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A B S T R A C T   

The main purpose of this work is to analyze the elastic properties (i.e. Young’s modulus and Poisson’s ratio) of 
gypsum specimens manufactured by traditional methods (non-industrial kilns). More specifically we have 
evaluated the Bajo Aragon variant by means of a low-cost digital image correlation approach. The accuracy of the 
data was contrasted with the press, obtaining an RMSE of 0.008%, corroborating the viability of the method. The 
results obtained during this experimental campaign revealed a gypsum with an average compressive strength, 
Young’s modulus and Poisson’s ratio of 4.01 MPa, 2989 MPa and 0.24 respectively.   

1. Introduction 

Gypsum-based products are known as being environmentally 
friendly materials, remaining one of the most common mineral binders 
[1]. In the study carried out by Ducasse-Lapeyrusse et al. [2] it is 
possible to observe its extensive use, including farms, stables, churches, 
hotels etc. since the Middle Ages. Different scientific works highlight its 
excellent cost-durability ratio as a construction material [3–5]. How-
ever, its use decreased considerably after the second half of the twen-
tieth century due to the manufacturing of Portland cements as well as 
the industrialization of construction systems [6,7]. 

In comparison to cement-based mortars, gypsum provides several 
advantages such as the possibility of it being manufactured locally 
without the need to use high-end technology. Furthermore, gypsum is 
energy-saving since its calcination occurs at lower temperatures in 
comparison with cement or lime, reducing fuel consumption and CO2 
emissions [1]. Its manufacturing could be carried out using industrial or 
traditional kilns, the resulting product being completely different. On 
the one hand industrial gypsum is homogeneous and hygroscopic, 
having low mechanical resistance. Meanwhile, traditional (or high fired) 
gypsum is harder, more durable and stronger than the industrial type 
[8], presenting additional characteristic such as the property of self- 
sealing. This phenomenon occurs as a result of the delayed hydration 
of anhydrite and the recrystallization of the calcite [6,9,10]. From a 

chemical and mineralogical point of view, high fired gypsum could be 
considered as a multiphasic product with different states of dehydration 
of the calcium sulfate-water system as well as the presence of some 
secondary minerals with different degrees of baking such as clay or 
carbonates among others. All of this, within the manufacturing process 
makes this product highly heterogeneous with properties which are 
highly dependent on the characteristic of the quarry and the 
manufacturing process, especially during the baking and grinding pro-
cesses [6,11]. 

All of the aforementioned properties could be considered as critical 
in current trends in the construction discipline due to the promotion of 
the circular economy [12], making it possible to use high-fired gypsum 
as a potential material for bioconstruction [13]. Its waste, which could 
be infinitely recycled, could be used in construction, agriculture and 
other industrial areas [1]. However, its proper integration within the 
circular economy demands its certification, with the accurate determi-
nation of its physical and mechanical properties being a necessity. 

2. Background 

There is currently very little scientific literature dealing with the 
characterisation of high-fired gypsum, especially when it comes to 
determining its mechanical properties. Much of this work focuses mainly 
on the mineralogical and textural description of samples extracted in 
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situ from historic buildings (historical mortars) such the works carried 
out by Freire et al. [5], Le Dantec [14], La Spina et al. [15] and Mid-
dendorf [10]. In the same way, Visser and Krüger [16] provide data for 
three German mortars from the Harz area, of different centuries and 
textures, giving dry compressive strength values of between 20 and 30 
MPa, which decrease greatly in the presence of moisture (5 to 10 MPa). 
Hoheisel et al. [17] give similar values for samples from Hannover 
(Germany) in lime rich samples. 

Other researchers have measured some physic-mechanical proper-
ties using laboratory-made samples from high-fired gypsum hydrated 
powder that did not come from historic buildings [6,18–20]. The most 
relevant is that carried out by Sanz-Arauz [6] who proposed an exper-
iment with two populations of high-temperature gypsum from the same 
kiln, but with raw material with variations in the content of minerals 
complementary to gypsum. With this material, he produced specimens 
with a water/gypsum ratio of 0.5 and exposed them to two curing sys-
tems, one in a laboratory environment and the other in conditions of 
maximum humidity to force the development of possible hydraulic 
phases. The results of the determination of the compressive strength 
ranged from 2.5 to 3.8 MPa, for the laboratory cured populations, and 
from 5.2 to 6.3 MPa for the wet cured ones. This relatively wide range of 
variable is explained by the great influence of the raw material and the 
storage environment. 

