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A B S T R A C T   

Although the compressive strength is the most commonly used property to characterize mortars, 
it has limited representativeness in real-world applications. The deformation properties of mor-
tars, specifically the elastic modulus, are responsible for masonry behavior. However, there is 
currently no standard method for determining the elastic modulus of mortars and no consensus on 
the best approach. Therefore, the aim of this paper is to obtain both static and dynamic moduli of 
a one-coat rendering mortar following the standards for calculating them on concrete specimens 
and verify their validity. The static modulus was determined under compression by adapting the 
standard for concrete specimens (EN-1352) to mortars using two gauges, and under the flexural 
tensile test following the standard EN-1015–11. The dynamic modulus was calculated by 
measuring the fundamental resonant frequencies of longitudinal and transverse vibration modes, 
adapting the American standard for concrete (ASTM C215) for mortar. The tests were performed 
on both standardized and non-standardized prismatic specimens, as well as in situ samples at 
various ages. The results indicated that dynamic modulus obtained from the longitudinal vibra-
tion mode was higher than that from the transverse mode, but differences were smaller using a 
uniaxial accelerometer than with a triaxial accelerometer. The dynamic modulus exhibited a 
slightly higher value and lower dispersion than the static modulus. Both moduli decreased with 
time and were easily correlated through linear regressions. Additionally, both moduli were 
correlated with flexural and compressive strength values. In situ samples had lower elastic 
moduli, but the compaction procedure in real works differs from laboratory tests. In summary, it 
was demonstrated that the procedures for calculating dynamic and static elastic moduli in con-
crete can be applied to mortar samples, and their effectiveness was confirmed.   

1. Introduction 

Mortar is a crucial element in masonry, which is a composite anisotropic material. Mortars can distribute stress uniformly, smooth 
block irregularities, and accommodate deformations associated with thermal expansions and shrinkage. The compressive strength, 
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traditionally measured on cubic or cylindrical samples, has been considered the primary property of mortars. However, the 
compressive strength has low representativeness in real-world applications because mortar behaves differently when confined in 
masonry works compared to standard specimens [1]. Moreover, it has been observed that an increase in mortar compressive strength 
has a limited effect on the increase of masonry compressive strength [2–4]. On the contrary, mortars are known to play a key role in the 
deformation properties of masonry composites, responsible for the non-linear behavior of masonry [5–9]. When applied to joints, they 
affect the behavior of the masonry or brickworks [10]. Rendering mortars, on the other hand, must be compatible with the substrate to 
which they are applied (such as flat ceramic, brick, or concrete surfaces), since their performance depends on the ability to adapt to the 
substrate without cracking [11]. The mechanical behavior of mortar depends on its response (deformation) to applied loads, which can 
cause cracks if the rigidity is excessive. Therefore, it is important to standardize the mortars based on their deformation properties, 
particularly the elastic modulus, to ensure optimal performance. The elastic modulus, also known as the Young modulus, E, is defined 
as the ratio of stress to strain within the linear elastic range under varying tensional states. 

Currently, there is a push to develop more efficient employment and management of limited natural resources. As a result, the 
construction and building sector is aiming to develop more sustainable construction materials [12–14]. Cementitious materials are a 
particularly important topic due to their significant carbon footprint. The main trends in producing these materials involve reducing 
energy consumption and incorporating recycled waste elements [15–18]. In the field of mortars, it is common to follow both trends 
[19–24]. Therefore, in addition to traditional mortar characterization, it is essential to calculate elastic properties, such as static and 
dynamic elastic modulus. 

Nevertheless, there are few references in the literature regarding the determination of elastic moduli in mortars [7,8,25–28], 
particularly with in situ samples [29]. Additionally, the best method for determining elastic modulus [30] remains unclear, leading to 
inconsistent characterization results when comparing data from different studies. Typically, research on elastic moduli focuses on 
concrete [31–34]. Marques et al. [35] proposed an adapted methodology based on the standard procedure used for concrete samples 
(ISO 6784) [36], which was modified to suit the characteristics of mortar samples. Additionally, the elastic properties of mortar cannot 
be measured without damaging it once it has been placed in real works. Generally, static tests are conducted in a laboratory or values 
are estimated from strength values from cylindrical specimens by applying equations based on experimental data, which can lead to 
significant errors [37]. Another possibility is to apply reduced stress in dynamic load conditions (non-destructive test) to obtain the 
purely elastic effects of the material. The technique yields the static elastic modulus, Es, which corresponds to the initial tangential 
modulus of the stress-strain curve. 

Besides, during the first half of the 20th century, differential equations were proposed based on elasticity theory to approximate the 
solution for determining the elastic constants of samples with rectangular or cylindrical shapes vibrating with free edges [38]. These 
equations are applicable to isotropic and homogeneous media with specific shapes and boundary conditions. The equations were 
successfully employed for determining the dynamic elastic modulus using various test procedures. Among them, the excitement of the 
material sample by applying an impulse excitation of vibration has gained significant attention and has become the most widely used 
[39]. This procedure is similar to other standards and there are more references in the literature that employ this technique [6,7,25,33, 
37,40–43]. The elastic modulus calculated under dynamic conditions is known as the dynamic elastic modulus, Ed, defined as the ratio 
of stress to strain under vibratory conditions. 

Furthermore, there is a noticeable gap in the bibliography regarding the correlation between the static and dynamic elastic 
modulus of mortars and other material properties. Therefore, research findings conducted with concrete samples are being applied to 
studies with mortars. For instance, some studies have correlated the compressive strength with ultrasonic wave propagation velocity 
for various concrete compositions [44,45]. In their analysis, Han and Kim [46] examined the influence of different factors on the 
relationship between static and dynamic elastic modulus, as well as between dynamic modulus and compressive strength in concrete. 
They found that for mortars, the dynamic moduli were slightly higher than the static modulus, and a correlation could be established 
for each type of specimen [47]. However, there has been little attention given to the correlation between static and dynamic elastic 
moduli for any type of mortar, and there are relatively few articles available on the subject in the literature. 

Consequently, since there is no standard for determining the elastic modulus of mortars [30,35,42], this paper aims to obtain both 
static and dynamic moduli of a one-coat rendering mortar following the standards for calculating static and dynamic moduli of 
concrete samples [39,48]. Therefore, this methodology is proposed as a valid standard for determining the static and dynamic elastic 
moduli for mortar specimens. The article presents correlations between the static and dynamic modulus, which could assist practi-
tioners in estimating the static modulus from the more readily available dynamic modulus. It also examines the correlations between 
both moduli and other mechanical properties, the evolution of the moduli over time, and the influence of thickness on the moduli. 

2. Material and experimental program 

2.1. Material 

For this study, a commercially available one-coat rendering mortar was selected. These types of rendering mortars are currently 
produced and sold in 20–30 kg bags of dry product for use in construction and building. The cement used can be either gray or white 
Portland cement, and the aggregates consist of a mixture of rounded siliceous and crushed limestone particles with a size less than 2 
mm. In addition, mineral additives, such as water retainers, light aggregates, waterproof agents, cellulose fibers, air-entrainment 
additives, color pigments, and polymeric micro-fibers, are commonly included in cements and other substances to enhance their 
performance [49,50]. The product only needs water to be added, and it is available in various colors. 

