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Abstract – The assessment of historical structures requires appropriate knowledge of the behaviour 

of the investigated materials. Concerning masonry, its mechanical characterisation is a challenging 

task, since its composite nature requires the careful evaluation of the behaviour of its material 

components. In particular, the experimental assessment of the strength of existing mortar in 

historical structures still encounters several difficulties. This study investigates a novel Minor 

Destructive Testing (MDT) technique virtually equivalent to the vane test used for soils. The 

instrumentation, called herein Torque Penetrometric Test (TPT), is composed of a steel nail with 

four protruding teeth and a torque wrench. The test consists in inserting the toothed nail into a 

mortar joint and then applying a torque by means of a dynamometric key, until reaching the failure 

of the material. This work presents a novel interpretation theory based on basic concepts of fracture 

mechanics and applied to the micro-mechanical analysis of the stress state induced by the instrument 

on the investigated mortar. The proposed interpretative theory is validated through the execution of 
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experimental tests in the laboratory and in a historical masonry building. The test proves to be 

effective for a quick in-situ MDT evaluation of the strength of existing mortars. 

Keywords: Historical Construction; Masonry; Brickwork; Mortar; In-situ Testing; Minor 

Destructive Testing (MDT); Compressive Strength; Penetrometric Test; Fracture Mechanics; 

Fracture Energy. 

Abbreviations -  DFJ: Double Flat Jack 

DPT: Double Punch Test 

 DRMS: Drilling Resistance Measurement System 

 MDT: Minor Destructive Testing 

 NDT: Non Destructive Testing 

 TPT: Torque Penetrometric Test 

Highlights 

• Novel torque penetrometer for the in-situ mechanical characterisation of mortar 

• Toothed nail inserted into the mortar and twisted with a torque-meter until failure 

• Proposal of an interpretation theory based on fracture mechanics  

• Interpretation theory validated using new and available experimental campaigns 

• In-situ applications prove the reliability of the instrument for historical mortars 

 

1. Introduction 

The structural assessment of historical buildings has become a fundamental topic in the conservation 

of the built cultural heritage, especially in the last decades where significant catastrophic events have 

threatened many important constructions [1,2]. Concerning monuments, the evaluation of the 
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structural health and the identification of possible vulnerabilities can help to preserve their original 

cultural value. 

The conservation and protection of historical structures require a multidisciplinary approach 

involving a variety of professional skills. For this reason, the ICOMOS produced relevant 

recommendations in 2003 [3] in order to assist and advise the professionals involved in the 

assessment of historical masonry buildings. The proposed approach, called “Knowledge-Based 

Assessment”, is based on the careful analysis of the information about the original structural 

conception, the construction techniques, the existing damage and the modifications occurred in the 

building’s life. Both qualitative and quantitative approaches can be adopted in the diagnosis. The 

importance of the qualitative approach is based on a direct recognition of the monument, whereas the 

quantitative approach is fundamental in establishing the mechanical data necessary for the analysis 

phase. In this context, it is convenient to organise different levels of experimental activities. The 

inspection can start with simpler and less invasive tests, and proceed afterwards to more 

sophisticated and destructive tests to be executed only in few specific positions.  

The experimental characterisation of masonry requires the evaluation of the properties of the 

constituent materials, i.e. units (stone or brick) and mortar (cement, lime, etc.). With the 

development of new technologies for the experimental testing of masonry constructions, several Non 

Destructive Testing (NDT) techniques were proposed to obtain information on the structure without 

damaging it. Most of NDT methods are based on the transmission of sonic or electromagnetic waves 

through the material. The sonic test [4] has shown its suitability in the estimation of the elastic 

properties of the materials, also allowing the determination of internal defects or discontinuities. The 

Ground Penetrating Radar (GPR) can detect the presence of voids, structural irregularities, different 

materials or moisture inside the existing masonry. The complementary use of these investigation 

techniques is a common practice in order to improve the reliability of the NDT results. 
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Several standards and recommendations for the assessment of historical structures [5] suggest to 

combine NDT and laboratory testing to improve the level of knowledge of the materials’ properties. 

This approach is usually considered in works dealing with the assessment of historical masonry 

buildings [6]. 