On the other hand, the modulus of elasticity of laboratory prepared 
gypsum mortars with sand has been determined to be around 700 MPa 
[21], using conventional strain stress devices. Schlütter et al. [19] have 
measured the dynamic Young’s modulus of samples using the ultrasonic 
method but did not establish any relationship of this with the static 
Young’s modulus. 

The mechanical characterization of heterogeneous materials such as 
concrete, wood or high fired gypsum is not a trivial task nowadays [22]. 
In this context, the most common methods are the strain gauges and the 
linear variable differential Transformers (LVDTs). Both approaches 
might entail inaccuracies and erroneous measurements brought about 
by: i) the crushing of the specimen; ii) the dimension of the samples; iii) 
the local nature of the data (because data acquisition is only possible in 
the area of the sensor); iv) the high cost associated to the use of mea-
surement instrumentation; v) the deterioration of the sensor due to 
environmental conditions and; vi) the incorrect position of the sensor (e. 
g., strain gauges not aligned with the specimen axis). 

In order to avoid these limitations, the Scientific Community has 
proposed several remote sensing approaches highlighting: i) moiré 
interferometry [23,24]; ii) particle image velocimetry (PIV) [25]; iii) 
photoelasticity [26]; iv) target tracking [27] and; v) the digital image 
correlation (DIC) method [28]. Among them, the DIC method has 
become one of the most promising tools. This strategy allows us to 
obtain a full-field of displacements and strains through the use of 
correlation-based matching procedures and numerical differentiation 
algorithms. This data is obtained by comparing several images taken 
during the mechanical test. These images could be captured using a 
unique camera (2D-DIC) allowing the in-plane displacements suffered 
by the specimen to be obtained or using two cameras (3D-DIC) on which 
it is possible to obtain in-plane and out-of-plane displacements [29]. 
Thanks to this there are several works focusing on the mechanical 
characterization of heterogeneous materials. Garcia-Martin et al. [30] 
characterizes CFRP composites using the 2D-DIC method, Villarino- 
Otero et al. [31] use this method for the characterization of wood. On 
the other hand, Teijón-López-Zuazo et al. [32] use the 3D variant for 
determining the peak strain in recycled concretes. As regards gypsum, 
some works have been found in the literature but they mainly focus on 
the characterization of the fracture behavior of industrial gypsums 
[33–35]. 

According to the aforementioned state of the art this work aims to 
characterize a high fired gypsum, more specifically Bajo Aragon gypsum, 
using a low-cost 2D-DIC method. After this introduction, Section 3 ex-
plains the materials and methods. Then, Section 4 details the 

experimental results obtained. Finally, Section 5 sets out the conclusions 
and future work. 

3. Materials and methods 

3.1. Bajo Aragon high-fired gypsum 

3.1.1. Raw material and the production of gypsum 
The raw material used for manufacturing gypsum was extracted from 

an alabaster quarry close to the locality of Albalate del Arzobispo 
(Teruel,Spain) (Fig. 1a). According to Escavy et al. [36], the raw ma-
terial from this quarry has a high purity, more than 95%. 

The baking of this raw material was carried out using a Moorish kiln. 
This type of kiln is commonly used for manufacturing plasters, leaning 
on the slope to take the advantage of its thermal inertia [6] (Fig. 1b). 
This process required a total of fourteen hours to be completed, using 
olive wood for fuel. Once the combustion was finished, the kiln was 
cooled for several days. After that, the kiln was dismantled and the 
baked material was milled. Finally, the material was graded using an 
0.8 mm sieve. 

3.1.2. Mineralogical characterization 
A mineralogical characterization of the gypsum was carried out with 

the aim of evaluating the main phases of the final product. To this end 
two X-ray power diffraction tests were carried out over disoriented 
powder samples. In this case the equipment used was the Advanced 
Bruker D8 X-ray diffractometer. This diffractometer has an X-ray 
generator based on the use of a high-sensitivity copper anode and an 
SOL-X energy dispersion detector. All of this allows lower measurement 
times to be obtained in comparison with other types of detector. 

