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Abstract 
In the last decade the global crisis in the construction sector has induced a substantial reduction of new 

construction, particularly in Portugal, being the stone sector one of the most affected in terms of gross 

production. This period of low demand precedes a period of growth in this industry, characterized mainly by 

the mass production of standard products. The current market is increasingly focusing on innovative products 

that stand out either in terms of aesthetic and functional attributes, favoring, in the case of building façades, 

the use of large panels with reduced thickness, showing versatility in architectural terms. In this context, this 

thesis intends to continue and further develop the study, initiated in 2008, of a R&D project with a consortium 

between the Institute of Engineering of the Faculty of Porto and the companies Frontwave - Engenharia e 

Consultadoria S.A. and Solancis, that aimed a solution of large natural stone panels, originally designed for 

ventilated façade. The result of this project originated a validation of a new basic concept for the design of 

the panels, which is based on the application of prestress forces for the joining of natural stone slabs. This 

experimental work seeks to fill the main shortcomings presented by the panel in terms of its structural 

response, ease of production, fast assembly and energy performance. For this, a numerical simulation tool 

was employed to create a finite element model, whose validation is carried out by means of mechanical tests 

on the panels manufactured during the experimental work. 

 

KEYWORDS: Natural Stone, Prestressed Natural Stone, Prefabrication, Façade and Wall panels, Finite 
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1. INTRODUCTION 

Throughout history, ornamental stone has been 
currently used as exterior cladding of building 
walls. Nowadays, there are several accepted 
conventional methods. 
 
The main goal for this thesis is the development 
and the characterization of an innovative 
prefabricated eco-efficient cladding / wall system 
made up of prestressed natural stone panels. The 
system definition process begins with a simplified 
initial solution, mechanically tested in flexure. 
mode, whose constructive concept was validated 
in a R&D project between the Institute of 
Engineering of the Faculty of Porto and the 
companies Frontwave S.A. and Solancis. 
 

To carry out these tests it is essential the creation 
of quantity maps, which specifies all the materials  
and elements necessary to produce and test the 
panels. The definition of an assembly procedure is 
also a fundamental aspect in order to obtain 
accurate experimental results. 
 
Afterwards, a numerical model is planned, using a 
finite element software, whose validation will be 
performed through a comparative analysis with the 
experimental values obtained in the mechanical 
tests. To increase the feasibility of this analysis, it 
was defined a test procedure using 3 assembled 
panels. 
 
The last phase of the development process 
concerns with the optimization of the initial system, 
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seeking to correct the identified structural and 
functional weaknesses. Figure 1 illustrates, in a 

simplified way, the several stages involved in the 
development process of the panel.

 

Figure 1 – Façade and wall panels’ development process 

2. BASE SOLUTION 

The process of defining and designing this initial 
solution has its main principle in joining reduced 
size dimension stone slabs through the pre-
stressing action. At this stage, the validation of the 
concept is exclusively sought by performing 
mechanical tests. The performance of the panel 
in non-structural terms will be studied in more 
advanced stages of its design process. 
 
This cladding solution is composed by two layers 
of stone, each one of them constituted by three 
slabs, interspersed by an insulation layer. Two 
types of slabs are considered: the inner slabs and 
the shut slabs, represented in Figure 2. 
 

 

Figure 2 - Identification of the dimension stone slabs. 

To ensure the spacing and the alignment 
between the two layers, two aluminum guides, 4 
mm thick, are inserted along the side edges. This 
way, it’s only necessary to perform half-thickness 
slots on the inner slabs. Figure 3 illustrates the 
insertion of these elements into the inner slabs. 
 

 
Figure 3 – Insertion of the aluminum guides in the 

inner slabs. 

To apply the prestress forces, a groove was made 
at the ends of the shut slabs. The load is 
transmitted to the plates through a steel plate, 10 
mm thick, which fits into the grooves, shown in 
Figure 4. 
 