Fully destructive tests are not possible in historical structures since all the experimental activities 

must respect the intrinsic heritage value of the buildings. For this reason, recent research is 

addressing the development of efficient Minor Destructive Testing (MDT), based either on 

penetrometric techniques or extraction of small samples of masonry to be tested in the laboratory [7–

16].  

Penetrometric techniques can be classified either as MDT or NDT [7], since the entity of damage 

induced to the structure is minimal. These tests are performed directly on the material to be 

investigated, requiring the removal of plaster or coating surfaces. The penetrometric tests for 

masonry are usually modified versions of micro-destructive techniques available for other materials 

(mainly concrete). 

The Pin Penetration Test, also known as Windsor Probe, was initially designed for the investigation 

of hardened concrete according to the US standards [17]. The system uses a metal pin driven into the 

material since the recorded depth of penetration can be easily correlated to the material’s 

compressive strength. Recent works about the application of such technique to low-strength mortars 

can be found in [12,18].  

The Schmidt Hammer test is also well-known as NDT for concrete [19]. In this case, the 

compressive strength of the material is correlated to its superficial hardness. Using this principle, 

Van Der Klugt [20] proposed a pendulum hammer for the quality assessment of masonry joints. 

The DRMS (Drilling Resistance Measurement System) method investigates the mortar strength [21] 

by measuring the force necessary to penetrate a compact material. Other researchers have developed 
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different types of penetrometers [22,23], using the basic principles of the Standard Penetration Test 

(SPT) used in soil characterisation.  

Recently, Christiansen proposed a torque penetrometer called X-Drill [24] consisting of a four-teeth 

nail made of stainless steel. A 6 mm diameter pilot hole is executed in order to drive the instrument 

into the mortar joint. The test is carried out by using a torque-meter that measures the maximum 

torque Mv resisted by the material. The author presented experimental relationships between the 

laboratory compressive strengths of some types of mortars and the corresponding values of torque 

obtained with the X-Drill. 

This paper presents a MDT penetrometric technique called Torque Penetrometric Tests (TPT). This 

apparatus for in-situ testing is based on the procedures of both the geotechnical vane test and the X-

Drill technique, but it provides important conceptual improvements in order to obtain more reliable 

experimental results [25]. This study presents a new mechanical interpretation theory of the TPT 

based on fracture mechanics. The proposed approach provides a simple analytical expression for the 

evaluation of the compressive strength of existing mortars. All the parameters of the proposed model 

are calibrated by means of experimental data available in the existing literature for several types of 

mortar. 

The TPT technique and its interpretation theory were calibrated by considering a representative set of 

mortar specimens built in the laboratory with different compositions, corresponding to a rather wide 

range of compressive strengths. The comparison between the TPT measurements and the standard 

laboratory compression tests on the set of specimens provided the basic results for the interpretation 

of the TPT response [25]. Additional calibration data were gathered from experiments available in 

the literature [24]. Finally, the paper presents the results of real applications on a masonry wall built 

in the laboratory with historical-like materials [9,10], as well as on the existing masonry walls of a 

historical building struck by the 2012 Emilia-Romagna earthquake.  
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2. Description of the apparatus 

The apparatus proposed in this research for MDT of historical mortars is called Torque 

Penetrometric Tests (TPT) [25]. It is composed of a nail with four teeth and a torque wrench. The 

nail is obtained by shaping a class 8.8 steel screw (characteristic tensile and yield strengths: 800 MPa 

and 640 MPa) with a lathe, and then manufacturing the teeth with a mill (Figure 1). This material 

was chosen for its high performance, reducing the risk of torque failure of the nail during the test. 

The cost of the device is limited due to the large availability of the material and the easy 

manufacturing. 

 

 

Figure 1 - Novel nail proposed for the Torque Penetrometric Test of historical mortars [25]. 