The X-ray diffractograms were carried out using an angular range 
from 2 to 65 degrees, a step of 0.02 degrees and a time step of 1 s. Then, a 
semiquantitative analysis was carried using the Chung method [37] and 
the Eva software of the Bruker company. 

This analysis allows us to obtain the main crystalline phases of the 
gypsum which are detailed in Fig. 2 and Table 1. From this data it was 
possible to highlight the presence of anhydrite and basanite, suggesting 
that the gypsum evaluated is of great purity. This conclusion is in line 
with the work carried out by Escavy et al. [36]. The large presence of 
anhydrite evidences the high-temperature used during the baking pro-
cess. On the other hand, the presence of gypsum suggests an irregular 
baking due to the use of a traditional kiln. 

3.1.3. Manufacture of specimens 
A total of thirty laboratory specimens were prepared, measuring 

160x40x40mm as required by the standard UNE-EN 13279-2: 2014 
[38]. These specimens were manufactured using a water/gypsum ratio 
of 1/1. This proportion was established in accordance with the previous 
standard through the use of the flow table method (Fig. 3a). Then, the 
specimens were cured in the laboratory for 42 days under controlled 
temperature conditions (23 ± 2 ◦C) and air humidity (50 ± 5%) in 
metallic molds (Fig. 1b). 

3.2. The mechanical properties of gypsum by means of 2D digital image 
correlation 

3.2.1. Data acquisition prototype and surface preparation 
The compressive strength of the gypsum specimens was determined 

following the guidelines of the UNE-EN 13279–2:2014 standard [38]. 
Initially, a 3-point bending test was carried out on a prismatic specimen 
of a section 40x40 mm and length 160 mm. To this end the specimens 
were placed on two metallic rollers separated 10 cm between them. The 
load was applied by a third roller placed at the center of the specimen 
until it broke (Fig. 4a). 

All mechanical tests were carried out using a Maier hydraulic 
compression and tensile press. This equipment has a special device for 
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standardized specimens of 40x40x160 mm and a load cell to control the 
load applied during the test (Fig. 4b). The press has a maximum 
compression capacity of 200kN. The strain was measured by an LVDT- 

type inductive displacement sensor, with a measuring range of 20 mm 
and a resolution of 0.01 mm. 

The displacements and strains on the specimens were captured using 
the DIC approach. More specifically we have used the 2D-DIC approach 
(Fig. 5). This method allows the in-plane displacements and strains of a 
surface to be captured using a single camera. The acquisition of these 
images was carried out using a low-cost 2D-DIC prototype. This proto-
type was made up of the following components (Fig. 4b): i) a high- 
resolution Canon EOS 700D DLRS camera equipped with a 60 mm 
prime macro-lens; ii) a programmable logic controller (PLC) and; iii) two 
neutral LED lights with a light power of 200 W. The camera used has a 
CMOS ASP-C sensor with a total resolution of 18.5 MPx and a pixel size 

Fig. 1. Bajo Aragon gypsum: a) location of the kiln and quarry used in this work and; b) appearance of the kiln during the baking stage.  

Fig. 2. X-ray diffractogram obtained in the sample 1. In the graph it is possible to observe the diffraction lines of the anhydrite, gypsum and bassanite.  

Table 1 
Results obtained from the X-ray diffractogram carried out 
on the sample 1 by using the semiquatitative analysis.  

Mineralogical phase % 

Anhydrite (CaSO4)  72.2 
Bassanite (CaSO4⋅0.5H2O)  25.1 
Gypsum (CaSO4⋅2H2O)  2.7  
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of 4.3 μm. 
The synchronization of the camera with the machine was carried out 

using a QUANTUM data acquisition platform, allowing the images 
captured to be associated with the load applied by the machine in each 
camera shot (Fig. 4c and d). 

Pan et al. [28] state that the success of the digital image correlation 
approach is highly dependent on the grey level variation of the specimen 
surface. In our case the natural texture of the gypsum specimens was 
considered unacceptable. In accordance with this, an artificial Speckle 
pattern was applied by means of the transfer technique [39]. This pro-
cedure consists of printing a random grid of black spots that are applied 
on the surface of interest. This random grid was made using the 

procedure suggested by Garcia-Martín et al. [40]. Prior to the applica-
tion of the Speckle pattern, the gypsum surface was prepared by 
applying a white elastic primer. This primer ensures the maximum 
contrast in the images as well as a good adherence between the pattern 
and the surface of the gypsum. 

