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Abstract 

 

In this contribution, a method to integrate the contactless areal monitoring of a structure 

and the numerical identification of parameters describing its mechanical properties is 

presented. 3D terrestrial laserscanning (TLS) yields a dense point cloud representing the 

surface of the scanned objects. Scans taken from different instrument locations or at 

different times can be transformed into the same external coordinate system such that 

large objects and their geometric changes over time can be monitored. 

 

The accuracy of TLS may seem moderate compared to the one of classical surveying 

techniques such as tacheometry or to the one provided by embedded sensors. Indeed, 

the measurement of an individual point is not repeatable within different scans and it 

cannot be directly used for monitoring. However, the ensemble of points yields areal 

coverage of the monitored structures and enables the calculation of dense deformation 

fields. Material properties can be retrieved from the measured displacements, if the 

applied forces (loads and constraints) are known. 

 

The method developed herein consists in the geometrical modelling of a 3D finite 

element (FE) mesh out of the acquired point cloud and the subsequent automatic 

calculation of the material properties using an iterative least squares adjustment. Since 

the criterion used to identify the value of the mechanical parameters is the congruence 

between the deformations calculated with the FE model and the measured ones, the 

displacements measured with TLS are reduced to the location of the FE nodes by 

interpolation. 

 

As an application example, the Young's and the shear modulus of a corner supported 

cross-laminated-timber slab are estimated. The structure was monitored using TLS 

measurements taken over three epochs: at the setup, after the removal of the temporary 

supports, and after a load increase. The structure is composed of four smaller slabs, 

rigidly connected by an innovative butt joint bonding. Areal monitoring enables to 

model the entire deformed shape of the slab, thus it allows to determine more accurately 

both the bending and shear stiffness. For the analysed application case, the deviation of 

the predicted material parameters with respect to the nominal ones ranges between 1.9% 

and 12.9% for all the modelled scenarios. The accuracy of the measured vertical 

displacements was validated with geometric levelling. 
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1.  Introduction 

 

Terrestrial laserscanning (TLS) survey allows capturing the surface geometry of objects 

with high spatial resolution in a short time. Even if the formalisation of the accuracy of 

each probed point is complex and still under investigation 
(1,2)

, TLS got progressively 

more popular in the field of structural health monitoring (SHM) 
(3,4)

. Indeed, this 

technique enables the contactless, non-destructive deformation monitoring of the 

external surfaces of a structure.  

 

Several works already focussed on the use of TLS data to model 3D structures 
(5-7)

 and 

on the methods solving the direct static problem, i.e. determining the stress distribution 

in a structure using loads and material properties as inputs 
(8-10)

. These analyses employ 

point clouds to build the finite elements (FE) mesh, and they are useful to determine the 

most vulnerable locations or to predict the structural behaviour under not yet 

experienced loads, such as earthquakes, blasts, or collisions. On the contrary, few works 

treated the inverse problem of structural identification with TLS data, i.e. the 

determination of structural parameters out of the deformations and forces applied to the 

object under investigation, either using the point cloud data to model a FE mesh 
(11)

 or 

to retrieve its deformations 
(12)

. The aim of this work is to define an innovative process 

that solves the structural identification problem by integrating both the FE modelling 

from point clouds and the TLS deformation monitoring. Such a method is suited to 

integrate measurements from additional instruments as well, thus being an actual 

example of integrated deformation analysis 
(13,14)

. 

 

 
 

Figure 1. Workflow diagram of the proposed algorithm 
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2.  Method 

 

The method proposed herein consists of three main parts: the generation of the FE 

model, the extraction of the surface displacements, and the search for the parameters 

that provide the best congruence between the measured and the predicted deformations 

of the analysed structure. The first and second part directly use the point clouds 

provided by the scanner, while the third part combines the scanning results with the 

prediction obtained by FE analysis. An overview of the procedure is shown in figure 1, 

the individual steps are discussed subsequently. 

 

2.1 FE model generation 

 

The FE model is generated by a voxelisation of the analysed structure. An alpha 

shape 
(15)

 of the point cloud, intuitively defined as a generalisation of the convex hull of 

a point set, is used as continuous representation of the surface, and the voxels whose 

centre lays within the alpha shape are selected. Size and shape of the voxels are chosen 

to coincide with the geometry of the FE elements. Figure 2 shows a sketch of the 

discretisation process. As finite elements, C3D8 linear bricks are used, i.e. hexahedrons 

featuring linear shape functions and eight nodes, each of them with three translational 

degrees of freedom. Their dimensions are chosen as a compromise between the spatial 

resolution of the predicted nodal displacements and the computational effort to iterate 

the FE analysis. The practical implementation used herein employs the author's own 

MATLAB code for the meshing, while the subsequent FE analysis is conducted with the 

software package Abaqus. 