The mortar selected for this project contains white Portland cement BL I/A-L 42.5 R, which is categorized according to the 
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European standard EN 998 [51] for masonry mortars. Specifically, EN-998–1 [52], the chapter on rendering mortars, uses three 
properties to categorize them: compressive strength, capillary absorption of water, and thermal conductivity. These properties are 
shown in Table 1. Other standards, such as BS 5628 [53], are also in use. According to the commercial product specifications, the 
mortar used in this study is classified as CS III W2 T2, which can be employed in rainy and cold conditions, for coating thicknesses 
between 15 and 20 mm. Additional characteristics of the mortar are presented in Table 2, and Table 3 shows the mortar mixtures as 
provided by the manufacturer. Additionally, a particle analysis of the mortar was performed, revealing a composition consistent with 
that of a cement-based material (Table 4). 

2.2. Specimen preparation 

The specimens were prepared according to the mixing procedure indicated in standard EN 196–1 [54], using a water proportion of 
24%, as recommended by the mortar producer. After mixing enough mortar, it was placed in standardized molds with dimensions of 
40 × 40 × 160 mm (thickness × width × length) [55]. 

To characterize the mortar, we conducted three series of specimens on different days, each with three mixing processes. Addi-
tionally, we conducted two more series to determine the dynamic elastic modulus using non-standardized dimensions of 15 × 40 ×
160 mm and 20 × 40 × 160 mm. These samples were manufactured to be compared with the in situ samples. In total, 25 molds were 
filled on different days. The specimens were identified by two letters (MP) and two numbers ranging from 01 to 34. The letters A, B, or 
C were used to distinguish the specimens from each mold. In total, 75 specimens were produced, including 45 with standardized RILEM 
dimensions (40 × 40 × 160 mm), 15 with dimensions of 20 × 40 × 160 mm, and 15 with dimensions of 15 × 40 × 160 mm. 

Finally, six specimens were extracted from a building where the same mortar was used and mixed under the same conditions. Three 
specimens, numbered 1 to 3, were obtained from each sample labeled E and F. 

2.3. Experimental program 

2.3.1. Flexural and compressive strength 
The flexural tensile strength (fm,t), or flexural strength as indicated in the standard, was obtained at 28 days using the prismatic 40 

× 40 × 160 mm samples following the standard EN 1015–11, 1999 [55]. Additionally, the compressive strength (fm,c) of hardened 
mortar at 28 days was also determined according to standard EN-1015–11, 1999 [55]. Compressive strength is commonly used to 
identify and prescribe mortar due to its importance and ease of measurement. Other characteristics can be deduced from this value. 
Samples for the compressive test were taken from the two halves of the prismatic sample resulting from the flexural test described 
earlier. 

2.3.2. Adaptation of standardized tests to mortars 
For a rendering mortar like the one analyzed in this study, it is crucial to obtain in situ values of the mechanical characteristics. This 

is because the thickness and curing time of the mortars differ from the dimensions and ages indicated in the reference standards for 
mortars, EN 1015 [55]. Additionally, non-destructive tests are necessary to determine the evolution of the elastic properties over time 
in the same specimen. 

With this aim, the following procedure was included in the planning:  

1. The static elastic modulus under compression was determined by adapting the standard for concrete specimens (EN-1352) [48] to 
mortars. To measure the deformations, two strain gauges were used in each sample, which were connected to an amplification and 
data acquisition module (HBM QuantumX 1615B) (Fig. 1a). Moreover, the static elastic modulus was calculated under flexural 
tensile test, as described in EN-1015-11 [55], using strain gauges as well (Fig. 1b). In the flexural test, samples were loaded until 
rupture.  

2. The dynamic elastic properties were determined by analyzing the fundamental resonant frequencies following the test scheme 
proposed in the American standard for concrete [39].  

3. The static bending (flexural) test described in Section 2.3.1 can be used to determine the (flexural) tensile static modulus and, in 
some cases, the compressive static modulus. During the test, the samples were equipped with two identical strain gauges on the 
upper face (under compression strain) and lower face (under tension) to measure deformation. By reading the values of these 
gauges and the applied loads, the strain-load curve of the material can be determined. The elastic modulus was determined by 
calculating the slope of the regression curve in the linear zone of the plot. 

Table 1 
Classification of the properties of the hardened mortar according to EN 998–1 [52].  

Properties Category Values Properties Category Values 

Compressive strength after 28 days CS I 0.4 – 2.5 N/mm2 Capillary absorption of water W 0 Not specified 
CS II 1.5 – 5.0 N/mm2 W 1 C ≤ 0.40 kg/m2 min0.5 

CS III 3.5 – 7.5 N/mm2 W 2 C ≤ 0.40 kg/m2 min0.5 

CS IV ≥ 6.0 N/mm2 Thermal conductivity T 1 ≤ 0.1 W/m⋅K   
T2 ≤ 0.2 W/m⋅K  
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It should be noted that the first two points use non-destructive tests, except for the flexural test. Therefore, specimens can be 
employed for additional tests over time or for destructive tests. The results of both dynamic and static elasticity moduli are obtained 
under simplified hypotheses. The equations used to calculate the Young modulus are valid for isotropic and homogeneous media, 
which is not entirely true in the case of mortars. 

As previously mentioned, the elastic modulus is calculated using standardized specimens with dimensions of 40 × 40 × 160 mm. 
In addition, specimens with the same length and width as the standardized ones, but with varying thicknesses (15 and 20 mm), were 
used to observe the influence of thickness on the results and to compare them with the values from in situ samples (Fig. 1c). The 
samples with the lowest thickness (15 and 20 mm) were not included in the compressive tests to determine the static modulus or the 
compressive tests with rupture, as described in Section 2.3.1. This was due to the small size of the samples and the lack of equations to 
compare them with the normalized tests. Table 5 summarizes all of the manufactured samples, the tests conducted on them, and the 
age at which they were tested. Fig. 1d presents a scheme of the conducted tests and the results (elastic moduli and strengths) that are 
determined in each test. 

2.4. Numerical simulation of the dynamic deformation modulus 

To accurately identify the frequencies associated with each vibration mode, a numerical simulation was performed using a finite 
element method program. This allowed for verification of the behavior of specimens with varying dimensions (40 × 40 × 160 mm, 
20 × 40 × 160 mm, and 15 × 40 × 160 mm) when excited by an impact vibration (pulse). The material was characterized by a 
density of 1550 kg/m3. The adopted values for the elastic modulus and Poisson coefficient were 5500 MPa and 0.20, respectively. 
These values are consistent with laboratory observations and enable the development of an approximate model. 

The model included a mesh of hexahedral 8-noded elements with a maximum length of 2 mm and was parameterized to adapt to 
the proposed dimensions. This allows for the deduction of all vibration models of the prismatic samples in the study, including the 
longitudinal, transversal, and torsional vibration modes and their respective resonant frequencies. 

3. Determination of mortar elastic properties 

3.1. Elastic modulus (Es) 

3.1.1. Determination of the static elastic modulus under compression load 
It was decided to obtain the Es following the standard for determining the static elastic modulus under compression load for 

concrete (EN-1352, 1997) [48] with mortar samples, following other researches [56] because there is no standard about it. Therefore, 

Table 2 
Characteristics of the mortar facilitated by the manufacturer.  

Characteristics Value Characteristics  

Mixing water [%] 24 Compressive strength after 28 days [MPa] 7.5 
Water retention [%] ≥ 90 Bending test strength after 28 days [MPa] 2.0 
Consistency [mm] 148 Shrinkage after 28 days [mm/m] 0.9 
In-fresh density [kg/m3] 1733 Dynamic elastic modulus [MPa] 6500 
Bulk hardened density [kg/m3] 1512    

Table 3 
Components of the mixture in the mortar, facilitated by the manufacturer.  

Material Quantity (% in weight) 

White Portland cement BL I/A-L 42.5 R 21 ± 1 
Siliceous and limestone aggregates 76 ± 1 
Additives 3 ± 0.5  

Table 4 
Element analysis of the mortar.  