The quality of the Speckle pattern was measured using the Mean 
Intensity Gradient index (MIG). This index analyses the variability of the 
shades of grey in the pattern (Eq. (1)) [41], their being inversely pro-
portional to the mean bias error and the standard deviation of the 
measured displacements. 

Fig. 3. Specimen manufacturing: a) normal consistency test; and b) gypsum introduced at the molds.  

Fig. 4. Images captured during the experiment: a) bending test; b) camera platform and lighting units during the compression tests; c) PLC and QUANTUM con-
nections used; and d) single-line connection diagram. 
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MIG =
∑W

i = 1

∑H

j = 1
|∇f (xi,j)|/(W × H) (1)  

where W and H are the image width and height in pixels; ∇f(xi,j) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

fx(xij)
2
+ fy(xij)

2
√

is the modulus of the local intensity gradient; fx
(
xij
)

and fy
(
xij
)

are the × and y directional intensity derivate at pixel (i,j). It is 
worth mentioning that the directional derivates are calculated using the 
central difference algorithm. 

3.2.2. Processing stage 
Once the images have been acquired, a DIC approach was applied 

with the aim of evaluating the displacements as well as the strains 
throughout the surfaces of the specimen. The workflow followed during 
this stage can be observed in the next figure. 

Prior to the DIC processing, the images acquired by the system were 
calibrated. This stage allowed us to minimize/eliminate the geometrical 
distortion of the images. To this end, a flat checkboard calibration target 
was used. Different images were acquired by varying the position and 
orientation of the checkboard. Then, the corners of each square were 
extracted and introduced into a bundle adjustment that minimizes the 
re-projection error of these control points by considering different 
distortion parameters (Eq. (2)). 

[xdyd] =
(
1+ a1r2 + a2r4 + a3r6)∙[xy] +

[
2p0xy+ p2

(
r2 + 2x2)p0

(
r2

+ 2y2)+ 2p1xy
]

(2)  

where r2 = x2 +y2 and represents the radial distance, r, computed from 
the coordinates of the images (x,y); (xd, yd) are the image coordinates 
corrected from lens distortion; a1, a2, a3 are the radial distortion pa-
rameters; and p0, p1 are the decentering distortion parameters. 

The 2D-DIC method requires the acquisition of a reference image 
(underformed state) as well as the acquisition of a set of images during 
the test (deformed states). Then, the DIC approach creates a regular grid 
within the Region of Interest (RoI). The intersection between the grid’s 
lines are the points, also known as the subset’s centers, on which the DIC 
approach evaluates the displacements. The success of this tracking stage 
is based on the use of a cross-correlation matching between the subset 
center P at the image i and the center P’ at the image i + 1. This stage is 
carried out using a reference subset of (2 M + 1) × (2 M + 1) pixels. The 
center of this windows is placed at point P (Fig. 6). Thanks to this it is 
possible to obtain a wide variation of shades of grey, avoiding a false 
matching between stages [28]. The matching of these subsets was car-
ried out by using the Zero mean Normalized Cross-Correlation (ZNCC) 
coefficient [28]. In contrast to other correlation coefficients such as the 
Cross-Correlation or the Normalized sum of squared differences, this 
index is insensitive to the offset and linear scale in illumination lighting, 
offering the most robust noise-proof performance (Eq. (3)). 

CZNCC =

∑
figi

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

f 2
i
∑

g2
i

√ (3)  

where f = 1
n
∑n

i=1fi, g = 1
n
∑n

i=1gi, fi = fi − f , gi = gi − g with fi, gi repre-
senting the intensity value of the ith pixel point within reference subset 
and deformed subset, respectively. 

The matching procedure is finished when a peak in the ZNCC coef-
ficient is found. Then, the difference between the position of P (reference 
subset’s center) and P’ (target subset’s center) is computed, allowing the 
displacement vector of this point to be obtained. 

