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Abstract: Terrestrial laser scanning (TLS) technology is broadly accepted as a structural health monitoring device 
for reinforced concrete (RC) composite structures. Both experiments and numerical analysis are considered. In 
this submit, measurements were conducted for the composite concrete beams. The emphasis in numerical 
simulation is given on finite element methods (FEM) which is corrected by the response surface methodology 
(RSM). Aspects considered are effects of material parameters and variation in geometry. This paper describes our 
recent progress on FEM modeling of damages in concrete composite structures based on the TLS measurement. 
We also focus on the research about mechanical properties of concrete constructs here. Copyright © 2016 IFSA 
Publishing, S. L. 
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1. Introduction 

 
Terrestrial laser scanning (TLS) technology is 

broadly accepted as a structural health monitoring 
device for reinforced concrete (RC) composite 
structures. Both experiments and numerical analysis 
are considered. In this submit, measurements were 
conducted for the composite concrete beams. The 
emphasis in numerical simulation is given on the finite 
element methods (FEM) which is corrected by the 
response surface methodology (RSM). Aspects 
considered are effects of material parameters and 
variation in geometry. This paper describes our recent 
progress on FEM modeling of damages in concrete 
composite structures, based on the TLS measurement 
and RSM optimization. 

 

1.1. Motivation 
 
Terrestrial laser scanning technology (TLS) has 

become one of the most important technologies for 
acquisition of three-dimensional (3D) information of 
objects. TLS, which is a promising method in health 
monitoring of structures, can provide highly accurate, 
non-contact measurements of the whole structure. Its 
benefit lies mainly on a permanent availability of 
measurement data, and a possible combination with 
the finite element method (FEM) model. Because the 
TLS measurement is area-oriented rather than point-
oriented, it has significant advantage when compared 
with traditional measurements in structural analyses. 

Finite element method (FEM) is an efficient, 
commonly used numerical method. For most complex 
engineering structures, it is quite difficult to obtain 
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analytical solutions for structure problems, due to the 
complexity of geometry, load, constrains and so on. 
Instead, with the development of computer science, 
the approximate numerical solutions which satisfy 
engineering requirements are more achievable. 
Currently, FEM is an important method and tool in 
structure analysis. 

In this thesis, health monitoring of structures based 
on TLS is investigated and a FEM model is 
constructed. The goal focuses on the benefits of 3D 
TLS in the generation and calibration of FEM model, 
in order to build an efficient and intelligent model 
which can be widely used for assessment of objects. 
As an example, we constructed an acceptable model 
which is able to be applied in the assessment of 
concrete structures.  

 
 

1.2. Proposal 
 

The general motivation is to study the benefit of 
TLS in the field of FEM calibration, mostly from two 
aspects: the first is deformation measurement and the 
second is crack detection. The benefit of TLS lies 
mainly in the possibility of a surface-based validation 
of results predicted by the FEM model. Within this 

study TLS should be used in order to determine the 
surface based geometric behavior of the structures 
within load experiments. Dominant innovation is to 
find different reliable criteria based on TLS 
measurement in order to correct and update FEM 
model. The criteria are, for example, the maximum of 
displacement, the volume of the deformation and 
cracks on the surface. Here, both of displacement and 
volume involve surface approximation which makes 
full use of the 3D coordinates of the point clouds from 
TLS. Crack computation is mainly based on the 
intensity information of the TLS measurement results.  

With the beneficial use of TLS, the FEM model of 
the structure is required to be calibrated for higher 
reliability, so as to obtain accurate predictions of 
structures. In this case, response surface methodology 
(RSM) is adopted to correct and update the FEM 
model. The displacement- and volume-based RSM 
updating are applied and the significance of RSM 
models are confirmed by the determination coefficient 
R2. MATLAB programs for polynomial 
approximation and concrete cracks detection from the 
TLS point clouds data are developed. The general 
processes of FEM calibration based on TLS 
measurement is shown in Fig. 1. 

 
 

 
 

Fig. 1. The processes of FEM calibration based on TLS measurement. 
 
 

In Fig. 1, the left side is FEM model analysis which 
includes parameters setting, modeling, meshing, load 
and solution. The right side is the TLS measurement 
and data processing. After TLS measurement of epoch 
data, the TLS data are processed in two ways: 
deformation and cracks. The deformation is calculated 
by surface-based approximation and surface 
difference analysis. The cracks are calculated by crack 
detection calculation and comparison of cracks which 
will result in crack changes. The following step is a 
comparison of TLS results and FEM model 

simulation. If the two are not agreeable, FEM model 
will be updated, till the error between TLS results and 
FEM model is acceptable. At last, an accurate and 
reliable FEM model based on TLS measurement  
is obtained. 

There are four sections in this thesis. Section 1 is 
the introduction of this thesis which contains my 
motivation and proposal. Section 2 is about FEM, 
where there are the following parts: a summary of 
FEM development, general description of dynamic 
and static-based FEM calibration, different methods of 
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FEM calibration, and at last, a general summary of 
FEM simulation of deformation and cracks. The 
general description of dynamic and static-based FEM 
calibration is written from the view of experiment, 
while the introduction of different methods of FEM 
calibration focuses on several calibration calculation 
methodology, including the highlighted RSM method. 
Section 3 presents TLS measurement, surface 
approximation and crack detection. Section 4 is the 
statement of innovations with a connection to the 
general papers from my thesis. 