Element Percentage in weight (%) 

C  20.32 
Na  0.68 
Al  1.51 
Si  7.60 
K  0.67 
Ca  2.73 
Fe  0.49 
O  65.79  
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it is a non-standardized test and its aim is to obtain a reference value when calculating the dynamic modulus. In this standard, the static 
elastic modulus (Es) is calculated from the difference between the longitudinal strain differences corresponding to a compressive stress 
from the beginning of the test (approximately 5% of the observed compressive strength), σa, to a maximum stress of the test, σb, (which 
is generally about 1/3 of the maximum compressive strength of the material). Thus, the static modulus is calculated according to Eq. 
(1), 

Es =
Δσ
Δε =

σb − σa

εb − εa
(1)  

where Es is the static elastic modulus [MPa]; σb is the maximum test stress after the last load cycle [MPa]; σa is the initial test stress 
before the last load cycle [MPa]; εb is the average strain corresponding to the maximum test stress σb; εa is the average strain corre-
sponding to the initial test stress σa. 

It was preferred to measure the short deformations with strain gauges because they are more sensitive to the small deformation in 
each load step (Fig. 1a). 

3.1.2. Determination of the static elastic modulus from flexural tensile test 
The static modulus was determined by measuring the sample deformation using strain gauges during the flexural test, following the 

procedure in standard EN-1015–11 [55] and other researchers’ work [42]. The test followed the classic three-point flexural test for 
determining flexural strength (Fig. 1b). The only difference is the placement of two strain gauges, which are placed on the tensile face 
and on the compressive face (Fig. 1d). This placement allows for the plotting of strain-deformation graphs for the material, which were 
also used to calculate the mortar’s static elastic modulus (Es). The samples were tested until rupture, as previously mentioned. 

Fig. 1. (a) Compressive test, (b) Flexural test, (c) Extracting in situ samples, (d) Scheme of tests and obtained results (elastic moduli and strengths).  
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3.2. Determination of the dynamic modulus 

Standards exist to determine the dynamic elastic modulus for certain materials, including concrete, natural stone, and refractory 
products, through the application of resonant frequency analysis techniques. Nonetheless, there is currently no specific standard for 
calculating the dynamic elastic modulus of mortars. In fact, there is no standard for calculating the elastic modulus of mortars [42]. 
Therefore, it was decided to follow the American standard for concrete (ASTM C215) [39], adapting it to mortar samples. This pro-
cedure is identical to the FEM simulation, and the results can be compared with those of other researchers in the literature [6,25,33,37, 
40–43,57]. The procedures developed for other materials, such as natural stone [58] or refractory products [59], are similar and yield 
comparable results to the concrete standard [39]. 

Dynamic tests offer an additional advantage as they are non-destructive [60,61]. This means that samples can be used to track the 
evolution of properties over time or for other destructive tests. The procedure allows for the measurement of mortar elasticity without 
damaging the specimen, providing a wide range of data for statistical purposes. This enhances the accuracy and consistency of the 
results. 

The test measures the longitudinal vibration mode (tensile/pure compression), the transverse or bending vibration modes, and 
torsional mode. To achieve this, an instantaneous impulse is applied to the sample using a hammer, and the resulting signal or fre-
quency spectrum is recorded. Using these measures, and taking into account the geometry and density of the specimens, it is possible to 
calculate the dynamic elastic modulus for the longitudinal fundamental vibration mode (Ed,long), for the transverse or bending 
fundamental vibration mode (Ed,trans), the dynamic transverse deformation modulus (G), and the Poisson coefficient (ν). 

In accordance with the standard [39] for determining resonant frequency through impact, the following devices were utilized:  

a) A Brüel &Kjaer 2302-5 (SN) hammer with a rubber handle and steel sphere head, equipped with a load cellule  
b) A signal transducer. The more accurate transducer is a piezoelectric accelerometer with a resonant frequency of, at least, twice the 

maximum frequency of the operation. Two accelerometers were used: 1) a uniaxial accelerometer 4519-003 of 1.5 g of mass, with 
an operation frequency range between 0.5 and 20,000 Hz and a sensitivity of 10 mV/g; and 2) a triaxial 4524B of 100 mV/g and a 
weight of 4.8 g.  

c) A frequency digital analyzer, which was connected to the hammer and the accelerometer. This analyzer consisted on a signal 
amplifier and software that analyzed the response from the transducer and converted it into a frequency spectrum.  

d) Frames, serving an important function by isolating the samples from outside vibrations. If frames are rigid and are placed in the 
nodes, they can define the vibration modes. 

Table 5 
Test planning.  

Sample Dimensions (mm) Age [days] 

Elastic modulus Destructive tests 

Dynamic Static Flexural tensile test Compressive test 

Longitudinal Flexural Compressive Flexural (destr.*) 

MP01 40 × 40 × 160   28 28 28 28 
MP02 40 × 40 × 160    28 28 28 
MP03 40 × 40 × 160 77 329 77 329 329 329 329 329 
MP04 40 × 40 × 160 77 364 77 364 364 364 364 364 
MP05 15 × 40 × 160 364 364  364 364  
MP06 20 × 40 × 160 364 364  364 364  
MP07 40 × 40 × 160    28 28 28 
MP08 40 × 40 × 160    28 28 28 
MP09 40 × 40 × 160 70 147 70 147 147 147 147 147 
MP10 40 × 40 × 160 70 182 70 182 182 182 182 182 
MP13 40 × 40 × 160   28 28 28 28 
MP14 40 × 40 × 160   28 28 28 28 
MP15 40 × 40 × 160 42 91 42 91 91 91 91 91 
MP16 40 × 40 × 160 42 119 42 119 119 119 119 119 
MP19 20 × 40 × 160 28 28  28 28  
MP20 15 × 40 × 160 28 28  28 28  
MP21 20 × 40 × 160 28 56 84 28 56 84  84 84  
MP22 15 × 40 × 160 28 56 84 28 56 84  84 84  
MP23 40 × 40 × 160 28 56 28 56 56 56 56 56 
MP24 40 × 40 × 160 28 56 84 28 56 84 84 84 84 84 
MP27 20 × 40 × 160 28 105 28 105  112 112  
MP28 15 × 40 × 160 28 105 28 105  112 112  
MP29 20 × 40 × 160 28 56 28 56  56 56  
MP30 15 × 40 × 160 28 56 28 56  56 56  
MP32 40 × 40 × 160 28 42 112 28 42 112 112 112 112 112  

* Note: The flexural test for determining the static elastic modulus is a destructive test 
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The device scheme used for conducting the test is shown in Fig. 2, as presented in [39]. Before conducting the tests, a verification of 
the measuring chain was performed. 

3.2.1. Dynamic elastic modulus from the longitudinal vibration mode (Ed,long) 
The dynamic longitudinal elastic modulus was calculated using the fundamental vibration frequency, determined by the resonance 

method by impact, according to section 9.2 of the ASTM-C215 standard [39]. Fig. 3a) shows the load application scheme and the 
accelerometer placement, while Fig. 4a) shows the test procedure. 

