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Abstract 

Historic timber structures are frequently composed by irregular section beams. Moreover, due to abiotic and biotic agent 
action, wood, as a biodegradable material, is especially vulnerable to decay, which can led to destruction of external and 
even internal layers of the element. Due to this, a beam’s resistant cross-section, which is the healthy section part that 
supports the structure, and the beam external apparent cross-section may not coincide, which can lead to improper 
structural assessments regarding the load-capacity of that element. HBIM technology is currently being used for the 
representation and analysis of historic timber constructions’ structural health. In this work, a methodology is proposed 
and applied that, based on the combination of LIDAR data with non-destructive tests, allows to obtain a single 3D HBIM 
model of degraded irregular wooden structures. This HBIM model contains both the apparent parametric model, that 
represents the structure external geometry and collects all necessary data for construction’s conservation analysis, and 
also a parametric resistant model, that represents the beam’s undamaged section, allowing to carry out a more accurate 
structural analysis. In this work, the methodology was first applied to an irregular and decayed beam at laboratory 
conditions for framework calibration, and then applied to a case study for validation. The case study was the Guimarães 
chamber roof (Portugal) which structure is made up of several truss systems composed by irregular beams, several of 
which with signs of past decay activity. 
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1 Introduction 
Historic timber constructions may present complex configurations with irregular cross section elements. Often, timber 
was used for roof structures due to its light height and possibility to create large open spaces, but it can also be found in 
other uses, many of which are still in service and are part of mankind historic and cultural heritage. As a result of both 
construction methods and decay, this type of structures may show significant variation in the cross-section geometry 
along the same element Lourenço et al. (2013; 2018). For this reason, in the cultural heritage field is common the use 
of photogrammetric (Arias et al., 2007; Armesto et al. 2009) and LIDAR based technics in order to obtain the geometry 
of the elements that compose the structure. As one of the most broadly used tools, the laser scanner allows to survey 
highly complex structure geometries in a short period of time, obtaining cloud points which contains the elements 
external geometry. Several works as Balleti et al. [2013], Cabaleiro et al. [2016] [2017], have already applied this 
technology to model timber constructions.  

Timber structures are susceptible to different type of actions, like xylophagous insects and fungi attack when exposed 
to specific environmental conditions, causing decay to the element material both in a superficial and also internal way, 
resulting in reduction of the resistant cross-section area. In that perspective, it is reasonable to differentiate between the 
external apparent cross-section, which includes the decayed and sound part, and the resistant cross-section 



corresponding to the healthy section part able to sustain loading. For this reason, not only is important to survey the 
apparent element geometry with non-destructive tests, but also to obtain the beams resistant geometry. In order to 
determine the elements’ extent of decay and conservation state, non-destructive tests (NDT) and semi-destructive tests 
(SDT) are carried out in situ without influencing the elements integrity. Some of these tests are: visual inspection (Riggio 
et al. [2017]), moisture content measurements, (Frontini et al. [2017], Osuna-Sequera et al [2019], Arriaga et al [2021] 
), stress wave (Lechner et al. [2014]), pin penetration test (Lourenço et al. [2007], Branco et al. [2017]) and drilling 
resistance tests. The latter is a method that consists in inserting a needle drill into the timber to analyze the state of the 
material. The energy needed for the needle to proceed at a same speed is recorded in a graph, from this graph the 
element’s superficial decay depth, internal degradation, and other imperfections as cracks or knots can be detected 
(Kasal et al. [2011]). In works like Branco et al. [2017], and Cabaleiro et al. [2018], the results of this test were used to 
define the resistant cross-section of the beams composing different timber structures. 