 

Figure 4 - Shut slab 

In the real-scale model each stone plate has the 
following nominal dimensions: 500 mm x 600 mm 
x 30 mm. This way, the tested panel has the 
following standard dimensions: 1500 mm x 600 
mm x 100 mm. 
 
The prestressing system comprises only three 
types of elements: sleeve wedge, cylindrical grip 
and a 7 mm steel rod, represented in Figure 5. 
 

 

Figure 5 - Prestress elements: 1 - sleeve wedge; 2 - 
cylindrical grip; 3 – 7 mm steel wire. 

The principle of operation of this method is quite 
simple, being compatible with the ease of 
assembly and handling of the prestressing 
system. When the steel wires are uniaxially 
stressed, they undergo an elongation in an elastic 
regime. After the application of the traction forces, 
steel wires tend to recover their initial 
configuration. However, due to the sleeve wedge 
+ cylindrical grip assembly, this restoring force is 
counteracted. In fact, the opening movement of 
the wedge is opposed by the cylindrical grip by its 
engagement therein. The cylindrical grips used 
withstand up to a tensile load of 55 kN. This 
method is schematically represented in Figure 6. 
 

2 3 1 
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Figure 6 - Representation of sleeve wedge + 

cylindrical grip system. 

The overall panel system is shown in Figure 7. 

 

Figure 7 – System: exploded view: 1 - sleeve wedge; 
2 – cylindrical grip; 3 – shut slab; 4 – inner slab; 5 – 7 

mm steel rod; 6 - aluminum guide; 7 – steel plate. 

3. PANEL’S ASSEMBLY 
 
3.1 PRE-ASSEMBLY STAGES 
 
Prior to assembling the panels, it’s necessary to 
carry out a dimensional verification of all elements 
using a tape measure or a caliper in the most 
detailed areas. In addition, the flatness of the 
work table must be checked, avoiding any 
unevenness between the stone slabs. 
 
The plates should be submitted to a cleaning 
process using a compressed air gun. Special care 
should be taken in the areas where the epoxy 
resin will be placed to remove surface impurities 
and to maximize the adhesion between slabs. If 

the stone slabs are saturated, they should be 
dried at a constant temperature of 50℃ for about 
2 hours. 

 

Figure 8 - Cleaning process of the stone slabs. 

The epoxy resin used, represented in Figure 9, is 
composed of two components (ratio 2:1). For the 
assembling the panel the total amount used is 75 
grams of component A and 37.5 grams of 
component B. 

 

 
Figure 9 - Weighing the bi-component epoxy mixture. 

3.2 ASSEMBLY PROCEDURE 

The assembly procedure begins by placing the 
stone slabs of the bottom layer on the roller table, 
properly level, as shown in Figure 10. A thin layer 
of epoxy resin, approximately 0.5 mm thick, is 
placed in the contact interfaces between the slabs 
using a spatula, as represented in Figure 11. 
 

  
 

Figure 10 – Placement of 
the lower layer. 

Figure 11 - Application of 
the epoxy resin. 
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After the resin is placed, the plates are joined and 
the alignment of the system is checked. At the 
end of this step, the excess epoxy resin is 
removed, which can be reused again. 
When completing this process, the aluminum 
guides are inserted into the slots of the stone 
slabs, as shown in Figure 12, and the steel plates 
in the grooves of the top slabs (Figure 13). At the 
end of this step the pre-stress steel rods are 
inserted into the holes of the steel plates. 
 

  

The process of placing the stone slabs of the 
upper layer is the same as described above. 
Figure 14 illustrates this stage. 
 

 

Figure 14 - Placement of the stone slabs of the upper 
layer. 

The final stage of the assembly process concerns 
with the prestressing operation, which is 
described below in section 3.3. 

3.3 PRESTRESSING OPERATION 

For the application of the prestress load was used 
a manual pump, shown in Figure 15, which has a 
maximum nominal pressure of 700 bar. 
 