The dynamic longitudinal elastic modulus (Ed,long) is calculated by Eq. (2), proposed in ASTM-C215 [39]: 

Ed,long = D ⋅ M ⋅ (n′)2 ⋅ 10− 6 (2)  

Where Ed,long is the dynamic elastic modulus from the longitudinal vibration mode [MPa]; M is the mass of the sample [kg]; n′ is the 
longitudinal frequency [Hz]; D is a coefficient, with a value for prismatic samples of (Eq. 3), 

D =
4 ⋅ L
b ⋅ t

(3)  

where L is the length [m], b is the width [m], and t is the thickness [m] of the sample. After introducing the sample dimensions, it 
results in Eq. (4): 

Ed,long = 4 ⋅
L

b ⋅ t
⋅ M ⋅ (n′)2 ⋅ 10− 6 (4)  

3.2.2. Dynamic elastic modulus from the transverse mode (Ed,trans) 
The frequency of the flexural vibration mode was determined using the same resonance technique by impact, as described in 

section 9.1 of [39]. The device and procedure were similar, with differences only in the sample support, accelerometer placement (if 
using a uniaxial accelerometer), and impact point (Fig. 3b). Once the samples were supported by the frames and could vibrate freely in 
transverse mode, the impact was applied at the central point of one of the lateral sides of the samples, as shown in Fig. 4b. The nodes 
were placed at a distance of 0.224 times the length of the sample (approximately one-fourth of the distance). Section 10.1 of the ASTM 
C215 standard [39] provides Eq. (5) to determine the dynamic modulus from the fundamental transverse resonant frequency, Ed,trans 
[MPa]. 

Ed,trans[MPa] = C ⋅ M ⋅ n2 ⋅ 10− 6 (5)  

Where M is the mass of the specimen [kg], n is the transverse frequency [Hz], and C is a coefficient, which considers the geometry of the 
sample. For the standardized prismatic samples, Eq. (5) is converted to Eq. (6), 

Ed,trans[MPa] = 0.9464 ⋅
L3 ⋅ T
b ⋅ t3 ⋅ M ⋅ n2 ⋅ 10− 6 (6)  

where L is the length, b is the width and t is the thickness of the samples, all expressed in [m]; and T is the correction factor, which 
depends on the relationship between the turning radius (denominated K) and the length of the sample (L), and the Poisson coefficient 
(ν). 

3.2.3. Dynamic elastic modulus from the torsional mode 
The fundamental torsional frequency was determined using the resonance technique described in section 9.3 of [39]. The devices 

used for measuring this frequency were the same as those used for measuring other vibration modes, with the only difference being the 
position of the accelerometer and the impact point (Fig. 3c and Fig. 4c). Eq. (7) in section 10.3 of [39] can be used to calculate the 
dynamic rigidity modulus, Gd, from the fundamental torsional frequency. 

Gd[MPa] = B ⋅ M ⋅ (n′′)2 (7)  

Where M is the sample mass [kg], n’’ is the torsional frequency [Hz] and B is defined by Eq. (8): 

Fig. 2. Devices for the impact based resonance method test.  
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B[m− 1] =
4 ⋅ L ⋅ R

A
(8)  

Where L is the sample length [m], A is the area of the transverse section of the sample [m2], and R is a shape factor, and for a prismatic 
sample whose dimensions are b and t, defined as before, with t > b, is defined by Eq. (9), 

R =
t
b +

b
t

4t
b − 2.52 ⋅

(
t
b

)2
+ 0.21 ⋅

(
t
b

)6 (9) 

For a prismatic sample with a squared section R = 1.183. 

3.2.4. Poisson coefficient 
All parameters required for calculating the elastic modulus can be obtained through direct measurement or dynamic methods. The 

length (L), width (b), and thickness (t) can be directly measured, while the mass can be weighed with precision. The fundamental 
vibration frequencies for each mode can be determined using the vibration method as described. The Poisson coefficient is the only 
characteristic that cannot be directly measured, but there are two methods available to obtain it.  

1) In order to determine the Poisson coefficient for one-coat or rendering mortars, it is recommended to consult scientific literature. If 
a specific value cannot be found, a general value for mortar can be used as the coefficients for these materials are very similar. It is 
important to note that these values are approximations and may result in a small error when determining the dynamic modulus. For 
lime and cement mortars, a value of 0.22 [42] or for masonry mortars, a value of 0.20 [25] can be used. 

2) The Poisson coefficient, which represents the relationship between the lateral and longitudinal deformation for an isotropic ma-
terial, can be calculated using Eq. (10) in section 10.4 of [39]. 

Fig. 3. Scheme of the test procedure for each mode of vibration, (a) longitudinal mode, (b) transverse mode, and (c) torsional mode.  

Fig. 4. Tests conducted at the laboratory, (a), longitudinal mode of vibration, (b) transverse mode of vibration, and (c) torsional mode of vibration.  
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ν =
Ed,long

2⋅G
− 1 (10)  

where Ed,long is the longitudinal dynamic elastic modulus [MPa], and G is the dynamic rigidity modulus [MPa]. 

4. Numerical simulation 

The use of finite element method (FEM) based analysis software proved to be beneficial. The specimen dimensions were repro-
ducible, and the software provided resonant frequency ranges that were easily identifiable during testing. Fig. 5 presents the simulated 
vibration modes for prismatic specimens with dimensions of 40 × 40 × 160 mm. The FEM software was used to create a calculation 
routine that correlates expected frequencies with material elastic properties (Fig. 6). This allowed for quick comparison of the test data. 
A density of 1500 kg/m3 and a Poisson coefficient of 0.20 were adopted. 

For the analyzed data, higher frequencies were obtained for the longitudinal vibration mode within a dynamic modulus range of 
4000 to 8000 MPa. These numerical simulation results confirm the adequacy of Eqs. (2), (5), and (7), which show a parabolic rela-
tionship between the frequencies and the dynamic modulus. It is important to note that the dynamic modulus only depends on the 
square of the resonant frequency as long as the geometrical and material data remain constant. The frequencies for the transverse 
vibration mode range from 2215 to 3131 Hz, while for the longitudinal mode, they range from 5092 to 7202 Hz. It is expected that 
there will be a higher deviation in data from the piezoelectric accelerometer at higher frequencies due to device accuracy, as with any 
measurement. 

Fig. 7 illustrates the correlation between the dynamic elastic modulus for the transverse vibration mode and the fundamental 
resonant frequency for specimens with dimensions of 40 × 160 mm and varying thicknesses. The results indicate that higher thick-
nesses require higher frequencies and frequency ranges to achieve the same dynamic modulus. The validity of Eq. (6) was once again 
confirmed through numerical simulation. 

5. Results and discussion 

As previously stated, all analyzed specimens were manufactured using the same product: an industrially produced one-coat 
rendering mortar, mixed with water in a proportion of 24% of the weight of the mortar, as specified by the manufacturer. The 
standardized mixing procedure [62] and curing procedure [55] were followed, ensuring that all mixtures had the same component 
proportions. When determining all the elastic properties of the material, changes in the results could be related to the age, specimen 
dimensions, and type of test. The values were mostly obtained at 28 days, which is the usual age for mortar prescriptions. Nevertheless, 
tests were conducted at variable ages, with a maximum of 364 days. 

5.1. Flexural and compressive strength 

Some flexural and compressive tests were conducted on normalized samples (40 × 40 × 160 mm) after 28 days (Table 6). The 
average flexural strength (fm,t) at 28 days was found to be 2.72 MPa, and the average compressive strength was 7.20 MPa. The results 

Fig. 5. Vibration modes for the standardized prismatic specimen (40 × 40 × 160 mm).  
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are well correlated, and if one value is known, the other can be easily deduced (Fig. 8). 
Haach et al. [63] proposed that the flexural strength is approximately one-third (0.30–0.34) of the compressive strength. If we 

remove the intercept in the equation shown in Fig. 8, we obtain a coefficient value of 0.377 for ’x’, with a determination coefficient 
(R2) of 0.918. Therefore, the obtained equation is similar to those found in the literature. 

Additional specimens underwent flexural and compressive testing at various ages. Fig. 9 illustrates the development of compressive 
and tensile (flexural) strengths over time for normalized specimens. 