Moreover, as it can be seen in the work of Quattrini et al. (2017) and Perria et al. (2017) in the cultural heritage field the 
creation of a 3D model can be a valuable tool for supporting the assessment and analysis process. With timber structures 
in particular, and especially with complex ones formed by a high number of structural elements, the 3D model can be 
used to visualize the building in a simpler way, being able to see hidden elements that would be difficult to see otherwise 
Perria et al. [2017]. Furthermore, with the implementation of BIM technologies in the cultural heritage field, every 
modeled element may be linked to a database (presented through a table or spreadsheet), where its parameters and 
characteristics are shown (Pocobelli et al [2018]). This means that the historical construction model, in addition to 
contain the elements’ geometry, can be used to hold other type of relevant information for the historic building analysis 
and conservation, Cheng et al. [2021], Mol et al. [2020]. This HBIM model can be modified at any time, uploading data 
regarding past and future intervention results and the structure’s state evolution as seen in Mol et al. (2020), being, in 
this way, a valuable information source for later works. 

As already mentioned, historic timber structures can be made up of very complex and irregular elements, thus modelling 
this type of structures with a high level of detail in a 3D software may be very time-consuming. Currently some works 
as Pöchtrager et al. [2017] and Yang et al. [2017] have made progress in the timber structure field by increasing the 
level of automation. However, in these works the timber structure is modeled using uniform beams with constant 
rectangular section along their length. In order to make a more realistic 3D representation of the beam outer shape for 
timber structures composed of highly irregular beams, a methodology that allows to create a model more adjusted to the 
real element shape is needed. In this way, some works have accelerated the modeling process of historic timber structures 
obtaining 3D models that can represent the elements’ geometry with high precision. For instance, in Bassier et al. [2016] 
a parametric model of a roof timber structure is created from point cloud meshes using ScanTo3D built-in, and is 
exported to BIM software. Also, in Prati et al. [2019] and Massafra et al. [2020] generative algorithms are created in 
Grasshopper® that allowed to model wooden trusses and to create simplified BIM models used to introduce relevant 
information. 

Numerical analysis by finite element models (FEM), is a technic that can be carried out in the cultural heritage field in 
order to assess the structural performance or the risk of collapse of historic structures ( Bertolini-Cestari et al. [2016], 
Bassier et al. [2016]). Throughout time old timber structures may have undergone different kind of modifications, 
produced either by degradation, external actions effect or by interventions (Bertolini-Cestari et al. [2016]). As a 
consequence, the current structure is different from the one originally constructed, being the structural analysis a useful 
tool to verify if the construction’s structural integrity has been compromised. In addition, the structural analysis could 
be performed to assess the structure’s response to extreme unexpected events (Longarini et al., 2020) or even to assess 
the effectiveness of future interventions (Li et al., 2021). Recently, in works as Bassier et al. [2016], Massafra et al. 
[2020], there has been progress implementing the structural analysis in HBIM timber structures models.  

Although the significant advances made to the modeling of timber structures using BIM, the consideration of decay and 
irregular cross-sections of existing structures still needs attention. One of the most significant problems that decayed 
timber structures present is that the apparent external shape of wooden beams does not coincide with their resistant 
section. This is why the apparent 3D model may not be adequate for resistance calculation or analysis, since it cannot 
accurately reflect the real structural performance of the construction. Therefore, a 3D model representation of the 
resistant beam, in addition to the apparent one, would be desirable in order to make a more realistic and complete HBIM 
structure model. Furthermore, it would be preferable to use parametric models which requires less storage space, 
combined with a methodology that involves short processing times. 

The objective of this work is to propose and validate a methodology that, based on LIDAR and non-destructive test data, 
such as the resistance drill tests, allows to create a single HBIM model of irregular timber structures formed by 



parametric models comprising both apparent and resistant cross-sections. The apparent parametric model represents the 
structure’s external geometry and it is used also to collect all the necessary data for the structure’s conservation state 
analysis. On the other hand, the parametric analytical resistant model represents the structure’s non-decayed material 
geometry and it is used to carry out the structural safety analysis. This methodology will be applied both in a laboratory 
case for calibration and also in a real case study for validation. 

2 Methodology 
For the creation of the apparent and resistant 3D models of the decayed timber beams, the parametric beam model that 
is proposed will be first explained and then how to apply it within a global framework to perform the complete modelling 
of the structure in HBIM. 

