLS point cloud to create the bridge’s digital model. A damage plasticity 
model was then applied to the digital model of the bridge to perform a 
static and dynamic analysis. Therefore, the main conclusions of the work 
are presented as follows:  

(1) Using TLS with point scanning was able to generate a digital 
model of the bridge successfully. Moreover, with georeferenced 
scanning it was easier to identify all the scenes captured with the 
Trimble Access application during field survey. On the other 
hand, the creation of the 3D model of the bridge in REVIT was 
facilitated using the Trimble SketchUp tool, which all the 
parameterization of the bridge was created in the BrIM criteria 
implemented in PROARTE.  

(2) The technical literature only shows the use of TLS without the 
photogrammetry to perform AsBuilt in the generation of the 
digital model. Therefore, the main contribution of this paper was 
show that from the digital model of the bridge it is possible to 
carry out a structural analysis of the behavior of the bridge with 
ABAQUS.  

(3) Therefore, the live load of the standard vehicle denominated of 
TB-360 kN based on the standard NBR 7188 (1982) [85], applied 
in the bridge analysis showed satisfactory strength for the load 
train. In which the strength of the Gerber was of 66.67% over the 
ultimate strength of the structural element. However, it was 
observed in the numerical simulation that the steel plates of the 
elastomeric bearing have stresses next to the ultimate strength of 
the steel plate (470 MPa), with values above the recommended by 
manufacturers in Brazil. For this reason, the PROARTE adopted a 
solution for the rehabilitation of the bridge, making the total joint 
of the two girders with of the Gerber-type support, removing of 
the elastomeric bearing type support devices. 

Table 5 
Relationship between first-mode natural frequencies and length of main spans.  

Types of span of the 
Bridge 

Authors of technical 
literature 

Length of main 
span (m) 

Equation for natural 
frequency 

1st Natural 
Frequency (Hz) 

Correlation 
Coefficient R2 

Values obtained in 
ABAQUS (Hz) 

Simply supported Ammann (1995) [77]  38.0 f = 100/L  2.63  0.8799 4.26 
Ammann (1995) [77]  38.0 f = 95.4L− 0.933  3.20  0.5821 
Li et al. (2014) [76]  38.0 f = 460.451L− 1.252  4.85  0.9097 

Continuous rigid- 
frame 

Li et al. (2014) [76]  38.0 f = 29.8521L− 0.552  4.01  0.5627 

Continuous Li et al. (2014) [76]  38.0 f = 43.871L− 0.738  2.99  0.6843  
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Fig. 27. Bridge mode shapes; (a) First mode shape (f1 = 4.26 Hz); (b) Second mode shape (f2 = 6.27 Hz); (c) Third mode shape (f3 = 12.31 Hz); (d) Fourth mode 
shape (f4 = 19.05 Hz); (e) Fifth mode shape (f5 = 24.18 Hz); (f) Sixth mode shape (f6 = 27.81 Hz). 
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(4) The dynamic analisys presented results compatible with the 
technical literature considering the first natural frequency equal 
the 4.26 Hz.  

(5) The average values of the damping ratio of the structure for 
simply supported bridges presented values around 2.28 % with a 
standard deviation of 0.87 %, which present a good correlation 
with the numerically found values. Furthermore, the value ob
tained in the numerical simulation with ABAQUS, for the 
damping ratio was 2.4 %, which is within the range of the 
experimental values found in the technical literature. 
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steel beams, Frattura ed Integrità Strutturale 14 (52) (2020) 51–66, https://doi. 
org/10.3221/IGF-ESIS.52.05. 

[71] R. silva, E.U.L. Palechor, L.M. Bezerra, M.V.G. de (Eds.), Morais, W.V. da Silva, 
Damage detection in a reinforced concrete bridge applying wavelet transform in 
experimental and numerical data, Frattura ed Integrità Strutturale 13 (48) (2019) 
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