 
 

2. Finite Element Model 
 
Finite Element Method (FEM) is widely used to 

solve structural problems in engineering analysis and 
design. It utilizes mathematical models to settle 
physical problems and get the finite element solution 
[1]. The main processes of FEM analysis are: 
graphical pre-processing, finite element kernel 
calculation and graphical post-processing [2].  

 
 

2.1. Development of FEM 
 
The origins of FEM came from the matrix method 

in structural analysis in 1910; from 1940, Hrennikoff 
used grid elements in calculation [3] and Courant 
mentioned piecewise continuous functions in triangle 
region and the principle of minimum potential energy 
in St. Venant torsion problem [4]; and later in 1956, 
Turner et al. found the direct stiffness method [5]; 
from about 1960 till now, many researchers study 
variational formulation, such as Zienkiewicz and 
Taylor in 1967 [6]. FEM has gained rapid 
development due to the practical application of 
computer science since about 1970. As a numerical 
analysis method for structures, FEM has been widely 
used in civil engineering, aeronautics and astronautics, 
mechanical engineering, vehicle engineering, 
medicine, and so on.  

 
 

2.2. FEM Model of Reinforced Concrete 
 

Plain concrete, composed of aggregates, cement 
and admixtures, is widely used in civil engineering. To 
improve its mechanical properties, reinforcements like 
rebars are usually added in and make up a so-called 
composite material-reinforced concrete. In some 
cases, the rebars are stretched or prepressed which 
produce a pre-compression on the concrete and delay 
the cracks development. This is said to be a prestressed 
concrete beam. The concrete material discussed in the 
thesis is unprestressed reinforced concrete. Concrete 
has complicated behaviors in uniaxial, biaxial and 
three axial loads. Here, the uniaxial situation is 
discussed to have an overview of the mechanics of 
concrete. 

 

2.3. Properties of Reinforced Concrete 
 
A plain concrete beam (Fig. 2b) fails very suddenly 

and completely when the first crack forms [7]. 
However, in a reinforced concrete beam (Fig. 2c), the 
rebars offer a moment equilibrium to the tension and 
improve the mechanical properties of the concrete [7].  

 
 

 
 

Fig. 2. Plain and reinforced concrete beams [7]. 
 
 
2.4. Mechanical Properties of Concrete  

 
Fig. 3-a shows stress-strain curve of concrete in 

uniaxial compression. It goes through a nearly linear 
section oa and an nonlinear section ab, and then rises 
from critical stress point b till the peak stress point c. 
After that, the stress will decrease until the strain 
reaches the ultimate strain value. The stress at point a 
is approximate (0.3~0.4) fc, and b is (0.8~0.9) fc. A 
stress-strain curve of concrete from uniaxial tension 
was obtained by Peterson from Lund University in 
Sweden through an experiment in 1981 (see Fig. 3-b) 
[8], where we can see that the rising section is 
approximately linear but declining section is steep. 

Rebars usually adopt materials like Q235, 20MnSi, 
25MnSi, 40Si2MnV etc. Qualification of rebars means 
enough strength and a certain level of plastic 
deformation ability, fire resistance, adhesive force [9]. 
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(a) 
 

 
 

(b) 
 

Fig. 3. The stress-strain curve of concrete in uniaxial 
compression and tension [8]. 

 
 

The mechanical behavior of rebar is characterized 
by uniaxial tension stress. There are four stages in the 
failure process of typical rebars. The first is the elastic 
stage (section OA) with a linear relation between 
strain and stress; the second is the yield stage (section 
AC), where stress is relatively stable but the strain 
increases greatly and plastic deformation occurs; the 
third is the strengthening stage (section CD) where the 
stress increases and the resistance ability to stretching 
raises; the fourth is the necking stage (section DE), 
where local cross section suddenly narrows, and the 
stress decreases till fracture at point E. The parameters 
in Fig. 4 are the lower yield strength, fy and the peak 
strength, fu. 

 
 

3. Experiment  
 
In Fig. 5, the y axis is the force with units of kN 

and the x axis is the displacement with units of mm. 
We can see an obvious inflection point at the fifth 
epoch with force 43.6 kN which should be related to 
the yield strength [10]. After the data has been 
analyzed and the FEM model is simulated, we 
compare this FEM model with experimental data 
epoch 1 which not only presents the relationship 
between displacement and force of single point, but 
also compares the point distribution on the surface. 

 

 
 

Fig. 4. The strain-stress curve of rebars. 
 
 

 
 

Fig 5. The load-displacement curve [10]. 
 
 

4. Result 
 

Comparing the strain-stress curve of rebars (Fig. 4) 
with the load-displacement curve (Fig. 5), we can 
observe that linear section AB and CD are agreed with 
the each other. But the section BC is different with the 
experiment data. It means that the reinforced concrete 
composite constructs have more stable and 
dependably properties.  
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