2.1 Parametric beam modelling 
The methodology used to represent this type of irregular beams is based on the creation of a parametric beam model 
that may be valid for any beam with these characteristics. This model is starts from the creation of two irregular 
octagonal parametric sections, each one located at one end of the beam section to be represented (figure 1a-b). The 
octagonal section was chosen as it was found to be an optimized section to represent irregular section beams in wood 
(Nocetti et al, 2021). Between these two parametric sections (Figure 1.a) a progressive extrusion is carried out creating 
one beam segment (Figure 1.b). This process is repeated with the intermediate sections of the beam along its length 
(Figure 1.c). The model will increase in accuracy with the increase of considered intermediate sections. The appropriate 
number of sections to use will depend on the degree of irregularity of the beam and the need for higher accuracy. It is 
recommended that each beam should always have a minimum of three sections (one at each end and one in the centre) 
and also additional sections in each area where there is a significant change in section geometry, as to represent all 
possible critical sections. The values of each octagonal parametric section may be obtained by accurate optical 
measurements, such as from laser scan cloud of points, for the apparent section and from non-destructive tests, such as 
drilling resistance tests, for the resistant section. In this framework, the values for the parametric octagonal section are 
obtained, in the case of apparent geometry, by approaching the point cloud section to an irregular octagon and thus 
obtaining the corresponding values (Figure 2.a). In the case of resistant geometry, the octagon parameters values (Figure 
2.b) will be obtained from the point cloud and from the resistance drill graphs (Figure 2.c) [Cabaleiro et al. 2018]. As a 
general rule, for each resistant section to be measured, four tests are made (two horizontal and two vertical) from which 
the length of the resistant material is obtained.   

 

  

Figure 1. Source of information for the parametric models: a) beam sections created using a parametric irregular 
octagonal section; b) progressive extrusion between two beam sections (section 2- section4; d) cloud of points of the 
measured beam sections; c) beam modelled from several parametric sections (section 1-2-3-4-5). 

 



 

Figure 2. Representation of the cross-sections a) apparent section octagon geometry from the point cloud section. b) 
resistant section octagon geometry from the point cloud and the resistance drill graphs; c) drilling resistance graph. 

2.2 General methodology for the HBIM model 
In order to represent the apparent and resistant 3D models of a decayed irregular timber beam in HBIM, (figure 3), a 
general framework is proposed in this work. With this process, a complete HBIM model is proposed that will allow to 
carry out the structural simulation and safety analysis of a timber structure. 

1) Field data collection - this phase consists in the onsite acquisition of the geometry and structural health information 
of the timber elements. Geometry is obtained by visual inspection and laser scanner, whereas the condition state of the 
elements and other relevant data is obtained by combining visual inspection with non-destructive tests such as drilling 
resistance, moisture content measurement and pin penetration. In order to carry out a proper structure's beams modelling 
and resistant analysis, it is recommended to test the extreme sections of the beam (near the supports) and a mid-spam 
section using drilling resistance tests as to obtain information on the depth of decay. Also sections where there is a 
sudden change in geometry or visually present a high degree of decay should be tested. 

2) Beam apparent geometry 3D modelling - in this phase the orthogonal projection of every beam point cloud in the 
sections tested by drilling resistance is obtained. From the section’s projection, all needed geometry dimensions are 
taken as to include in the octagonal cross-section parameters (as explained in section 2.1). Then the progressive extrusion 
is made between each section, thus obtaining the corresponding 3D model for each beam. 

3) Structure’s apparent HBIM model - all 3D modelled beams are inserted into the structure general HBIM model. 
Furthermore, all the information obtained during the first phase, such as photographic records and visual inspection data 
(including damage and defect location), is linked to each beam apparent model and consequently to the structure model 
in general. 

4) Beam resistant (analytical) 3D modelling - from the drilling resistance test data, the needed values (depth of decay) 
are extracted to be introduced in the octagonal parametric section of the beam model, considering only the non-decayed 
section. Next, the progressive extrusion between of each section is carried out, thus obtaining the resistant 3D model of 
the beam, a model that in this case will have a structural analytical component. This resistant model is embedded within 
the apparent model. This model has represent the beam’s mechanical properties for non-decayed wood, while the 
apparent model does not have the resistant mechanical properties assigned to it. For combination of the models, the 
longitudinal axis of the beam that passes through the centroid of the sections and the coordinates of the beginning and 
end points of the beam are used as a reference. In the case of beams that do not present any type of decay, the resistant 
model coincides with the apparent model. 