The use of this correlation coefficient allows us to obtain the 
displacement experienced by each subset with pixel accuracy. In order 
to improve this accuracy, i.e. to obtain sub-pixel accuracy, a non-linear 
optimization stage was carried out. This stage was made up of two steps: 
i) a grey pixel interpolation and; ii) a non-linear optimization. The 
optimization of the shades of grey was carried out using a B-spline 
interpolation scheme to pass from discrete values (0–255) to a contin-
uous space [42]. More specifically a B-Quintic B-spline interpolation 
scheme was used. This scheme has the best ratio accuracy/convergence 
rate [43,44]. Then, the Inverse Compositional Gauss-Newton method 
(IC-GN) was applied to obtain the displacement of the subset’s center at 
each stage. This algorithm used a cost function that attempts to mini-
mize the difference in shades of grey between i and the i + 1 subsets by 
deforming the reference subsets in accordance with a total of five de-
grees of freedom (Fig. 6b). The order of evaluation of the subset’s dis-
placements was carried out by using the Reliability-Guided Digital 

Fig. 5. Graphical workflow of the 2D-DIC method used in this work.  
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Image Correlation (RG-DIC) method [45]. This approach starts from an 
initial seed point and computes the displacements in accordance with 
the most reliable direction (points with highest cross-correlation coef-
ficient). The use of this processing approach avoids the error propaga-
tion that could be obtained by applying a standard DIC approach [45]. 
The aforementioned procedure was reproduced in all the images 
captured during each compression test. The aforementioned method 
allows us to obtain the displacement suffered by the subset’s point with 
sub-pixel accuracy. In order to obtain a full-field of displacements along 
the RoI, the DIC approach uses the concept of shape function. This 
function allows a random point Q (x(i), y(i)) to be related within the 
limits of the subset with respect to its correspondence Q’ (x(i+1), y(i+1)). 
For the present study case a linear-order shape function was used. This 
function assumes that the position of the point Q’ could be obtained by a 
translation, rotation, shear, normal strains as well as their combinations 
[45] (Eq. (4)–(7)). 

ξ(xa, yb) = u+ uxΔx+ uyΔy (4)  

η(xa, yb) = v+ vxΔx+ vyΔy (5)  

x’
i = xi + ξ(xa, yb) (6)  

y’
i = yi + η(xa, yb) (7)  

where ξ and η represents the shape function of the subset.Δx = xi+1 − xi 
Δy = yi+1 − yi, u and v are the displacements suffered by the center of the 
subset and ux, uy, vx, vy are the first-order gradients. The coefficients a 
and b represent the different position of the subset (-M:M). 

Complementary to the full-field of displacements, the DIC method 
allows a full-field of strains to be obtained by computing, in our case, the 
Green-Lagrangian strain tensor (Eq. (9)–(10)). This tensor is calculated 
using the gradients obtained during the optimization stage carried out 
with the IG-GN algorithm. 

exx =
1
2

(

2
du
dx

+

(
du
dx

)
2 +

(
dv
dx

)
2

)

(8)  

exy =
1
2

(
du
dy

+
dv
dx

+
du
dx

du
dy

+
dv
dx

dv
dy

)

(9)  

eyy =
1
2

(

2
dv
dy

+

(
du
dy

)
2 +

(
dv
dy

)
2

)

(10)  

4. Experimental results 

4.1. Test setup 

A total of thirty compression tests were carried out following the 
procedure defined in Section 3.2.1. Prior to the tests, a preparation stage 
was carried out. This stage was made up of the following steps: i) defi-
nition of the ground sample distance (GSD) the aperture of the lens; ii) 
the application of the Speckle pattern on each gypsum specimen; and iii) 
the inner calibration of the camera. 

The distance of the camera to the specimen was about 1.00 m, 
obtaining a GSD of 0.060 mm/pix and a depth of field of 0.04 m cor-
responding to an aperture of the lens equal to F/8.0. This value provides 
the best compromise between sharpness and depth of field. The esti-
mated GSD was used to create a Speckle pattern in accordance with the 
disposition shown in Section 3.2.1. Each black spot in the pattern was 
printed with a diameter of 0.270 mm. The steps between spots was 
0.360 mm totaling a covering factor of 45% (Fig. 7a). This value is in line 
with the suggestions made by Lecompte et al. [46] comprising between 
40 and 70%. Then the pattern was printed and applied on the surface of 
the specimen which was previously painted with a white elastic primer. 
Finally, the quality of the Speckle pattern was measured through the 
MIG index, obtaining and average value of 51. This value was consid-
ered acceptable in accordance with the suggestions made by Pan et al. 
[41]. It is worth mentioning that this Speckle pattern was also applied on 

Fig. 6. Tracking method used during the DIC computation: a) graphical representation and; b) degrees of freedom considered.  
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the steel plates of the compression press in order to evaluate a possible 
edge effect (Fig. 7a). 