 

The geometry of the novel instrument was studied in order to reduce the sources of uncertainties of 

the testing technique, as well as the drawbacks detected in previous studies. Christiansen’s X-Drill 

[24] was characterised by a fully toothed shank with an external diameter of 10 mm and an internal 

diameter of 6.5 mm. The X-Drill method required the measurement of the depth of investigation Lw 

at each test, set in the range between 15 mm and 20 mm [24]. This operation introduced Lw as a 

further uncertainty in the problem (see Figure 2a), since the errors related to the estimation of the 

variable Lw affected also the evaluation of the ultimate normalised torque mv=Mv/Lw to be related 

with the material’s compressive strength. Furthermore, the fully toothed shank of the X-Drill allowed 
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the investigation of the sole external part of the mortar joint (see Figure 2a) which, in case of existing 

masonry, could be either deteriorated by environmental actions or composed of newly repointed 

material. This problem may lead to rather superficial measurements and thus to possible erroneous 

estimations of the mechanical properties of mortar. Finally, the outer diameter of the cross section of 

the X-Drill was 10 mm, a dimension comparable to the thickness of the mortar joints in existing 

brickwork. In fact, when the existing mortar joints are about 10 mm thick, the X-Drill might hit the 

bricks’ surfaces during the test, yielding results biased by the contacts with a different and more 

resistant material. 

 

 

Figure 2 - Longitudinal section of the X-Drill [24] (a) and the novel TPT proposed in this work (b) 

 

The proposed TPT method presents important technical improvements in order to overcome the 

aforementioned limitations, as shown in Figure 2 and Figure 3. First, the toothed part of the nail’s 

shank is only 15 mm long in order to remove the error related to the measurement of Lw parameter. 

The remaining part of the nail’s shank has a smooth cylindrical shape with 6.5 mm diameter. This 

solution grants a constant depth of investigation Lw = 15 mm. In fact, once the instrument is 

completely inserted into the material, only the nail’s teeth can be effectively in contact with mortar, 

whereas the remaining length of the shank cannot (see Figure 2b). Second, the TPT apparatus 

developed in this research allows a deeper insertion of the toothed nail, testing an inner volume of 
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material and bypassing the external layer of the mortar joint (see Figure 2b). The length of the shaft 

is 40 mm in this research (see Figure 3) but it could be modified on the basis of the experimental 

needs. Finally, the external diameter of the novel toothed nail is reduced to 9 mm (Figure 2b) trying 

to avoid experimental results spoiled by the undesired contact with the bricks. 

 

 

Figure 3 – Technical drawings with specifications and dimensions of the TPT used in this research.  

 

Precise working operations of the TPT are proposed to provide a robust procedure against possible 

execution mistakes. The first step is the realization of a 7 mm diameter pilot hole to drive the 

instrument into the mortar joint. Whilst drilling the mortar to execute the pilot hole, the user must 

check that no brick powder is extracted and that the rate of advance is regular and constant. These 

two checks are necessary to exclude the presence of bricks or cavities along the track of the pilot 

hole. The second step is the hammering of the nail inside the pilot hole. The specific geometry of the 

system (see Figure 3) allows the toothed part to be inserted into the pilot hole while avoiding 
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directional deviations from the axis of the hole. The third step consists in the use of a torque wrench 

to measure the torque necessary to bring the material to failure. This research considered a 

dynamometric torque wrench equipped with an analogic display with 0 ÷ 30 Nm range and ±0.5 Nm 

precision. Figure 4 shows the torque wrench used for the execution of the tests. The readings could 

be done using either analogic or digital torque wrenches. These two different tools can have almost 

the same measurement range, but in general the resolution of the digital transducer is higher than the 

analogic one, although the precision can be very similar since it is based on the quality of the device. 

The last step of the TPT operation is the removal of the toothed nail from the mortar joint. A final 

visual check is necessary to control the material in-between the wings since the possible presence of 

brick powder might indicate an incorrect measurement, biased by the hit unit. To conclude, the TPT 

procedure is characterised by specific working stages and subsequent checks that provide a robust 

and standardized operation to avoid errors. 

 

 

Figure 4 - Analogic torque wrench used for the Torque Penetrometric Test in this work (a) and in-situ application (b). 
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3. Fracture mechanics interpretative theory 

This section presents a novel interpretation model for the TPT based on a fracture mechanics 

theoretical framework. The model is based on the analysis of the stress state on the fracture surface 

produced by the toothed nail in the mortar joint, under the hypothesis of no interaction with the 

brick. Such hypothesis is the result of the careful execution procedure presented in Section 2 and 

reveals to be acceptable in historical brickwork, where the mortar joints are usually thicker than in 

modern construction (around 15 mm or even more). 

The calibration of the model parameters is carried out by considering comprehensive sets of 

experimental data available in the literature for different types of mortar. 