5) Structure’s complete HBIM model – by combining both models, a HBIM model which contains the structure apparent 
and resistant geometry is obtained. This model allows to access data obtained and collected in the apparent model (visual 
inspection results, humidity and other surface test results) to analyze the beams’ structural health. On the other hand, 
the resistant model can be used to perform a safety analysis by exporting the geometry to a structural calculation 
software.  



 

Figure 3.  Detailed diagram of the HBIM model creation for an existing timber structure composed by irregular decayed 
beams. 

3 Laboratory case study 
In order to calibrate the proposed methodology, a beam was tested on laboratory controlled conditions. This case consists 
of a chestnut beam (Castanea sativa Mill) with an irregular and variable cross-section along its length (Figure 4.a). With 
regard to its dimensions, it is approximately 1.2 m long and has an average cross-section area of approximately 160 cm2. 
The element presents significant signs of decay caused by xylophagous insects attack and fungi presence on its surface, 
along with humidity action. The element was tested four times by section using drilling resistance (2 horizontal and 2 
vertical measurements) in five different sections along its length (Figure 4.c). Subsequently the beam was scanned, 
obtaining a 2.8 E6 points cloud (Figure 4.b).  

 

Figure 4. a) tested laboratory beam; b) point cloud obtained from the beam; c) apparent parametric model of the beam. 

In this way it was possible to obtain the resistant sections from the resistance drill test data and the apparent sections 
from the laser scanner point cloud. So as to create the apparent parametric beam model, the apparent section parameter 
values were extracted from the point cloud in the areas where resistance drill tests were carried out. Next, the apparent 
beam geometry was modelled performing a progressive extrusion between sections (figure 2). Once created the beam 
apparent geometry (figure 5.b), the process is repeated to create the resistant model (figure 5.a). This model, unlike the 
apparent one, possesses an analytical component for the structural analysis and it is embedded in the apparent model of 
the beam (figure 5.c). In this way it is obtained a complete beam HBIM model.  

The measurement equipment used was Faro Focus 3D laser scanner, that allows to measure in a range of 0.6 to 120 m 
with an error of ± 2 mm and a Resistograph® 3450 to perform the resistance drill tests. This tool has a 3 mm drill bit 



with feed rate of 30 cm / min and 1500 rpm. The software used were CloudCompare 2.10 for point clouds processing, 
Revit 2019 for HBIM modeling and ANSYS 2019 for numerical structural analysis 

 

Figure 5. a) beam resistant model. b) beam apparent model. c) beam complete model (resistant + apparent). d) structural 
beam analysis starting from the analytical model 

On one hand, the resistant model allows to perform a detailed beam resistant analysis (see figure 5d), while on the other 
hand, the apparent model allows to represent the beam more accurately, without the need to use complex renderings. To 
verify the apparent model capacity to represent the real shape of the beam, a model rendered from the point cloud of the 
laboratory beam (Figure 6a) was compared, with the apparent parametric model made (Figure 6.b). For that aim, the 
two beams volume were compared, obtaining a difference of less than 3%, while the memory resources occupied by the 
rendered beam model were 4 MB while for the parametric beam they were 115 kB. 

 

Figure 6. laboratory beam: a) rendered model, b) parametric model 

4 Field case study 
The methodology proposed and initially used in the laboratory beam was then applied in a field case study. The selected 
structure was the Guimarães chamber´s roof in Portugal (Figure 7), a complex roof structure with multiple irregular 
beams with signs of past decay activity. The old Municipal Chamber is located between the Largo de Oliveira Square 
and the São Tiago Square, in the heart of the Guimaräes historic center, being one of the most recognizable historical 
buildings in the city. Regarding the architectonical characteristics, the building with an almost rectangular plant has a 
hipped roof with a ground and first floor. The ground floor has no interior area and connects the two squares through a 
series of arches. The first floor consists of two large rooms, one of them stands out for having a curved polychromatic 
wood ceiling. The surface of the roof that supports this painted vault is 41 m2. On the other hand the main façade is 
formed by four broken arches in the lower part and a porch supported by a cornice with five shutters and iron balconies 
on the main floor. The structural system used is composed of granite masonry load-bearing walls. The current building 
is the result of various constructions and renovations throughout the Middle Age. Its original function was to house the 
council men and court meetings in the first floor, while the open ground floor was reserved to house the market or part 
of it. Currently, it is used as a museum and exhibitions are housed there.  