Since the panels are composed by three steel 
rods, that’s required the use of three high-

pressure hydraulic tubes and three single-action 
hydraulic cylinders to apply the load 
simultaneously in the tree rods. This system also 
requires the use of a manifold to perform the 
parallel connection of the three hydraulic tubes to 
the main circuit. These elements are shown in 
Figure 16. 
 

 

Figure 15 – Manual pump: Enerpac -39 Ultimate 

  

Figure 16 - a) Manifold; b) hydraulic cylinder; c) 
hydraulic tube. 

Three wedges + cylindrical grip sets are required 
for trapping each rod. Figure 17 shows the pre-
stress application system, identifying all the sets. 
The set 3, located at the opposite end of the panel 
to which the hydraulic cylinders are inserted, 
functions as a passive anchorage. Since the 
sleeve wedge is fitted to the cylindrical grip, the 
assembly restricts the re-entry of the rod when the 
load is applied. 
 

 
Figure 17 – Sleeve wedge + cylindrical grip sets. 

The set 1, located next to the outer face of the 
hydraulic cylinder, is provisional. In fact, when the 
system is pumped, the pistons of the hydraulic 
cylinders expand (Figure 18), acting against it, 
and there is an elongation of the rod between the 
sets 1 and 3. The cylinders, when actuated, react 
against set 2, facilitating the engagement of the 
sleeve wedge in the cylindrical grip of this set. 

Figure 12 - Insertion of 
the aluminum guides. 

Figure 13 - Insertion of 
the steel plates and the 

steel rods. 
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When the desired tensioning is achieved on the 
steel rods, the relief valve of the pump is opened. 
 

  

Instead of controlling the tension in the steel rods 
through the pump pressure gauge, it was decided 
to install an electrical strain gage system. The use 
of strain gauges allows an accurate estimate of 
the instantaneous and the long-term load losses. 
Each one of the test panels has an instrumented 
rod with a strain gauge. The following processes 
of surface preparation and application of the 
extensometers are described in [50]. 
 

 

Figure 20 - Strain Gauge. 

To determinate the force of prestress (F) in each 
rod was used the expression (1), which relates 
the modulus of elasticity of the material (E) with 
the deformation (ε) and with the section area of 
the rod (A). To obtain the modulus of elasticity of 
the material, a tensile test was carried out on a 
steel rod. For this test was used a clip gauge to 
register the deformations, which is represented in 
Figure 21. 

 
 
The modulus of elasticity obtained for the steel 
was 199.85 GPa, which is close to expected.  

 

 

Figure 21 - Clip gauge 

The prestress level applied in each of the panels 
was variable in order to obtain an estimate of the 
prestress losses at different load levels. Although 
close enough, it has been found that the larger 
the load, the smaller the instantaneous load 
losses. In fact, due to the assembly method used, 
the insertion of the wedges in the cylindrical grips 
is greater for higher load levels, preventing 
reentry of the steel rods after the traction stop.   
Figure 22 shows the evolution of the prestress 
load in the three panels. Conservatively, in terms 
of design, it should be considered that this system 
assumes a total pre-stress loss of 30%. 
 

 

Figure 22 - Evolution in time of the prestress load. 

4. MECHANICAL TEST 
 
4.1 TEST DESCRIPTION 
 
To perform the test, each panel was supported on 

four semi-spherical metal pieces (Figure 23), 

which do not obstruct their rotation. For the 

application of the linear loads, two 70 mm 

diameter steel bars were welded to two IPE 100 

metal profiles, which are connected through a 

high rigidity beam which, in turn, is connected to 

the actuator. 
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Figure 18 - Hydraulic 
cylinder expansion. 

Figure 19 - Set wedge + 

cylindrical grip 3 
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The vertical displacements were measured using 
five displacement transducers fixed with magnetic 
bases to a metallic support (Figure 25). The 
displacements were recorded in the half-pan 
section of each of the stone slabs and in the 
sections of application of the loads. 
 

 

Figure 25 - Displacement transducers. 