 

3.1. Theoretical interpretation of the failure mechanism 

The point of departure of the TPT interpretation is the analysis of the equilibrium in a transversal 

section of the mortar in contact with the toothed nail of the device. Figure 5 shows the stress state 

acting on one quarter of the volume of mortar being compressed by one of the teeth during the TPT. 

The application of a torque per unit length mv induces the development of compression stresses at the 

contact surface between the nail’s tooth and the mortar material. The distribution of these stresses σ 

is assumed uniform at failure and with constant magnitude. The shear stresses τ at failure are also 

assumed constant and uniformly distributed along the external circumference with radius De/2 from 

the centre of the toothed nail. The loaded cross section of the mortar volume changes linearly with 

the angular coordinate θ, as well as the magnitude of the shear action on mortar developed by the 

torque. Both these two variations change with the same rate and thus the compressive stress acting 

on mortar is constant regardless of the angular coordinate θ of the cross section of the mortar volume 

between two consecutive teeth, see Figure 5.  
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Figure 5 – Stress state in one quarter of the volume of mortar investigated by the Torque Penetrometric Test. 

 

On the basis of the presented hypotheses, it is possible to define the elastic strain energy per length 

unit jV on one quarter of the volume of mortar loaded during the TPT, as reported in Equation 1: 

𝑗𝑗𝑉𝑉 = ∫ 𝜎𝜎2

2𝐸𝐸
dV = 𝜎𝜎2

2𝐸𝐸
∙ 𝜋𝜋∙�𝐷𝐷𝑒𝑒

2−𝐷𝐷𝑖𝑖
2�

32
  (1) 

where σ is the compression on the tooth (assumed constant), E is the Young’s modulus of mortar, De 

is the external diameter of the toothed part of the nail and Di is the diameter of the smooth shank. 

The energy is dissipated through the circumferential slip surface of diameter De according to a 

constant distribution of tangential stresses only [26]. The main reason that allow disregarding the 

normal stresses is the execution of the pilot hole. In fact, the drill removes a cylinder of mortar thus 

relaxing the radial stresses around the hole into which the TPT is inserted. 

The specific energy per length unit jS on one quarter of the circumferential slip surface is directly 

related to the fracture energy of the material Gf, as reported in Equation 2: 

𝑗𝑗𝑆𝑆 = 𝐺𝐺𝑓𝑓 ∙
𝜋𝜋∙𝐷𝐷𝑒𝑒
4

  (2) 

The two energies calculated in Equations 1-2 must be equivalent, thus it is possible to obtain an 

expression of the compression stress on the teeth as reported in Equation 3: 
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𝜎𝜎 = �
16∙𝐸𝐸∙𝐺𝐺𝑓𝑓∙𝐷𝐷𝑒𝑒
�𝐷𝐷𝑒𝑒2−𝐷𝐷𝑖𝑖

2�
  (3) 

The total compression stresses acting over the four teeth of the TPT are in equilibrium with the 

external torque applied to the instrument (see Figure 5), so they turn out to be:  

𝜎𝜎 = 2∙𝑚𝑚𝑣𝑣
�𝐷𝐷𝑒𝑒2−𝐷𝐷𝑖𝑖

2 �
  (4) 

The simple equivalence of Equations 3-4 provides a direct relationship between the torque per unit 

length mv recorded during the TPT and the mechanical parameters of mortar E and Gf: 

2∙𝑚𝑚𝑣𝑣
𝐷𝐷𝑒𝑒2−𝐷𝐷𝑖𝑖

2 = �
16∙𝐸𝐸∙𝐺𝐺𝑓𝑓∙𝐷𝐷𝑒𝑒
�𝐷𝐷𝑒𝑒2−𝐷𝐷𝑖𝑖

2�
  (5) 

In analogy with relevant concrete guidelines [27], it is possible to establish regression expressions, 

relating the Young’s modulus E and fracture energy Gf with the compressive strength fc of mortar 

material, in the form of simple monomials: 

𝐸𝐸 = 𝐾𝐾𝐸𝐸 ∙ �
𝑓𝑓𝑐𝑐
𝑓𝑓𝑐𝑐,0
�
𝜀𝜀

;              𝐺𝐺𝑓𝑓 = 𝐾𝐾𝐺𝐺 ∙ �
𝑓𝑓𝑐𝑐
𝑓𝑓𝑐𝑐,0
�
𝛾𝛾

  (6a,b) 

where the constants KE, KG, ε and γ can be defined as the best fit of a large experimental dataset and 

fc,0 = 1 MPa is a reference compressive strength. The constants KE and KG have the same units of the 

quantity they are related to (i.e. MPa for KE and J/m2 for KG if SI units are used), whereas ε and γ are 

non-dimensional.  