 

Figure 7. Guimarães chamber building in Portugal. a) Roof of the room with curved polychromatic wood ceiling; b) 
North view of the building; c) South view of the building; d) Room with curved polychromatic wood ceiling. 

The roof of the building is composed of a set of timber trusses and beams that supports a system of rafters and the tiles 
weight. Visual inspection revealed that a significant part of the structure had been recently remodelled, so many of the 
beams and trusses were in good condition and presented a constant regular section along their length. For that reason, 
this work will mainly focus on the study of two of trusses, which in addition to present a highly irregular geometry, also 
showed significant decay signs (figures 8.a and 8.b). Each of the two trusses is made up of 4 beams, where the beam 
with the largest section was in contact with the roof. In order to carry out the trusses’ structural health and resistance 
capacity analysis, their resistant and apparent geometry were modelled. In addition to this, the entire roof apparent 
geometry was also modelled and included in the HBIM model. 

In the data acquisition, 10 scans were performed distributed in the roof according to figure 9a. From each scan an average 
of 1.7x108 points were obtained, which were registered in a single reference system (Figure 9.b). This registered system 
was used to isolate the A and B trusses’ geometry in separate point clouds, occupying 10 and 27 million points, 
respectively. On the other hand, drilling resistance tests were made on both trusses, carrying out 34 test on truss A and 
32 test on truss B. Furthermore, a visual inspection was made and detailed photos were taken of the whole roof to 
identify its general condition 

With these data, the complete HBIM model of the entire timber roof was created. This model included, besides A and 
B trusses apparent and resistant model, the apparent geometry of all structural elements that compose the roof, 
comprising more than 91 modelled elements (Figure 10). 

 



 

Figure 8. Guimarães chamber roof detail, with indication of the analyzed trusses (A and B). 

 

 

 

Figure 9. Laser scanner tests: a) scan location; b) truss B view in roof point cloud 

 

 

 



 

Figure 10. A and B trusses’ apparent HBIM model and real view  

As to carry out the structural analysis both trusses resistant models were exported to FEM software Ansys. Firstly, the 
material properties were introduced. The elements made of hardwood were visually graded according to UNI 11119 
standard and the following properties were assumed:  compression parallel to grain of 9 N/mm2, bending strength of  10 
N/mm2,  tension parallel to the grain of  9 N/mm2,  shear stress parallel to grain of 0.7 N/mm2 and bending modulus of 
elasticity of 9000 N/mm2. With regard to the structural behavior and finite element model, the support conditions were 
chosen in a way to represent the onsite conditions and connection of the trusses with the other existing structural 
elements. The weight of the rafters, tiles and snow was introduced as surface loads applied to the beam surfaces in 
contact with the rafters. After generating the mesh, the trusses stresses were calculated, obtaining a maximum tension 
of 8.14 N/mm2 and a maximum deflection of 2.53 mm in A truss (Figure 11). Therefore, the analysis concluded that 
both trusses still present an adequate performance. 

 

 

Figure 11. a) Resistant model, b) Apparent model, c) HBIM model, d) Model in the numerical analysis, e) Scheme of 
the loads, f) Analysis results, stresses, g) Analysis results, deflection 



During the state of conservation analysis, where all the collected information (point clouds, scans, photographs, 
resistance drill graphs, among others) was analyzed evidencing that one of the truss B beams had a high degree of 
degradation (Figure 12). For this reason, a continuous review of the roof condition is necessary to avoid an increase in 
their degradation and therefore a possible loss of bearing capacity. 

Figure 12. a) Truss B vertical 
beam with a high degree of degradation. b) resistance drill test positions scheme c) resistance drill test graph. d) vertical 
beam picture associated in the HBIM database to the model e) vertical beam point cloud associated in the HBIM database 
to the model. 