For the correction of the image’s distortion we used the calibration 
approach defined in Section 3.2.1, acquiring a total of 20 images with 
the calibration pattern placed at different positions (Fig. 7b and c). 
Table 2 shows the inner parameters obtained. 

4.2. DIC computation 

The images for the DIC analysis were acquired every 2.5 s (in-
crements of 0.05 kN per second), capturing the first image (the reference 

one) before the loading process. The proper synchronization between 
the camera shots and the force applied by the press was possible thanks 
to the use of the PLC-QUANTUM unit showed in Section 3.2.1. The 
images were revealed passing from the RAW format capture by the 
camera to a TIFF format for the DIC processing. 

The displacements and strains suffered by each test specimen was 
computed using the DIC approach defined in Section 3.2.2. To this end 
the open-source Ncorr software was used [47]. Firstly, the RoI was 
defined involving the specimen as well as the steel plates in order to 
evaluate a possible edge effect. Then, the subset size was established at 
20 × 20 pixels. This size ensures that at least 4–5 spots are included in 
each subset [48]. The step between subsets was about 7 pixels, providing 
an overlap between consecutive windows of about 66% which could be 
considered good [49]. This value is in line with the suggestions made by 
Sutton et al. [46]. Finally, a seed point was defined to start the tracking 
stage using the RG-DIC method. During this stage the ZNCC between the 
initial seed (on the reference image) and the tracked one along the 
different shots were evaluated, totaling an average value of 0.007 which 
denotes a high-quality image acquisition [50]. This setup within the 
consideration of the linear shape function and the Green-Lagragian 
tensor allow us to obtain a full field of displacements and strains on 
the entire gypsum surface (Fig. 8 and Fig. 9). 

As observed in Fig. 8 and Fig. 9, the displacements of the steel plates 
are larger than the displacements experienced by the gypsum specimen. 

Fig. 7. Test-setup: a) detail of the Speckle pattern applied on the gypsum surface; b) and c) images acquired during the calibration stage of the camera.  

Table 2 
Inner calibration results. The symbol * express all those parameters measured in 
pixels.  

Parameter Initial Refined 

Focal length (*) fu 2.03 1.5206 × 104 

fv 2.54 1.5206 × 104 

Principal point (*) u 7.2084 × 102 2.5489 × 103 

v 1.3378 × 103 1.9243 × 103 

Radial distortion coefficients a1 0 − 9.2145 × 10-2 

a2 0 2.1467 × 10-1 

a3 0 9.8746 × 10-2 

Tangential distortion coefficients p0 0 − 2.8394 × 10-3 

p1 0 1.4432 × 10-2  
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This phenomenon, also known as the edge effect, is a crushing effect that 
occurs in the vicinity of the test specimens due to the crushing by direct 
contact with the load of the plates, occurring in different types of ma-
terial such as concrete or wood. Thus, the elastic properties of the 
gypsum samples need to be measured by internal extensometers instead 
of the machine’s extensometer. Taking this into account the use of the 
virtual extensometer concept is required. This tool allows the relative 
displacement between two points to be evaluated and thus the possi-
bility of extracting those strains required for obtaining Young’s modulus 
and Poisson’s ratio of the samples (Fig. 10). 

According to this, two different groups of virtual extensometers were 
used. The first group involves the creation of a unique virtual exten-
someter at the middle of the steel plate with the aim of evaluating the 
discrepancies between the DIC approach and the relative displacements 
captured by the compression press. The second group of extensometers 
were used to evaluate Young’s modulus and Poisson’s ratio of the test 
samples. More details on this second group of extensometers will be 

found in the following Section. 
The first group of extensometers allows us to corroborate the accu-

racy of the DIC method obtaining an average discrepancy of 0.0082 mm 
(0.16 pixels) between the relative displacement in each step (Fig. 8). 
These values correspond with a root-mean-squared error (RMSE) of 
0.008%. These values are similar to those obtained in another experi-
mental campaign carried out with similar equipment [40], corrobo-
rating the viability of the method. 