The introduction of these expressions into Equation 5 defines a direct relationship between the 

normalised torque mv measured during the TPT and the compressive strength fc of the mortar 

material: 

𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑐𝑐,0 ∙ �
𝑚𝑚𝑣𝑣

2∙�𝐾𝐾𝐸𝐸∙𝐾𝐾𝐺𝐺∙𝐷𝐷𝑒𝑒∙�𝐷𝐷𝑒𝑒2−𝐷𝐷𝑖𝑖
2�
�

2
(𝛾𝛾+𝜀𝜀)

  (7) 

The constants KE, KG, ε and γ can be grouped to simplify further the previous expression as follows: 
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𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑐𝑐,0 ∙ �
𝑚𝑚𝑣𝑣

2∙�𝐾𝐾𝐴𝐴∙𝐷𝐷𝑒𝑒∙�𝐷𝐷𝑒𝑒2−𝐷𝐷𝑖𝑖
2�
�

2
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  (8) 

where KA= KE · KG and α= ε + γ. The term into the square brackets of Equation 8 is non-

dimensional. Equation 8 relates the normalised torque mv measured during the TPT with the 

compressive strength of the mortar. The parameters KA and α establishing such relationship can be 

calibrated as shown in the next section, by using suitable experimental datasets available in the 

scientific literature [27–33].  

 

3.2. Calibration of the model parameters 

The parameters KE, KG, ε, γ of Equations 6-7 have to be carefully defined in order to ensure the 

accuracy of the interpretative theory for the TPT. The values of KA and α of Equation 8 can be 

determined through appropriate relationships between the compressive strength of mortar and other 

mechanical parameters, i.e. Young’s modulus and fracture energy. 

The first stage of calibration of the model concerns the parameters KE and ε. Existing standards and 

experimental studies in the available literature [27,28,30,34] propose suitable relationships between 

the Young’s modulus and the compressive strength of the material, with expressions very similar to 

the Equation 6a. Available standards for concrete [27,28] suggest rather low values of ε (respectively 

0.33 and 0.30) and high values of KE (respectively 15100 and 22000 MPa). For the specific case of 

mortars, these values lead to an overestimation of the elastic modulus. For this reason, they need to 

be calibrated in order to cover the representative ranges of compressive strengths of lime or lime-

cement mortars [8,9,35,36]. According to all the aforementioned references, realistic values of 

Young’s moduli for historical mortar types are between 500 MPa and 5000 MPa for mortars 

characterized by compressive strengths in the range between 1.0 MPa to 10.0 MPa [35–38]. The data 
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fit procedure of the whole considered sample of experimental data provides ε = 0.7 and KE = 550 

MPa (see Figure 6) with good agreement with the experimental results (R2 = 0.697). 

 

 

Figure 6 – Empirical relationship between the compressive strength fc and the Young's Modulus E for different types of 

mortar (R2 = 0.697) [35–38]. 

 

The second stage of the calibration of the model concerns the parameters KG and γ. Their evaluations 

require the definition of a suitable relationship between the tangential stress τ and the shear slip s. If 

this law presents a linear ascending branch followed by linear softening, the area underneath the τ-s 

diagram can be conventionally quantified by the mode II fracture energy of the material Gf,II. If a 

simple bilinear relationship between τ and s is considered for the mortar material, the mode II 

fracture energy can be expressed as follows: 

𝐺𝐺𝑓𝑓,𝐼𝐼𝐼𝐼 = 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚
2

2𝐾𝐾0
𝜇𝜇 ,  (9) 

where K0 is the elastic stiffness of the fracturing shear interface, and µ is the ductility factor 

expressing the ultimate slip su as a function of the slip s0 at the maximum tangential stress τmax. 
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If the compression stress is small, as in the case of historical mortars, and under the hypothesis of 

associate plastic flow rule [26], the maximum tangential stress can be assumed as the cohesion of the 

material according to the Coulomb failure model: 