In the same way as it was done with the laboratory case, the trusses rendered and parametric model geometry were 
compared. This comparison showed a volume difference between models of 3.55% and a 10 times less required storage 
memory for the parametric model. 
 

5 Conclusions 
Based on the obtained results, the methodology proposed in this document shows its potential for modeling timber 
structures with irregular and or decayed beams, from LIDAR and drilling resistance data. This methodology allows to 
obtain in a single HBIM model simultaneously both apparent and resistant structure’s geometry and respective data. On 
the one hand the apparent parametric model collects all necessary data for a structure’s health analysis, in addition to be 
able to represent irregular beams’ structure geometry with a high level of detail. The volume difference between the 
rendered and the proposed parametric models was on average only 3.2%, whereas the memory space occupied was 10 
times less. This offers a great advantage working with 3D HBIM models of historical timber structures since it is 
necessary fewer resources for their representation as well as for their structural analysis. On the other hand, the 
parametric resistant model takes into account the beams surface degradation. In this way a structure resistance analysis 
can be carried out considering the decreased load bearing capacity caused by decay, being able to simulate in a more 
accurate way the construction’s structural performance. 

 

DECLARATION OF COMPETING INTEREST 

The authors declare that they have no known competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper. 

 

 



ACKNOWLEDGEMENTS 

This work has been supported by the Spanish Ministry of Science and Innovation through the LASTING project (grant 
RTI2018-095893-B-C21) and SIRMA project, which is co-financed by the INTERREG Atlantic Area Programme 
through the European Regional Development Fund (ERDF) with application code: EAPA_826/2018. This work was 
also partly financed by FCT / MCTES through national funds (PIDDAC) under the R&D Unit Institute for Sustainability 
and Innovation in Structural Engineering (ISISE), under reference UIDB / 04029/2020. 

 

REFERENCES 
 
 

Arias, P., Carlos Caamaño, J., Lorenzo, H., & Armesto, J. (2007). 3D modeling and section properties of ancient 
irregular timber structures by means of digital photogrammetry. Computer‐Aided Civil and Infrastructure 
Engineering, 22(8), 597-611. 

Armesto, J., Lubowiecka, I., Ordóñez, C., & Rial, F. I. (2009). FEM modeling of structures based on close range 
digital photogrammetry. Automation in Construction, 18(5), 559-569. 

Balletti, C., Berto, M., Gottardi, C., & Guerra, F. (2013). Ancient structures and new technologies: survey and digital 
representation of the wooden dome of SS. Giovanni e Paolo in Venice. ISPRS Annals of Photogrammetry, Remote 
Sensing and Spatial Information Sciences, 5, W1. 

Balletti, C., Berto, M., Gottardi, C., & Guerra, F. (2013). Ancient structures and new technologies: survey and digital 
representation of the wooden dome of SS. Giovanni e Paolo in Venice. ISPRS Annals of Photogrammetry, Remote 
Sensing and Spatial Information Sciences, 5, W1. 

Bassier, M., Hadjidemetriou, G., Vergauwen, M., Van Roy, N., & Verstrynge, E. (2016, October). Implementation 
of Scan-to-BIM and FEM for the documentation and analysis of heritage timber roof structures. In Euro-
mediterranean conference (pp. 79-90). Springer, Cham. 

Bertolini-Cestari, C., Invernizzi, S., Marzi, T., & Spano, A. (2016). Numerical survey, analysis and assessment of 
past interventions on historical timber structures: the roof of valentino castle. Wiadomości Konserwatorskie. 

Branco, J. M., Sousa, H. S., & Tsakanika, E. (2017). Non-destructive assessment, full-scale load-carrying tests and 
local interventions on two historic timber collar roof trusses. Engineering Structures, 140, 209-224. 

Cabaleiro, M., Branco, J. M., Sousa, H. S., & Conde, B. (2018). First results on the combination of laser scanner 
and drilling resistance tests for the assessment of the geometrical condition of irregular cross-sections of timber 
beams. Materials and Structures, 51(4), 1-15. 