4.3. Determination of the elastic properties 

The second group of virtual extensometers were used with the aim of 
avoiding the edge effect in the determination of the gypsum elastic 
properties (i.e. Young’s modulus and Poisson’s ratio). According to this, 
a total of ten virtual extensometers have been placed in the vertical and 
horizontal direction of each sample (Fig. 11). This disposition allows us 
to obtain the average Young’s modulus and Poisson’s ratio of the 

Fig. 8. Comparison between the relative displacement (in millimeters obtained by the compression press and the DIC method by using the first group of virtual 
extensometers on the test sample 6 at the peak load moment. 

Fig. 9. Detail of the full-field of displacement and strain obtained in the test sample 6: a) displacements along the vertical axis (Y) in millimeters; b) displacements 
along the vertical axis (X) in millimeters c) strains along Y; d) strains along X. The values correspond with the moment at which the machine applies the peak load. 
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Fig. 10. Virtual extensometers used during the DIC tests. P1 and P2 are two subset centers at the stage (i). P1′ and P2′ are the homologous centers of the subset at the 
stage (i + 1). The strain between the stage i and i + 1 could be obtained as ε(mm

mm) = b− a
30 . 

Fig. 11. Detail of the full-field of displacement and strain obtained in the test sample 6: a) displacements along the vertical axis (Y); b) strains along Y; c) strains 
along X. The values correspond with the moment on which the machine applies the peak load. 
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samples. 
The average Young’s modulus of each sample was obtained using the 

data captured by the virtual extensometers placed in the vertical di-
rection. On the other hand, Poisson’s ratio was obtained by averaging 
the longitudinal strains and transversal strains in the elastic range 
(Fig. 11). The mean Young’s modulus from the thirty samples evaluated 
was 2989 MPa with a maximum and minimum value of 4,282 MPa and 
2,211 MPa respectively. As regards Poisson’s ratio, an average value of 
0.24 was found, with a maximum of 0.32 and a minimum of 0.19. As 
regards the compressive strength, its values were extracted from the 
data captured by the press, obtaining an average value of 4.01 MPa with 
a maximum of 4.53 MPa and a minimum value of 3.57 MPa. The his-
tograms of these variables are shown in Fig. 12. 

Additionally, a Pearson correlation was carried out between all of the 
variables, in this case a large correlation was found between Young’s 
modulus and compressive strength of 0.79 with a positive strength of 
association. On the other hand, Young’s modulus and Poisson’s ratio 
shows a medium correlation of 0.40 with a negative strength of asso-
ciation. In all of the cases the p-values are greater than 0.05. 

In addition, a regression analysis was performed to find an expres-
sion relating Young’s modulus (obtained by digital image correlation) to 
the compressive strength (obtained by mechanical testing). Both pa-
rameters expressed in MPa can be related by equation (11). The deter-
mination coefficient r2 is equal to 0.68, indicating a moderately strong 
relationship between the variables, with a mean absolute error, or 
average value of the residuals, of 185.10. 

Young’s modulus = − 3634.03+ 1640.48∙Compressive strength (11) 

Finally, the probability Distribution function of each variable was 
calculated in order to evaluate its quartiles and percentiles. To this end, 

the Shapiro-Wilk test [51] was applied on the different populations. This 
test is suitable for populations of less than 50 values and allows de-
partures from normality [52]. In all cases the population could be 
assumed as normal. 

Table 3 shows the quartiles and percentiles of each variable. In 
accordance with these results, we can conclude that 50% of this material 
will show a compressive strength, Young’s modulus and Poisson’s ratio 
greater than 4.00 MPa, 2963.20 MPa and 0.24 respectively. 25% of this 
material will show a compressive strength, Young’s modulus and Pois-
son’s ratio greater than 3.85 MPa, 2588.12 MPa and 0.22 respectively. 
The histograms of these variables are shown in Fig. 12. 

5. Summary and conclusions 

In this paper we have evaluated the elastic properties of a high-fired 
gypsum variant namely Bajo Aragon. This variant was extracted and 
manufactured in the locality of Albalate del Arzobispo (Teruel, Spain). 

Fig. 12. Histograms of the mechanical variables extracted: a) compressive strength; b) Young’s modulus and; c) Poisson’s ratio.  

Table 3 
Quartile and Percentile of the different variables.   