The load is transmitted to the panel through the 
hydraulic actuator, attached to the test frame. 
This actuator has an internal displacement 
transducer and a load cell. The application of the 
action is controlled by its own software and the 
user can define, among other variables, the type 
of control (force or displacement) and the speed 
of load application. 

 
To amplify the scope of this study, the type of test 
adopted varied between panels. For panel 1 was 
chosen a load application with displacement 
control until failure. Conservatively, was defined 
an application speed of 0.02 mm/s. Data 
acquisition was performed at a rate of 1/s. With 
this test it was possible to obtain a rupture load 
level estimate. 
For panels 2 and 3, prior to the load application 
with displacement control until the break, was 
chosen a load application with force control. To 
this end, was defined a lower loading level 
comparatively with the breaking load obtained for 
the first panel, for which it is assumed that the 
panel is still in an elastic regime. After reaching 
this elastic load level, the total discharge occurs. 

The test software was programmed to perform 
this elastic regime test three times prior to the 
rupture test. 
 
To observe the prestress load variation during the 
test, this load was punctually recorded through 
the electrical extensometry system installed in the 
central steel rod of each panel. 
 

4.2 TEST RESULTS 
 
The force-time and force-relative displacement 
plots of each bending test are shown below. For 
the definition of the force-relative displacement 
plot of each panel, a load range was considered 
during which the panel presents a linear behavior. 
 
As a result of the tests it is concluded that, as 
would be expected, the stiffness of the panels is 
greater the higher the prestress load applied. The 
prestress load remains approximately constant 
for the test load levels, occurring only a 
substantial increase when the panel ruptures. 
Additionally, were drawn important conclusions, 
regarding future iterations of the base system, 
and were obtained data, which later allowed the 
validation of the numerical model. 
 

4.2.1 PANEL 1 
 

 
Figure 26 - Force-time plot for panel 1 rupture test. 

 
Figure 27 - Force-relative displacement plot of flexural 

test to panel 1. 

Figure 23 - Semi-

spherical support 
Figure 24 - Loading system. 
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4.2.2 PANEL 2 
 

 
Figure 28 - Force-time plot for panel 2 rupture test. 

 
Figure 29 - Force-relative displacement plot of flexural 

test to panel 2. 

4.2.3 PANEL 3 
 

 
Figure 30 - Force-time plot for panel 3 rupture test. 

 
Figure 31 - Force-relative displacement plot of flexural 

test to panel 3. 

5. NUMERICAL SIMULATION 
 
5.1 NUMERICAL MODEL DEVELOPMENT 

 
5.1.1 3D GEOMETRIC MODELING 

 
The geometric modeling of this base system has 
already been presented in point 2. However, it 
should be noted that, to simplify the numerical 
model, some elements of the prestressing system 
were removed. The steel rods and the sleeve 
wedges were suppressed. In fact, the prestress 
loads are directly applied on the cylindrical gripes. 
Figure 26 shows an exploded view of the 
geometric model used for the numerical model. 
 

 
Figure 32 - Exploded view of the geometric model. 

 
5.1.2 MATERIALS PROPERTIES 

 

The physical and mechanical properties 
considered in the numerical model for the several 
parts are shown in Table 1. For the natural stone 
were performed various physical-mechanical 
characterization tests, which results were used in 
this model. For the remaining elements the 
simulation software has, by default, the 
information necessary for its characterization. 
 

Table 1 - Materials Properties.

 

5.1.3 MESH CREATION 
 
The finite element software used allows the 
creation of three different mesh types: standard 
mesh, curvature-based mesh and blended 
curvature-based mesh. Each of these has a 
specific algorithm. For this thesis was used a 
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curvature-based mesh, since this mesh type 
requires less control in models that present a 
great dimensions variance between parts. 
 