Cabaleiro, M., Hermida, J., Riveiro, B., & Caamaño, J. C. (2017). Automated processing of dense points clouds to 
automatically determine deformations in highly irregular timber structures. Construction and Building 
Materials, 146, 393-402. 

Cabaleiro, M., Riveiro, B., Arias, P., & Caamaño, J. C. (2016). Algorithm for the analysis of the geometric properties 
of cross-sections of timber beams with lack of material from LIDAR data. Materials and Structures, 10(49), 4265-
4278. https://doi.org/10.1617/s11527-015-0786-0 

Cheng, Y. M., Kuo, C. L., & Mou, C. C. (2021). Ontology-based HBIM for historic buildings with traditional 
woodwork in Taiwan. Journal of Civil Engineering and Management, 27(1), 27-44. 

Cruz, H., Yeomans, D., Tsakanika, E., Macchioni, N., Jorissen, A., Touza, M., ... & Lourenço, P. B. (2015). 
Guidelines for on-site assessment of historic timber structures. International Journal of Architectural Heritage, 9(3), 
277-289. 

Cuartero, J., Cabaleiro, M., Sousa, H. S., & Branco, J. M. (2019). Tridimensional parametric model for prediction 
of structural safety of existing timber roofs using laser scanner and drilling resistance tests. Engineering 
Structures, 185, 58-67. 

Frontini, F. (2017). In situ evaluation of a timber structure using a drilling resistance device. Case study: 
Kjøpmannsgata 27, Trondheim (Norway). International Wood Products Journal, 8(sup1), 14-20. 



Henriques, D. F., & Neves, A. S. (2015). Semi-destructive in situ tests as support to the assessment of a conservation 
process. Construction and Building Materials, 101, 1253-1258. 

Hermida, J., Cabaleiro, M., Riveiro, B., & Caamaño, J. C. (2020). Two-dimensional models of variable inertia from 
lidar data for structural analysis of timber trusses. Construction and Building Materials, 231, 117072. 

Hull, J., & Ewart, I. J. (2020). Conservation data parameters for BIM-enabled heritage asset 
management. Automation in Construction, 119, 103333. 

Ilharco, T., Lechner, T., & Nowak, T. (2015). Assessment of timber floors by means of non-destructive testing 
methods. Construction and Building Materials, 101, 1206-1214. 

Kasal, B., & Tannert, T. (Eds.). (2011). In situ assessment of structural timber (Vol. 7). Springer Science & Business 
Media. 

Lechner, T., Nowak, T., & Kliger, R. (2014). In situ assessment of the timber floor structure of the Skansen Lejonet 
fortification, Sweden. Construction and Building Materials, 58, 85-93. 

Li, S., Song, T., Milani, G., Abruzzese, D., & Yuan, J. (2021). An iterative rectification procedure analysis for 
historical timber frames: Application to a cultural heritage Chinese Pavilion. Engineering Structures, 227, 111415. 

Longarini, N., Crespi, P., & Scamardo, M. (2020). Numerical approaches for cross-laminated timber roof structure 
optimization in seismic retrofitting of a historical masonry church. Bulletin of Earthquake Engineering, 18(2), 487-
512.. 

López, F. J., Lerones, P. M., Llamas, J., Gómez-García-Bermejo, J., & Zalama, E. (2018). A review of heritage 
building information modeling (H-BIM). Multimodal Technologies and Interaction, 2(2), 21. 

Lourenço, P. B., Feio, A. O., & Machado, J. S. (2007). Chestnut wood in compression perpendicular to the grain: 
Non-destructive correlations for test results in new and old wood. Construction and Building Materials, 21(8), 1617-
1627. 

Lourenço, P.B., Sousa, H.S., Brites, R.D. et al. In situ measured cross section geometry of old timber structures and 
its influence on structural safety. Mater Struct 46, 1193–1208 (2013). 

Massafra, A., Prati, D., Predari, G., & Gulli, R. (2020). Wooden truss analysis, preservation strategies, and digital 
documentation through parametric 3D modeling and HBIM workflow. Sustainability, 12(12), 4975. 