 

 
 
Figure 2. Discretisation of the structure using an alpha shape constructed from the scanned points 

(2D for graphical reasons, 3D in reality) 

 

2.2 Displacements of the nodes 

 

After having expunged the non-relevant points from the acquired point clouds and 

homogenised their resolution with a uniform sampling, the displacements normal to the 
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scanned surfaces are determined by computing the cloud-to-mesh (C2M) distance 
(16)

 

between the point cloud of the deformed state and a triangulated irregular network 

obtained from the point cloud of the undeformed state (reference epoch). In the 

application analysed herein since the scanned surface is horizontal, the displacements 

are vertical and the C2M analysis is performed using the software package Geomagic 

Control 2015.  

 

The structure’s surface is tessellated in tiles whose centres coincide with the locations of 

the nodes of the FE mesh intrados. For each tile, the average and the empirical variance 

of the C2M distances are calculated and assigned to the corresponding node. The 

averaging is necessary because the points of the point cloud outnumber the nodes of the 

FE model by several orders of magnitude. On the other hand, the empirical variance is 

later used for weighting the observations in the parameter estimation process.  

 

2.3 Search of the parameters 

 

For a given FE mesh, the nodal displacements can be thought of as a function of 

material parameters and boundary conditions i.e. loads and constraints. Thus, if the 

loads are known and the material parameters are sought, the latter ones can be 

determined with a weighted least squares adjustment (LSA), in which the measured 

nodal displacements are treated as observations. In this work, an iterative LSA 
(17)

 is 

implemented in MATLAB, including the numerical updates of the design matrix and the 

calls to the Abaqus module. 

 

The empirical variances calculated during the tessellation are employed in the LSA as 

variances of each observed nodal displacement. Moreover, no correlation between the 

measured nodal displacements is assumed, as the modelling of their correlation is left to 

the stiffness matrix embedded in the FE module. The calculated variances of the 

estimated parameters represent the propagated variance of the measured nodal 

displacements only. In this application example, the uncertainties of the applied loads 

and the discrepancy between the FE model and the actual structure are neglected for the 

moment.  

 

If some of the sought parameters are strongly correlated, the corresponding columns of 

the design matrix turn out to be linearly correlated. As a result, the normal matrix may 

be rank deficient and not invertible, making the LSA underdetermined and ill posed. 

This happens herein with the two estimated parameters: the Young’s modulus (E) and 

the shear modulus (G). A common solution to this issue is the addition of a penalty term 

to the cost function. In this work, the penalty term is the L
2
 distance from the a-priori 

values of the parameters, weighted for their relative uncertainty. In particular, we solve 

the problem using Tikhonov regularization 
(18)

 according to the following formulas: 

 

 1( )−= +
$ T Tξ A PA Q A Py  (1) 
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 5 

Here, A  is the design matrix, y is the vector of the observations, 2

0
σ is the a-priori 

variance factor, while $ξ  and 
$$ξξ
Σ  are the vector of the estimated parameters and its 

variance-covariance matrix (VCM), respectively. The weight matrix of the observations 

P and the regularisation matrix Q are defined as follows: 

 

 2

0

−
=σ

-1

yyP Σ   (3) 

 

 2 1

0

− −
= kσ 0 0

-1

ξ ξ
Q Σ  (4) 

 

where 
yy
Σ  is the VCM of the observations, 

0 0ξ ξ
Σ  is the VCM of the a-priori values of 

the parameters, and k is a scaling factor. In this work, k = 9.55, corresponding to 99.9 % 

confidence level of the parameters. Indeed, k has been chosen such that the solution is 

not dominated by the a-priori values of the parameters. On the other hand, it is small 

enough to prevent the singularity or the ill-conditioning of the normal matrix. 

 

3.  The case study 
 

In order to test the developed algorithm, a structure featuring a rather simple geometry 

and composed of a known distribution of different materials was chosen. In particular, a 

6-metre-wide and 26-cm-thick slab of cross-laminated timber (CLT) was monitored. 

The interest in this object arose because this is the first real-scale test of an innovative 

glued connection allowing the bonding of timber slabs parallel to the timber’s grain. 

The Young’s and the shear modulus are only approximatively known so far. Indeed, 

they are estimated with the present work, while a later destructive bending test at the 

end of the planned duration of the experiment will allow for their ex-post validation. 
 

  
 

Figure 3. Representation of the CLT slab, including the supports and the FIBC 
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3.1 Measurements 

 

The structure was monitored using a Faro Focus3D X330 laser scanner, which has a 

nominal range accuracy below 3 mm (1σ) according to the spec sheet. The slab has been 

measured in three epochs: a few hours after the initial setup with the slab still supported 

in several locations, 20 hours (epoch 1) and 44 hours later (epoch 2). The second 

measurement epoch occurred after the removal of the temporary supports, while the 

third one occurred eight hours after the application of the FIBC. Therefore, at epoch 1 

the slab is expected to have deformed because of the self-weight only, whereas at epoch 

2 the slab is deformed because of both the self-weight (SW) and the live load (LL). 