Both the compressive and tensile strengths decreased over time, with the compressive strength decreasing at a higher rate. Similar 
results were found when considering variable humidity and curing time [64,65]. Typically, the evolution of these strengths is only 
analyzed up to 28 days, during which they increase [22–24,66]. However, improvements in both strengths have been observed be-
tween 28 and 56 days [67,68]. Dawood et al. [69] conducted tests on samples at 90 days and found a 13% increase in compressive 
strength and a 6% increase in flexural strength compared to values at 28 days. Valentini et al. [26] reported similar results. Haach et al. 
[7] extended their analysis to 120 days and observed lower strength values at intermediate points (60 and 90 days) despite an overall 

Fig. 6. Variation of the dynamic modulus and G for each vibration mode for each resonant frequency.  

Fig. 7. Variation of the dynamic elastic modulus in transverse mode as a function of the frequency and specimen thickness.  

Table 6 
Mortar flexural and compressive strength at 28 days.  

Sample Flexural strength (fm,t) [MPa] Compressive strength (fm,c) [MPa] 

PM01 2.7 7.4 
PM02 2.7 7.2 
PM07 2.6 7.0 
PM08 2.3 6.2 
PM13 3.1 8.0 
PM14 2.9 7.4 
Average values 2.72 7.20  
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increase from 28 to 120 days, indicating variability in the strength data over time. Fig. 9 shows a slight increase in strength values up to 
90 days, followed by a decrease at longer times. This trend is due to the loss of internal water during the curing process, resulting in a 
more porous and less compact material, which leads to a reduction in strength [70]. 

The impact of humidity loss during the process can have varying effects depending on the material characteristics. If the cement 
rate is low, curing shrinkage increases due to a lower tensile strength of the mortar, resulting in lower mechanical properties [71]. 
Furthermore, the use of superabsorbent polymers creates a more porous microstructure over time [72]. All of these factors influence 
the performance shown in Fig. 9. 

5.2. Static elastic modulus 

The standard for determining the static elastic modulus (Es) under normalized compressive strength was followed [48], adapted to 
mortar specimens of 40 × 40 × 160 mm (Fig. 1a). Additionally, the flexural test at 3 points [55] was employed to determine the Es, 
too. 

The results of the static modulus calculation from the tensile face on the flexural test at 3 points with the 3 specimens of the PM09 
series are shown in Fig. 10a. The load cell and gauge data from the tensile face were used for the calculation. The flexural moment is 
calculated using the load value and the distance between supports. This method allows for the deduction of the tensile strength in the 
extreme fiber, where the gauge is placed. Fig. 10b displays the same values, but for the compressive face. 

Fig. 8. Comparison of the flexural and compressive strength at 28 days.  

Fig. 9. Mortar compressive and flexural tensile strength evolution with time.  
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To calculate the tangent of the curve, which represents the static modulus, it was preferable to obtain a high determination co-
efficient (R2) with values close to one. This ensured a more accurate value. Good values of R2 indicated a high linear correlation 
between the variables (stress and strain), which implied an elastic behavior of the material. After analyzing the strain-stress curves in 
Fig. 10a and Fig. 10b, it could be concluded that the mortar used had a longer elastic span than what is typically expected from 
traditional mortar [66]. Additionally, it had a lower rigidity and exhibits a characteristic fragile or quasi-fragile rupture without plastic 
behavior. 

Fig. 11 compares the static modulus of mortar in standardized specimens tested under compressive and flexural conditions. Each 
point represents the average value of all specimens tested at a specific age. 

Haach et al. [7] demonstrated that for certain mixtures, the static modulus remained nearly constant from 28 to 120 days, while in 
other mixtures, a noticeable increase was observed. Despite the initial phase’s data dispersion (up to 90 days), which is expected from 
static tests, the elastic modulus decreased over time, as observed in other studies with mortar samples over the long term, up to one 
year [35]. The reason for this phenomenon is the same as for the decrease in flexural and compressive strength: the loss of internal 
water during the curing process, resulting in a more porous material. Additionally, there is an approximate correlation between the 
static elastic modulus obtained from the compressive test [48] and the one calculated from the flexural test on the upper face of the 
sample [55], with both values falling within the range of 5100 MPa. However, when a strain gauge is placed on the tensile face (lower 
face) of the bending test, it leads to higher values of the static elastic modulus, approximately 6000 MPa. This is because the strain 
gauge acts as reinforcement, similar to a bar in reinforced concrete, which increases the strength of the samples. This behavior is also 
observed in the Es values calculated using data from the tensile face of specimens with varying thickness (Fig. 12). Since the gauge is 
identical, a lower thickness indicates higher strains in the mortar, resulting in a higher static modulus. 

In Fig. 12, there is a dispersion of values ranging from 28 days to 90–100 days due to the low quantity of samples for each age. 
However, the values at one year clearly indicate a decreasing trend for the static modulus (obtained from flexural tensile data), with a 
variation between 11% and 16%. This is similar to other authors who found decreases in the Young modulus of up to 15% and 18%, 
depending on the water/cement ratio and age of the sample [71]. Although the R2 values of the equations related to time proposed in 
Fig. 11 and Fig. 12 are not high, the purpose of these figures is to demonstrate the decreasing trend with time. For a more compre-
hensive analysis, additional samples should be tested. Additionally, it must be noted that the equations are only valid for a specific type 
of mortar. 

Finally, when comparing the static deformation modulus with the strengths for normalized samples (40 × 40 × 160 mm); higher 
moduli wre obtained in specimens with greater flexural and compressive strengths (Fig. 13a and b). Although there is typically a high 
degree of variability in the data relating to elastic modulus and strength [26], good correlations were achieved, with R2 values around 
0.70. Potential relationships between compressive strength and static modulus have been previously presented [73]. Haach et al. [63] 
proposed equations with determination coefficients of 0.65 and 0.74, which were improved to 0.95 [25] and 0.99 [26] for cylindrical 
samples. Carrasco et al. [27] established a linear correlation with an R2 value of 0.94. The equations in Fig. 13a and Fig. 13b 
demonstrated a strong correlation between static modulus and strength. However, it must be noted that these equations are empirical 
and should be used with caution when dealing with different types of mortar. 

5.3. Dynamic elastic modulus 

5.3.1. Dynamic elastic modulus calculation from tests 
The procedure selected was proposed by the manufacturer and is detailed in the ASTM standard for concrete [39]. Two types of 

piezoelectric accelerometers (uniaxial and triaxial) were employed to improve test performance. The procedure was repeated at 
different ages as it is a non-destructive test and a sufficient number of specimens were available. However, the data from each 

Fig. 10. Static elastic modulus calculation with values (a) from the tensile face during the flexural test; (b) from the compressive face during the 
flexural test. 
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Fig. 11. Evolution of the static elastic modulus of standardized samples with time depending on the test.  

Fig. 12. Static modulus at different ages calculated from the tensile face in the flexural tests with various thicknesses.  

Fig. 13. Comparison between static elastic modulus and (a) flexural strengths, (b) compressive strengths.  
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accelerometer differed, requiring further analysis. 
Fig. 14a displays the dynamic elastic modulus values, calculated according to standard [39], obtained from the fundamental 

frequencies of the longitudinal (Fig. 4a) and transverse vibration modes (Fig. 4b) using the uniaxial accelerometer. Each point rep-
resents the average value of the three specimens. 

As shown in Fig. 14a, the dynamic modulus values were nearly identical for both vibration modes when measured with a uniaxial 
accelerometer. The longitudinal modulus was only slightly higher, by less than 1%. However, there was a strong correlation between 
the two values with low dispersion. The final average values for Ed,long and Ed,trans were 5401 MPa and 5348 MPa, respectively. 