Mol, A., Cabaleiro, M., Sousa, H. S., & Branco, J. M. (2020). HBIM for storing life-cycle data regarding decay and 
damage in existing timber structures. Automation in Construction, 117, 103262. 

Perria, E., Sieder, M., Hoyer, S., & Krafczyk, C. (2017). Survey of the pagoda timber roof in Derneburg 
Castle. International Archives of the Photogrammetry, Remote Sensing & Spatial Information Sciences, 42. 

Piaia, E., Maietti, F., Di Giulio, R., Schippers-Trifan, O., Van Delft, A., Bruinenberg, S., & Olivadese, R. (2020). 
BIM-based cultural heritage asset management tool. Innovative solution to orient the preservation and valorization 
of historic buildings. International Journal of Architectural Heritage, 1-24. 

Pöchtrager, M., Styhler-Aydın, G., Döring-Williams, M., & Pfeifer, N. (2017). Automated reconstruction of historic 
roof structures from point clouds - development and examples. ISPRS Annals of Photogrammetry, Remote Sensing 
& Spatial Information Sciences, 4. 

Pöchtrager, M., Styhler-Aydın, G., Döring-Williams, M., & Pfeifer, N. (2018). Digital reconstruction of historic 
roof structures: Developing a workflow for a highly automated analysis. Virtual Archaeology Review, 9(19), 21-
33. 

Pocobelli, D. P., Boehm, J., Bryan, P., Still, J., & Grau-Bové, J. (2018). BIM for heritage science: a review. Heritage 
Science, 6(1), 1-15. 

Prati, D., Zuppella, G., Mochi, G., Guardigli, L., & Gulli, R. (2019). Wooden trusses reconstruction and analysis 
through parametric 3D modeling. International Archives of the Photogrammetry, Remote Sensing & Spatial 
Information Sciences. 

Quattrini, R., Pierdicca, R., & Morbidoni, C. (2017). Knowledge-based data enrichment for HBIM: Exploring high-
quality models using the semantic-web. Journal of Cultural Heritage, 28, 129-139. 



Riggio, M., Macchioni, N., & Riminesi, C. (2017). Structural health assessment of historical timber structures 
combining non‐destructive techniques: The roof of Giotto's bell tower in Florence. Structural Control and Health 
Monitoring, 24(7), e1935. 

Sánchez-Aparicio, L. J., Masciotta, M. G., García-Alvarez, J., Ramos, L. F., Oliveira, D. V., Martín-Jiménez, J. A., 
... & Monteiro, P. (2020). Web-GIS approach to preventive conservation of heritage buildings. Automation in 
Construction, 118, 103304. 

Sztwiertnia, D., Ochałek, A., Tama, A., & Lewińska, P. (2019). HBIM (heritage Building Information Modell) of 
the Wang Stave Church in Karpacz–Case Study. International Journal of Architectural Heritage, 1-15. 

Tang, P., Huber, D., Akinci, B., Lipman, R., & Lytle, A. (2010). Automatic reconstruction of as-built building 
information models from laser-scanned point clouds: A review of related techniques. Automation in 
construction, 19(7), 829-843. 

Yang, X., Koehl, M., & Grussenmeyer, P. (2017). Parametric modelling of as-built beam framed structure in BIM 
environment. The International Archives of Photogrammetry, Remote Sensing and Spatial Information 
Sciences, 42, 651. 

Nocetti, M., Aminti, G., Degl'Innocenti, M., & Brunetti, M. (2021). Geometric representation of the irregular cross-
section of old timber elements: Comparison of different approaches for mechanical characterisation. Construction 
and Building Materials, 304, 124579. 

Osuna-Sequera, C., Llana, D. F., Esteban, M., & Arriaga, F. (2019). Improving density estimation in large cross-
section timber from existing structures optimizing the number of non-destructive measurements. Construction and 
Building Materials, 211, 199-206. 

Arriaga, F., Osuna-Sequera, C., Esteban, M., Íñiguez-González, G., & Bobadilla, I. (2021). In situ assessment of 
the timber structure of an 18th century building in Madrid, Spain. Construction and Building Materials, 304, 
124466. 

 

 

 

 