5.1.4 LOADING DEFINITION 
 5.1.4.1 PRESTRESS LOAD 

 

The prestress load to be considered in the 
numerical model is the load measured in the real 
model through the strain gauges installed in the 
steel rods. In fact, the application of the prestress 
load using a manual pump is not an accurate 
method, so, for the validation of the model, this 
will be the most rigorous technique. 
The prestress load is applied to the outer surface 
of the cylindrical grips of one end of the panel, as 
shown in Figure 33. By introducing the frontier 
conditions at the opposite end, presented later, 
the prestress load will be equally distributed. 
 

 
Figure 33 - Application of the prestress loads on the 

outer surface of the cylindrical grips. 

 5.1.4.2 LINEAR LOADS 
 
To simulate the bending test are applied two knife 
loads at the stone-stone interfaces of the upper 
stone layer. During the simulation, different load 
levels are applied and the displacements in the 
lower stone layer are recorded at five measuring 
points, the same ones considered in the 
mechanical tests. In addition to these loads, the 
panel self-weight is taken into account through 
the consideration of the acceleration of gravity. 
This loading system is shown in Figure 27. 
 

 
Figure 34 - Linear loads. 

5.1.5 BOUNDARY CONDITIONS 
 
To simulate the flexural test to the panel, the 
restrictions introduced in the model must meet the 
study case. In this sense, the following 
restrictions were introduced to the numerical 
model: 

1. The displacement in the three main 
directions at all points belonging to the 
outer surface of the cylindrical gripes, 
located at the opposite end of the one in 
which the prestressing load is applied, is 
considered null. Through this restriction 
is created a support reaction of equal 
intensity and opposite direction to the 
prestress load, creating its characteristic 
compression effect. 
 

 
Figure 35 - Pinned support. 

2. At both ends of the panel a movable 
support according to the lower end edge 
was introduced. Thus, only vertical 
displacement is restricted. 

 

 
Figure 36 - Roller support. 

5.1.6 CONTACT SET 
 
In numerical models all parts must have some 
fixing condition, either by the definition of 
boundary conditions or by the consideration of 
contact sets to other elements that have some 
displacement or rotation restrictions. In this 
sense, the definition of the contact sets must be 
initiated by the parts that have boundary 
conditions. In the software used there are 
considered the following types of contact: 
bonded, no penetration and allow penetration. 
 

5.2 NUMERICAL MODEL VALIDATION 
 
Two methodologies were adopted to validate the 
numerical model. 
 
 5.2.1 METHODOLOGY 1 
 
Obtain the load-displacement plots of the bending 
test simulation of each panel. To this end, 
normalized knife loads are applied and their 
displacement is recorded at the five 
measurement points considered in the 
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mechanical tests. Finally, by plotting a linear 
regression line for each measurement point, the 
theoretical stiffness values are obtained, which 
will be later compared with the experimental 
stiffness values. 
 
 5.2.2 METHODOLOGY 2 

Observation and critical analysis of the 
displacement and stress plots resulting from the 
flexural test simulation, considering the breaking 
load recorded in the mechanical tests for each 
panel. 
  

6. OPTIMIZED SOLUTION 
 
6.1 BASE SOLUTION OPTIMIZATION 

The last stage of the product development 
process is the optimization of the overall system 
based on all the studies and tests performed. For 
the definition of this solution were established as 
assumptions some structural and functional 
requirements not considered in the base solution. 

 
6.2 STONE SLABS 

The productive process of the base system stone 
slabs included performing two slots to engage the 
aluminum guides and the execution of a groove 
to fit the steel plate on the shut slabs. To reduce 
the amount of wasted stone it was decided to 
simplify the geometry of the slabs. In this sense, 
the lateral slots have been eliminated and the 
shut slab groove is replaced by three cavities as 
shown in Figure 37. 
 

    
 
6.3 PRESTRESS SYSTEM 

The prestress principle is identical to the one that 
was used in the base solution, differing only in the 
stress transfer mode. For the transmission of the 
prestress load was conceived a metal part which, 
by fitting the groove of the stone plates, induces 
a state of compression in the panel when the 
prestress is applied. For its design, three metal 
plates were welded to a UPN 60 profile and three 

holes were drilled to allow the passage of the 
prestressing rods. 