Compressive strength 
(MPa) 

Young’s modulus 
(MPa) 

Poisson’s ratio 
(-) 

Quartile 
1  

3.85  2588.12  0.22 

Quartile 
2  

4.01  2989.15  0.24 

Quartile 
3  

4.18  3343.81  0.26 

IQR  0.33  755.70  0.04 
IPR90%  4.35  3793.53  0.30  
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During this experimental campaign we have observed the presence of an 
edge effect, invalidating the data provided by the extensometers placed 
in the compression machine. In accordance with this, we have decided to 
use a low-cost 2D digital image correlation approach. This strategy 
allowed us to obtain a full-field of strains, showing an RMSE of 0.008% 
in comparison with the ground truth (physical extensometer). The great 
accuracy of the data, as well as the possibility of having a full field of 
strains allowed us to evaluate the accuracy of this material, showing an 
average compressive strength, Young’s modulus and Poisson’s ratio of 
4.01 MPa, 2989 MPa and 0.24 respectively. It is worth mentioning that 
Young’s modulus and the compressive strength shows a positive corre-
lation of 0.79 (Pearson coefficient) making it possible to obtain a 
regression equation with a r2 coefficient of 0.68. 

High-fired gypsum is a suitable material for the renovation of 
architectural heritage. It is used to render ancient masonry walls and as 
continuous flooring over wooden floors. Surfacing materials must have a 
rigidity, Young’s modulus, lower than the support material to avoid the 
appearance of cracks. The walls and floors of historic buildings, built 
with low rigidity materials suffer extensive movement so it is necessary 
to limit the Modulus of Elasticity of the surfacing materials to avoid the 
appearance of cracks. According to this, we can conclude that the Bajo 
Aragon gypsum material is a suitable material for the renovation of 
masonry walls and timber slabs. Apart from this, the possibility of 
characterizing not only the Young’s Modulus of the material but also 
Poisson’s ratio allowed us to characterize a complex variable: the shear 
Modulus (G). This variable is really relevant for evaluating the move-
ment compatibility between the surfacing material (such as this gyp-
sum) and its support on the presence of shear forces. 

In accordance with the results obtained during this experimental 
campaign we can conclude that this material is suitable for restoration 
purposes. So, future works will focus on including this approach in a 
larger experimental campaign which include the evaluation of other 
variables such as the resistance to frost, the hardness or slipperiness 
among others.” 

Ethical statement 

This material has not been published in whole or part elsewhere. 
The manuscript is not currently being considered for publication in 

another journal. 
All authors have been personally and actively involved in substantive 

work leading to the manuscript. 

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 

The authors thank to the company Millan Plasol for providing the 
gypsum using during this work. 

Funding body 

This work was financed by project Millan Plasol SL-Estudio elabo-
ración yeso traditional Bajo Aragón, REF UPM-43824812078. 

References 

[1] N. Lushnikova, L. Dvorkin, Sustainability of gypsum products as a construction 
material, in: K. Jamal (Ed.), Sustainability of Construction Materials, Woodhead 
Publishing, Cambridge, 2016, pp. 643–681. 

[2] J. Ducasse-Lapeyrusse, V. Vergès-Belmin, Traditional gypsum renders in the Paris 
area: focus on a particular typology, Mater. Struct. 54 (2021) 1–15, https://doi. 
org/10.1617/s11527-021-01697-8. 

[3] J. Karni, E. Karni, Gypsum in construction: origin and properties, Mater. Struct. 28 
(2) (1995) 92–100, https://doi.org/10.1007/BF02473176. 

[4] Livingston R, Wolde-Tinsae A, Chaturbahai A (1991) The use of gypsum mortar in 
historic buildings. In: Escrig F (ed) Structural repair and maintenance of historical 
buildings II. Vol. 1: general studies, materials and analysis., pp 157-165. 

[5] M.T. Freire, A. Santos Silva, M.d.R. Veiga, J.d. Brito, Studies in ancient gypsum 
based plasters towards their repair: Mineralogy and microstructure, Constr. Build. 
Mater. 196 (2019) 512–529, https://doi.org/10.1016/j.conbuildmat.2018.11.037. 

[6] D.S. Arauz Análisis del yeso empleado en revestimientos exteriores mediante 
técnicas geológicas 2009 Universidad Politécnica de Madrid Dissertation. 
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