Values obtained from other studies on prismatic mortar specimens cured in a laboratory showed a similar trend, with variations 
ranging from 5% to 8% depending on the age. These values were obtained through the measurement of ultrasonic impulse velocity 
[64]. Notably, dynamic moduli obtained from ultrasonic impulses were higher than those obtained from impact vibration [42]. Other 
authors have reported slightly higher values for the dynamic transverse modulus (Ed,trans), approximately 4% higher, but these tests 
were conducted on cylindrical samples [25,37]. In some cases, the tests were conducted with very high accuracy (R2 = 0.9987) [7]. 
Even higher differences, up to 45%, were observed for concrete with replacements of siliceous aggregates [74]. 

Tests were conducted using the triaxial accelerometer in Fig. 14b. This device has the advantage of obtaining both frequencies by 
only changing the place of load impact, without replacing the accelerometer, resulting in shorter laboratory test times. The longitu-
dinal dynamic modulus was slightly higher than the transverse modulus, which was also observed in other works [42], with a variation 
of around 14%. Additionally, the correlation between them was lower (Fig. 14b). The average values for Ed,long and Ed,trans were 
5957 MPa and 5124 MPa, respectively. 

Some authors proposed adopting the average value of both moduli (obtained from transverse and longitudinal vibration fre-
quencies) [42]. Following this suggestion, the dynamic deformation modulus of the mortar will be around 5500 MPa, regardless of the 
transducer employed. A deeper analysis of the values in Fig. 14b, classified according to the thickness of the specimens, yields Fig. 15. 
It should be noted that when calculating the dynamic transverse modulus, the smallest specimens were placed on the thickest face, 
where their rigidity is lower. This position causes the specimens to be excited at their lowest frequency, which becomes even lower as 
the thickness decreases. However, the longitudinal resonant frequency remains approximately the same for all cases. When specimens 
are separated by thickness, higher correlations between the dynamic moduli obtained from transversal and longitudinal modes are 
observed. The R2 values are around 0.97 for specimens with a thickness of 15 cm and 20 cm. 

Fig. 16 displays the resonant frequencies of prismatic specimens with varying thicknesses of 40 mm, 20 mm, and 15 mm. 
The dotted lines represent the frequencies calculated using the FEM software, indicating similar moduli for both vibration modes. 

The lowest frequencies correspond to the thickest samples, where greater differences were found between the dynamic moduli 
calculated from the longitudinal and transverse modes. Higher accuracy (higher R2) could be achieved if the equations in Fig. 16 
included the intercept. However, for comparison with the values from the numerical simulation (dotted line), it was preferred to 
maintain them without the intercept. As observed, further research is necessary to understand the relationship between specimen 
dimensions, particularly sample thickness, vibration mode used to excite the samples, and test configuration. 

In laboratory conditions with constant temperature and humidity, both the longitudinal and transverse dynamic moduli tended to 
decrease with age [75], as shown in Fig. 17, where each value represents the average value of the specimens at that age. The decreasing 
trend for both dynamic moduli is best represented by logarithmic curves, which have good correlation values. 

Similar to the evolution of the strengths, this trend is related to the reduction of moisture content and changes in the microstructure 
[76]. The loss of water in the porous structure of the system relaxes the hydrostatic pressure and leads to a decrease in the elastic 
modulus of the mortar. This decrease is accelerated by cracking due to shrinkage. Cracks tend to appear more frequently in the 
transverse direction, which can have a greater impact on frequency measurement [77]. 

Fig. 14. a. Comparison of the dynamic modulus values from the longitudinal and the transverse vibration mode (a) with the uniaxial accelerometer, 
(b) with the triaxial accelerometer. 
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As water vaporizes through the capillary net, the porous structure of the material becomes more evident, causing a decrease in 
density values and a reduction in strength and elastic moduli [78]. The use of additives that affect water content has also been linked to 
decreases in dynamic modulus [64]. Modeling cementitious materials is challenging due to the influence of humidity on their 
structure, which in turn affects their mechanical properties [78]. 

5.3.2. Relationship between elastic moduli and strengths 
On the other hand, as strengths increase, both static and dynamic moduli also increase (Fig. 18 and 19). 
Eq. (11) shows the correlation between the flexural strength (fm,t) [MPa] and the dynamic elastic modulus Ed [MPa] (Fig. 18) as 

adjusted by a linear regression with a coefficient of determination of 0.69, which is considered acceptable. 

Fig. 15. Comparison of the dynamic modulus values from the longitudinal and the transverse vibration mode with the triaxial accelerometer for 
various specimen thickness. 

Fig. 16. Comparison between the resonant frequencies for various sample thickness.  
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Ed = 883.66 ⋅ fm,t + 2826.7 (11) 

Better correlations were found between the compressive strength (fm,c) and both moduli, as shown in Fig. 19. However, the 
relationship between the components of the mortar is more complex than suggested by the figures, and it is restricted to each 
composition [79]. Various proposals exist to correlate the compressive strength with the static modulus in concrete specimens. ACI 
318–19 [79] states that the square root of the modulus is proportional to the compressive strength, while Eurocode 2 [80] states that 
the modulus is proportional to the 0.3 square of fm,c. When discussing Fig. 13b, other possibilities were commented. Carrasco et al. [27] 
suggested a linear relationship for mortars with high R2 (0.94), while Haach et al. [7] preferred a potential law to correlate them (R2 =

0.92). The static modulus presented in Fig. 19 is obtained from the compressive strength, which, according to Fig. 13b, shows better 
accuracy and is generally adopted as the static elastic modulus in the literature [25]. The introduction of gauges in the flexural test 
results in higher dispersion of the static modulus data. The potential relationship fits the data best, with a high R2 (0.86). Eq. (12) 
proposes the relationship between compressive strength (fm,c in MPa) and static modulus (Es in MPa), with an exponent of 0.75. 

Es = 1163.5 ⋅ f 3/4
m,c (12) 

Regarding the correlations between dynamic modulus and compressive strength, better correlations are typically achieved using a 
power relationship (R2 = 0.98 [25] and R2 = 0.96 [7]) or a logarithmic equation. In the case of the latter, an R2 value of 0.78 [27] was 
obtained, which increased to 0.99 when distinguishing between mortar types. For relating the dynamic modulus, Es (MPa), and the 
compressive strength, fm,c (MPa), we propose a linear regression (Eq. 13) with high accuracy (R2 = 0.96). 

Fig. 17. Evolution of the dynamic longitudinal and transverse modulus with time.  

Fig. 18. Relationship between the dynamic elastic modulus and the flexural strength of the mortar.  
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Ed = 741.75 ⋅ fm,c + 125.35 (13) 

The correlation between compressive strength and dynamic modulus is stronger than that with the static modulus. This is due to the 
inherent variability in the procedures involved in static tests, whereas acoustic tests show low dispersion of results [25]. Other authors 
have also commented this fact [7,25,27]. 

5.3.3. Relationship between the static and dynamic elastic moduli 
Research has shown that the dynamic elastic modulus of concrete is higher than its static modulus [7,81]. Mehta and Monteiro [82] 

found that the dynamic elastic modulus of high-, medium-, and low-strength concretes was 20%, 30%, and 40% higher than their 
respective static moduli. This behavior was also observed in mortar with varying strengths, depending on the sand/cement ratios [7]. 
The difference between the dynamic and static moduli is influenced by factors such as sample size and shape, age, and magnitude [37]. 
The type of procedure selected has an impact on the results. Static tests may have misalignments in load centering, irregularities on the 
top and bottom faces, and gauge placement [25,42]. Literature reports differences of around 17% [7,37,42,64], with values up to 30% 
and 40% [25,83]. This difference occurs because the static modulus is calculated at the beginning of the stress-strain curve for a very 
small instantaneous strain increment. 