 

The slab's intrados was scanned from below. At epoch 0, a single scan was performed. 

Since some occlusions were noticed while visualising the point cloud of epoch 0, at 

epochs 1 and 2 the scans were taken from four standpoints. The four scans were 

registered with Faro Scene, with the aid of checkerboard targets mounted at the base of 

the vertical supports of the slab as stable references within an epoch. Since the supports 

may have shortened because of the loads applied and we are not interested in the rigid 

motion of the slab, the measured deformations were corrected for this effect by 

subtracting the bilinear form fitting the vertical displacement observed at the four 

corners. No plastic deformations were expected. The accuracy of the deformations 

obtained with the laser scans has been successfully validated against a sample of 19 

bolts, whose vertical displacement has been measured with classical levelling. The 

comparison of the measured displacements of one example bolt located at mid-span 

along an edge of the CLT slab (see figure 3) is plotted in figure 4. 
 

 
 

Figure 4. Example of validation of the displacements measured with TLS. The levelling point is 

located along a side of the slab, at mid-span (see figure 3), 1σ  error bars 

 

3.2 Loads 

 

The loads applied to the structure are the self-weight (density of timber: 436 kg/m
3
), and 

the live load applied between the epochs 1 and 2. The total live load amounts to 97.9 kN 

and includes the vertical pressure exerted by twelve flexible intermediate bulk 

containers (FIBC) filled by cobbles (see figure 3), and the weight of a plastic cover 
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supported by a light timber shed, used to protect the slab from rain and snow. The 

vertical pressures exerted by each FIBC have been modelled individually. 

 

3.3 Material properties 

 

The timber has been modelled as an orthotropic material and, according to the 

standards 
(19)

, the Young’s modulus perpendicular to grain E90 is expressed in function 

of the Young’s modulus parallel to grain E, while the rolling shear modulus GR is 

expressed as function of G. Moreover, the value of the Poisson's ratios in the three 

principal directions (figure 5) were defined according to Bodig and Jayne 
(20)

. These 

assumptions on the material parameters are summarised in table 1. 
 

Table 1. Timber stiffness relations and values of the Poisson's ratios 

 

E90 E / 30 

GR G / 10 

νLR 0.37 

νLT 0.42 

νRT 0.47 

 

 
 

Figure 5. Definition of the principal directions of timber
 (21)

: longitudinal (L), transversal (T) and 

radial (R)  

 

As a result, the compliance matrix Cof the orthotropic material depends on E and G 

only, and it assumes the following form 
(22)

: 
 

 

RL TL

LR TR

LT RT

-ν -ν1
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E E/30 E/30

-ν -ν1
0 0 0

E/30 E/30 E/30

-ν -ν 1
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E/30 E/30 E/30

1
0 0 0 0 0

G

1
0 0 0 0 0

G

1
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G/10

⎡ ⎤
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⎢ ⎥
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⎢ ⎥
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⎢ ⎥
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⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

C   (5) 
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3.4 Numerical model 

 

The quadratic CLT slab has 6-m-long sides and it is constituted of 12 layers, for a total 

thickness of 26 cm. All the layers are 2 cm thick, except the two innermost ones, which 

are 3 cm thick. Therefore, the size of the C3D8 elements has been chosen to be 15x15x1 

cm
3
, a submultiple of the dimensions of each layer. The structure of the CLT features a 

grain direction of the even layers rotated by 90° with respect to the one of the odd ones. 

The orientation of the layers has been modelled by directly specifying to each set of 

layers the nine free variables of the compliance matrix (5). No additional points have 

been artificially added to the original point cloud representing the intrados of the slab. 

As a result, the resulting FE mesh ended up having a slightly irregular contour (see 

figure 6). 

 

Since the vertical supports were occluding the portion of the slab lying on them, the 

locations of the pinned FE nodes at the corners are not accessible for scanning. 

Therefore, at every iteration of the LSA, the measured slab's displacements were 

matched to the predicted ones. The matching consists in the subtraction of the bilinear 

map interpolating the residuals at the corners of the visible portion of the slab. This 

detail is recognisable in figure 8. 

 

 
 

Figure 6. FE mesh 

 

 

The used timber boards were graded to fulfil the requirements for the strength class 

C24. Therefore, the values of E and G specified in the standards 
(23)

 have been 

employed both as initial values of the LSA and as a-priori values for the Tikhonov 

regularisation (see table 2). 