 

Figure 39 - Anchor plate. 

At the contact interface between the metal plates 
and the grooves of the stone slabs, are inserted 
rubber covers, visible in Figure 39, to preserve the 
edges of the stone. In fact, the friction between 
the metal plates and the stone slab is partially 
reduced. 
 

6.5 PERIPHERAL METAL PROFILE 

Having as its main purpose to ensure the water 
tightness of the system through the connection 
between adjacent panels, a peripheral profile has 
been incorporated into the optimized solution. Its 
geometry facilitates the engagement between 
panels through a male-female type system. 
 
The profile is composed by four smaller profiles, 
as shown in Figure 40. The connection between 
the profiles and the stone slabs is made by gluing 
epoxy resin from the side faces of the profiles. 
 

 
Figure 40 - Peripheral metal profile. 

6.6 FIXING SYSTEM 

The definition of the fixing system corresponds to 
one of the most complex and time-consuming 
steps of the panel geometric definition process. 
The need to design a system that meets the 
required structural requirements and does not 

Figure 37 - Shut 

slab. 

Figure 38 - Global 
schematization. 
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compromise the final aspect of the solution 
increases the importance of this step. 
For this coating solution was selected a point 
anchorage system with anchorages that are 
available on the market. This solution, shown in 
Figure 41, allows the geometrical adjustment 
according to the parallel and perpendicular 
planes relatively to the fixing plane. 
 

 

Figure 41 - Fixing system. 

For the connection between the panel and the 
fixing system it was necessary to make small 
adjustments in the geometry of the anchor plates. 
In this sense, a threaded hollow cylinder was 
welded to enable the introduction of an M20 bolt, 
which ensures the connection to the fixing 
system, as shown in Figure 42. 
 

 

Figure 42 - Connection between the anchor plate and 
the fixing system. 

In the shut slabs of the bottom layer it is 
necessary to drill holes to allow the passage of 
the M20 bolts. This way, it is possible to conceal 
this fixing system without compromising the final 
appearance of the coating solution. 

 
7. CONCLUSIONS 
 
The main objective of this thesis was the 
development of a prefabricated natural facade 
and wall panel solution. 
 
An aspect that became preponderant during the 
assembly process, more specifically when 
applying the prestress loads, was the installation 

of strain gauges on the steel rods. In fact, the 
monitoring of the displacements allowed to obtain 
a reliable estimate of the instant and long-term 
losses of load. 
 
As a result of the mechanical tests, it was possible 
to draw important conclusions regarding future 
iterations of the initial system, and were obtained 
data, which later allowed the validation of the 
numerical model. 
 
The validation of the numerical model was 
verified using two different methodologies: 1 - 
comparison of the stiffness experimental values 
with the values obtained from the numerical 
simulation; 2 - Analysis of the displacement and 
stress plots obtained and comparison between 
experimental and theoretical displacement 
values. 
 
The last stage of the development process 
corresponded to the optimization of the panel 
system based on the theoretical outputs obtained 
from the experimental tests related to the 
mechanical weaknesses presented by the panel 
and the inclusion of structural and functional 
requirements not considered in the design of the 
initial solution. In this context, a geometric 
modeling was performed, which includes a 
standard solution for the fastening system. 
 
For a future approach, it would be interesting to 
continue developing the optimized solution, 
following a methodology similar to the one 
adopted for the initial solution, with particular 
emphasis on the panel's energy performance. 
This panel model assumes the existence of a 
inner layer of thermal and acoustic insulation, 
therefore, the realization of tests that characterize 
this system from an energetic point of view is of 
greater importance in view of the design of an 
eco-cladding solution efficient. In addition, it 
would be equally interesting to carry out a 
comparative analysis between this solution and 
traditional masonry solutions, based on a cost-
benefit perspective. 
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