Various equation types have been proposed to correlate mortar elastic moduli. Valentini et al. [26] identified a linear equation as 

Fig. 19. Relationship between the dynamic and the static elastic modulus and the compressive strength of the mortar.  

Fig. 20. Comparison between the dynamic and static elastic modulus by means of a linear regression, a) with intercept, b) without intercept.  
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the best fit for the data. Carrasco et al. [27] proposed a logarithmic correlation for all mortar types in their research, with an R2 value of 
0.88. The R2 value increased to 0.99 when mortar types (granular and fine + granular) were considered separately. Haach et al. [25] 
proposed linear equations without intercept, with coefficients of 1.3191 and 1.318, to relate the static modulus and the dynamic 
modulus from the flexural and transversal modes, respectively, with an R2 value of 0.97. This suggests that dynamic moduli are 32% 
higher than static ones. In a subsequent study, Haach et al. [7] proposed both a linear and a power law equation to correlate the 
moduli, with R2 values of 0.94 and 0.96, respectively. The linear equation indicates that the dynamic modulus is 57% higher than the 
static modulus. 

Fig. 20 presents a comparison between the static elastic modulus under compressive load and the dynamic modulus for the 
standardized sample series (MP10, MP15, MP16, MP23, MP24, and MP32). A linear regression model is proposed with an intercept 
(Fig. 20a) (Eq. (14)) and without an intercept (Eq. (15)) (Fig. 20b), both with similar determination coefficients. The accuracy of the 
models is similar to that of previous studies. In this case, the dynamic modulus is slightly higher than the static modulus by 5%, as 
shown in other studies [35,47]. Other researchers have exhibited greater differences between the two moduli [7,25,27]. 

Ed = 1.2131 ⋅ Es − 774.06 (14)  

Ed = 1.0544 ⋅ Es (15)  

5.4. Elasticity modulus of in situ samples 

The dynamic modulus from longitudinal vibration mode (Ed,long) was determined to be 4890 MPa for the samples extracted from 
mortars placed in a real building (Table 7). For Ed,trans, a value of 4060 MPa was obtained. These values indicate a reduction of 
approximately 1550 MPa when compared to all the samples manufactured in the laboratory and tested at 28 days. This represents a 
variation of 24% and 27% compared to the values of Ed,long and Ed,trans, respectively. Compared to the standardized samples at 28, 
which achieved a higher dynamic modulus, there is a reduction of 25% and 31% in Ed,long and Ed,trans, respectively, in the field samples. 
The strength loss due to damages caused on the surface during the extraction and cutting of the samples is not quantified. Furthermore, 
the study did not take into account other factors that may contribute to strength loss, such as the surface contact of the block or the 
compaction procedure of the rendering mortars when applied to surfaces, different from the ones in laboratory tests. In summary, the 
dynamic modulus of in situ samples was found to be 25–30% lower than that of laboratory samples at 28 days. 

5.5. Size effect 

The strength of a structure varies depending on the randomness of the material’s strength caused by its lack of homogeneity. To 
ensure clarity, statistical concepts should be applied to increase the probability of identifying small defects in strength as the sample 
size increases. According to theory, the flexural strength of non-standardized samples is expected to be higher than that of larger 
standardized samples. Fig. 21 displays the time evolution of the flexural strength, the only available characteristic for all thicknesses 
(40, 20, and 15 mm), as the compressive strength cannot be calculated in standardized samples. 

It was found that reducing the thickness of the samples results in an increase in strength. Specimens with a thickness of 20 mm and 
15 mm exhibit a strength increase of 18% and 25%, respectively, when compared to the standardized thickness of 40 mm, despite the 
known strength loss over time. 

Fig. 22 presents the evolution of the dynamic Young modulus over time, calculated from the resonant frequency in the longitudinal 
vibration mode, for all sample thicknesses. 

One conclusion that can be drawn from the numerical analysis is that the fundamental vibration frequency in the longitudinal 
vibration mode, used to calculate Ed,long, is approximately similar for each of the tested thicknesses. Therefore, the curves in the figure 
should be similar. However, there are some differences depending on the dimensions of the samples, as shown in Fig. 22. The thinner 
the sample, the higher the values obtained. For a thickness of 20 mm, there is a 6% increase compared to the standardized thickness of 
40 mm. Similarly, for 15 mm-thick samples, the deformation modulus increases by almost 8%. Figs. 21 and 22 do not aim to present 
equations predicting mechanical properties as a function of age, but rather to illustrate the decreasing trend of properties for each 
thickness. Although the equations may not be highly accurate, they are statistically significant (with a p-value of the F-test < 0.05) and 
all coefficients have a 95% probability of being different from zero. 

There is always a probabilistic effect on studies regarding the size effect, in the form of random variation. However, it may not be 

Table 7 
Mortar flexural and compressive strength at 28 days.  

Sample Age (days) Thickness [mm] Width [mm] Flexural strength [MPa] Ed,long [MPa] Ed,trans [MPa] 

E ~ 1000 40 15 2.4 5041 4226 
E ~ 1000 15 40 2.4 5041 4218 
F ~ 1000 40 15 2.3 4736 3805 
F ~ 1000 15 40 2.3 4736 3980 
Average of in situ specimens ~ 1000 40 15 2.35 4889 4057 
Average of samples of 40 × 40 × 160 at 28 days 28 40 40 2.72 6517 5925 
Average of all the samples at 28 days 28 any 40 2.94 6440 5600  
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statistically significant to apply the same standardized procedures to smaller sample sizes [1]. This possibility was noted when the 
strain gauge on the lower face was used as reinforcement in the flexural test. In the impact vibration test, the weight of the devices can 
influence smaller samples due to increased density and calculated modulus. 

5.6. Poisson coefficient 

The procedure for determining the dynamic modulus [39] requires an estimation of the Poisson coefficient (ν) to determine the 
dynamic modulus in transverse vibration. Various studies have proposed different values for this constant. For concrete, a value 
between 1/6 and 1/3 is generally suggested [38]. For mortars, values around 0.20 are proposed, which can be calculated from static 

Fig. 21. Evolution of the flexural strength with time for various sample thicknesses.  

Fig. 22. Evolution of Ed,long with time for all the sample thicknesses.  

Table 8 
Calculation of Poisson coefficient.  

Sample Age 
(days) 

Thickness 
(mm) 

Width 
(mm) 

Longitudinal frequency 
(Hz) 

Ed,long 

(MPa) 
Torsional frequency 
(Hz) 

G 
(MPa) 

Poisson coefficient 
(ν) 

PM10 182 40 40 6068 5723 3584 2374  0.21 
MP24 56 40 40 5999 5468 3541 2255  0.21 
PM24 84 40 40 6004 5465 3548 2258  0.21 
PM32 56 40 40 6220 6025 3675 2488  0.21 
PM32 112 40 40 6191 5983 3648 2458  0.22 
E 1000 15 40 6144 5771 2244 2408  0.20 
F 1000 15 40 5932 5276 2416 2174  0.21  
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tests [56] or dynamic tests [26]. 
Nonetheless, the procedure used to obtain it involves measuring the resonant frequency in the torsional vibration mode and 

calculating the shear modulus. This value, along with the dynamic Young modulus of the longitudinal vibration mode, allows for an 
accurate calculation of the Poisson coefficient. To achieve this, the accelerometer must be placed in the position corresponding to the 
torsional mode, which requires a new test. The test was not repeated for all specimens due to the expected low variation of the value on 
a homogeneous sample range [56]. Table 8 presents the results obtained. Two samples were tested at different ages, with each value 
being the average of three samples (A, B, and C). Additionally, other specimens were individually tested, namely PM10, E1, and F1. 
The last two were extracted from in situ mortars. 