 
Table 2: Mean value and standard deviation of E and G (EN 338:2016) 

 

parameter µ [MPa] σ [MPa] 

E 11 000  2 249  

G 690  73  
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4.  Results 
 

The three different scenarios corresponding to the three available time intervals among 

the three measured epochs have been analysed. Each scenario is named after the epochs 

of the scans used to derive the reference and the deformed state respectively, e.g. the 

scenario "0:2" encompasses the scans taken at the epochs 0 and 2. The numerical results 

of the identification are presented in table 3, and they show that all the values of the 

estimated Young's and shear modulus deviate less than 13% from the nominal ones, 

with a minimum deviation of 1.9% for the shear modulus estimated for the scenario 

"0:2". However, a conclusive assessment on the method's accuracy will be only possible 

when comparing the outcomes of the destructive tests with both the estimated and the 

nominal values. 

 
Table 3. Results of the three identification scenarios. The table includes the values of the estimated 

parameters, their accuracy, and the sum of squared residuals 

 

scenario loads E [MPa] σE [MPa] G [MPa] σG [MPa] SSR [mm] 

"0:1" SW 10 028 207 601 18 1.9 

"1:2" LL 12 278 654 663 13 1.7 

"0:2" SW+LL 10 357 226 677   8 2.0 

 

Concerning the accuracy of the model, we observe that the sum of squared residuals 

(SSR) is of the same order of magnitude of the nominal accuracy of the laser scanner. 

The SSR of the scenario "1:2" is the smallest one. This is plausible because the scan 

taken at epoch 0, which is the noisiest, is not involved. Moreover, in figure 7 we 

observe that the signal-to-noise ratio is big enough to analyse the deformed slab, i.e. 

TLS is a suitable technique for this task. In particular, the displacements amount up to 

26 mm, while the deviations between the predicted and the measured displacements 

never exceed 3 mm, and for the majority of nodes they remain below 1.5 mm. In 

addition, the calculated variances are probably underestimated because they do not 

comply with all the error sources, e.g. the oversimplification of constraints and loads of 

the FE model. 

 

The difference between the estimated and the nominal material parameters could 

indicate either that their real values slightly differ from the nominal ones, or that the FE 

model has a limited correspondence to reality. For instance, the volume occupied by the 

glue in the vertical joint and between the timber layers was modelled as filled by timber 

as well. Secondarily, the TLS measurements may have been locally biased by some 

mixed pixels located very close to the surface due to cables hanging and the wooden 

safety supports below the slab intrados. Since the timber is stiffer than glue, and the 

presumed mixed pixels would be located below the slab, these two effects would lead to 

an underestimation of the slab's stiffness. Other geometric artefacts may also have been 

generated by surface irregularities scanned from different standpoints. Indeed, the point 

clouds have been cleaned by removing only the points that recognizably do not belong 

to it, whereas no outlier removal algorithm has been implemented. In order to mitigate 

the effects of such artefacts, it is possible to follow three strategies: assign in the LSA 

lower weights to the affected nodes by increasing the associated variances within
ξξΣ , 

define a mask selecting the unbiased deformations only, or implement an outlier 
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detection and removal algorithm directly in the LSA. The third option is actually the 

preferable one, because the first one would mix the handling of systematic and random 

errors, whereas the second one would need detailed prior information about the biases. 

 

 
 
Figure 7. Predicted (grey) and measured (coloured) deformations of the slab for the scenario "0:2". 

The colour coding represents the deviation between the two configurations; note the different scale 

for the vertical displacement 

 

5.  Conclusions and outlook 

 

In this work, the structural identification is achieved integrating the advantages of TLS 

monitoring, FE analysis and LSA, which are respectively the expedited acquisition of 

accurate and dense geometric data, the flexibility in statically solving free-form 

structures, and the freedom of choosing the desired parameters to estimate. Moreover, 

the proposed algorithm is flexible to be modified or enhanced. For example, the set of 

sought parameters can be easily modified, either expanding it or encompassing the 

entity and location of the loads as well, hence solving the inverse problem of back 

analysis. Feeding additional complementary measurements to the LSA is also possible. 

For the presented case of the CLT slab, the determination of the shear modulus could be 

enhanced by measuring the in-plane distortion of the slab's edge with digital image 

correlation or with direct measures of the shear deformation, either with mechanical 

gauges or with fibre optic sensors. 
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In the near future it is intended to improve the method as follows: 

• Undertaking a more comprehensive uncertainty quantification of the FE model, 

with the help of Monte Carlo simulations or surrogate models 
(24)

. 

• Reducing the correlation among the estimated parameters with no need of prior 

information by selecting different areas of the structure for the determination of 

different parameters. Possible approaches are the inclusion of other measurements 

or changed configurations.  

 

In an application perspective, the successful development of such a technique possibly 

enables the contactless damage detection of heritage buildings or structures whose 

construction plans are unreliable or no longer available, turning out to be particularly 

suitable for SHM tasks related to safety assessments and maintenance planning.  
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