A constant value of 0.21 was obtained for all specimens. This value was then used to calculate the dynamic modulus in the 
transverse vibration mode, without any estimation uncertainty. 

6. Conclusions 

The objective of this research was to determine the dynamic elastic modulus of a rendering mortar in situ using impact vibration. A 
simple, accurate, and reliable technology is presented for obtaining the dynamic elastic constants from the natural vibration fre-
quencies. The procedure proposed in the ASTM C215 standard [39] for concrete specimens can be replicated for mortars, allowing for 
non-destructive testing and easy repetition. Elastic constants (E, G, and ν) can be predicted in samples of various sizes. 

Tests showed that for the analyzed rendering mortar, the dynamic modulus from the longitudinal vibration mode (Ed,long) was 
higher than that from the transverse mode (Ed,trans). However, when measures were taken with a uniaxial accelerometer, the difference 
was lower, with Ed,long = 5401 MPa and Ed,trans = 5348 MPa. The use of a triaxial accelerometer resulted in greater scatter. Based on the 
suggestion to average the dynamic modulus calculated from both vibration modes, we obtained an adjusted value of 5500 MPa for the 
dynamic elastic modulus of the mortar under fixed laboratory conditions. We also observed a decrease in the modulus over time. The 
Poisson coefficient (ν = 0.21) is consistent with values reported in the literature. The dynamic modulus obtained was compared to the 
one obtained for the same material in a static test (EN-1352, 1997) [48] with normalized specimens of 40 × 40 × 160 mm. The results 
showed that both moduli evolve similarly with time and can be easily correlated with a linear regression and high accuracy. 

Tests conducted on in situ specimens of the same mortar showed a reduction in the dynamic modulus of approximately 1550 MPa, 
which represents a decrease of 25–30% compared to specimens tested in the laboratory after 28 days. 

Tests were conducted to determine the flexural and compressive strength of the mortar at different ages and thicknesses. The results 
showed an average flexural strength of 2.72 MPa and an average compressive strength of 7.2 MPa at 28 days. A simple linear 
regression with a high determination coefficient (R2) of 0.938 was used to correlate the results. The strain-stress curve of the mortar 
was obtained from the flexural test. It was observed that the material exhibits a long elastic span without a plastic zone before rupture, 
confirming a quasi-fragile behavior. Additionally, equations were proposed to correlate the elastic moduli (both dynamic and static) 
with the flexural and compressive strengths. A linear regression showed a strong correlation (R2 = 0.96) between the dynamic modulus 
and compressive strength. It is recommended to conduct a numeric simulation using a finite element analysis device before identifying 
the frequencies associated with each vibration mode to avoid errors during testing. 

In summary, the study confirmed the feasibility of calculating the elastic dynamic modulus of a specific mortar using concrete 
standards. The results can be easily correlated with other mechanical properties with high accuracy. However, caution must be 
exercised when applying the proposed equations to other mixtures. However, other researchers can observe similarities in other 
mortars, which can be useful for relating mechanical parameters. Future research will include a deeper analysis of the evolution of 
moduli over time. 
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[13] M.A. Salas, H. Pérez-Acebo, Introduction of recycled polyurethane foam in mastic asphalt. Gradevinar 70 (5) (2018) 403–412, https://doi.org/10.14256/ 
JCE.2181.2017. 

[14] H. Gonzalo-Orden, A. Linares-Unamunzaga, H. Perez-Acebo, J. Díaz-Minguela, Advances in the study of bhe behavior of Full-Depth Reclamation (FDR) with 
cement, Appl. Sci. 9 (15) (2019) 3055, https://doi.org/10.3390/app9153055. 

[15] S.A. Zamora-Castro, R. Salgado-Estrada, L.C. Sandoval-Herazo, R.A. Melendez-Armenta, E. Manzano-Huerta, E. Yelmi-Carrillo, A.L. Herrera-May, Sustainable 
development of concrete through aggregates and innovative materials: a review, Appl. Sci. 11 (2) (2021) 629, https://doi.org/10.3390/app11020629. 

[16] V. Arularasi, T. Pachiappan, S. Avudaiappan, S.N. Raman, P. Guindos, M. Amran, R. Fediuk, N.I. Vatin, Effects of admixtures on energy consumption in the 
process of ready-mixed concrete mixing, Materials 15 (12) (2022) 4143, https://doi.org/10.3390/ma15124143. 

[17] H. Gharibi, D. Mostofinejad, Thermal and mechanical properties of concrete containing porcelain ceramic tile waste as fine and coarse aggregates, Mag. Concr. 
Res. (2022) 1–12, https://doi.org/10.1680/jmacr.22.00076. 

[18] Y. Aocharoen, P. Chotickai, Compressive mechanical properties of cement mortar containing recycled high-density polyethylene aggregates: stress–strain 
relationship, Case Stud. Constr. Mater. 15 (2021) e00752, https://doi.org/10.1016/j.cscm.2021.e00752. 

[19] J.Q. Wang, Mechanics performance of cement mortar modified by carboxylic styrene butadiene latex, Adv. Mater. Res. 908 (2014) 141–144, https://doi.org/ 
10.4028/www.scientific.net/AMR.908.141. 

[20] M.A. Salas, H. Perez-Acebo, V. Calderón, H. Gonzalo-Orden, Analysis and economic evaluation of the use of recycled polyamide powder in masonry mortars, 
Polymers 12 (11) (2020) 2657, https://doi.org/10.3390/polym12112657. 

[21] M. EL Boukhari, O. Merroun, C. Maalouf, F. Bogard, B. Kissi, Mechanical performance of cement mortar with olive pomace aggregates and olive mill wastewater: 
an experimental investigation, Cogent Eng. 10 (1) (2023) 2212522, https://doi.org/10.1080/23311916.2023.2212522. 

[22] I.Y. Hakeem, R.O. Abd-Al Ftah, B.A. Tayeh, R.D.A. Hafez, Eggshell as a fine aggregate replacer with silica fume and fly ash addition in concrete: a sustainable 
approach, Case Stud. Constr. Mater. 18 (2023) e01842 https://doi.org/j.cscm.2023.e01842. 

[23] Q. Wang, H. Chu, W. Shi, J. Jiang, F. Wang, Feasibility of preparing self-compacting mortar via municipal solid waste incineration bottom ash: an experimental 
study, Arch. Civ. Mech. Eng. 23 (4) (2023) 251, https://doi.org/10.1007/s43452-023-00794-5. 

[24] H. Li, H. Chu, Q. Wang, J. Tang, Feasibility of producing eco-friendly self-compacting mortar with municipal solid waste incineration bottom ash: a preliminary 
study, Case Stud. Constr. Mater. 19 (2023) e02309, https://doi.org/10.1016/j.cscm.2023.e02309. 
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[47] Cikrle, P., Adámek, J., Stehlik, M.,2018. Ultrasonic testing of properties of mortars. In Structural Analysis of Historical Constructions-2 Volume Set: Possibilities 
of Numerical and Experimental Techniques-Proceedings of the IVth Int. Seminar on Structural Analysis of Historical Constructions, 10–13 November 2004, 
Padova, Italy (p. 407). CRC Press. 

[48] CEN, 1997. UNE EN 1352:1997. Determination of static modulus of elasticity under compression of autoclaved aerated concrete or lightweight aggregate 
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