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 = 1
2�𝑓𝑓𝑐𝑐𝑓𝑓𝑡𝑡  ,  (10) 

where fc and ft are the uniaxial compressive and tensile strengths of the mortar. By substituting 

Equation 10 into Equation 9, the fracture energy can be defined as a function of both the strengths fc 

and ft. Such relationship can be further simplified by expressing the tensile strength as a function of 

the compressive one, as it is usual in the existing literature [28,30]: 

𝑓𝑓𝑡𝑡 = 𝐾𝐾𝑡𝑡 �
𝑓𝑓𝑐𝑐
𝑓𝑓𝑐𝑐,0
�
𝛽𝛽

  (11) 

Where the Kt and β parameters can be evaluated empirically from available experimental datasets. 

References [28,30] suggests Kt in the range 0.20 to 0.40 MPa, and β in the range 0.70 to 1.0. The 

reference compressive strength can be assumed fc,0 = 1 MPa as in Equations 6-8. 

Available experimental studies normally relate the compressive strength of mortar with its flexural 

strength fft instead of the tensile one. This is due to the intrinsic difficulties related to the execution of 

direct tensile tests. The available standards for mortar materials actually recommend the 

development of flexural tests [39]. The flexural strength can be converted to the tensile one using a 

reduction factor that assumes different values depending on the specific standard. According to 

[27,28,34], if the conventional 40 × 40 × 160 mm3 specimens are considered for the flexural tests of 

mortar, the ratio between tensile and flexural strengths is within the range 0.44-0.83. In almost all the 

aforementioned references, the correlation proposed between ft and fft is linear. Therefore, it is 

possible to define the relationship between the compressive and flexural strengths by using a suitable 

value of the parameter Kft 
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𝑓𝑓𝑐𝑐
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  (12) 

The constant Kft and the exponent β of Equation 12 can be obtained by a data fit procedure of 

available experimental data [10,18,29,30,40], specific to the type of weak historical mortars that are 

considered in the present study. The performed identification yields for the cited parameters values 

of 0.60 MPa and 0.75, with an R2 of 0.866 (see Figure 7). The Kt parameter of Equation 11 can be 

thus assumed equal to 0.38 MPa, i.e. to the mean value of the interval 0.25 – 0.50 MPa that emerges 

from the experimental data transformed to direct tensile strength [28]. 

 

 

Figure 7 - Empirical relationship between the compressive strength fc and the flexural strength fft for different types of 

mortar (R2 = 0.866) [10,18,29,30,40]. 

 

The elastic stiffness of the fracturing shear interface K0 in Equation 9 is very difficult to be 

evaluated, since it is related to the characteristic length of the fracture process. An approximation 

based on the hypotheses of linear elastic – linearly softening brittle material [41] provides the 

following expression:   
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𝐺𝐺𝐹𝐹,𝐼𝐼𝐼𝐼 = �𝐾𝐾𝑡𝑡𝑓𝑓𝑐𝑐,0

4
𝑠𝑠𝑢𝑢 �

𝑓𝑓𝑐𝑐
𝑓𝑓𝑐𝑐,0
�
1+𝛽𝛽
2

  (13) 

The ultimate slip su of the mode II fracture is almost independent of both the type of experimental set 

up and the material strength [31,33,42,43] and it can be assumed ranging between 0.5 mm and 1.0 

mm, with lower values holding for stiffer and stronger mortars. The fracture energy can be thus 

expressed in the form of Equation 6b by considering the following definitions of the corresponding 

parameters:  

𝐾𝐾𝐺𝐺 = �𝐾𝐾𝑡𝑡𝑓𝑓𝑐𝑐,0

4
𝑠𝑠𝑢𝑢,      𝛾𝛾 = 1+𝛽𝛽

2
  (14a,b) 

The mode II fracture energy is a debated parameter and its experimental determination is not 

straightforward. Available studies [33,44] show that mode II and mode III fracture energies can 

constitute a ratio to mode I values obtained by means of different experimental methods. Reference 

[38] provides a mode II fracture energy of 100 J/m2 for weak and strong mortar at a confining 

pressure of 500 kPa. Reference [43] provides characteristic values for tuff masonry in shear of 120-

170 J/m2 for a compressive strength of 2.5 MPa. Representative values of mode I fracture energy of 

mortar are in the range 5-10 J/m2 in available studies [31,42,45]. Thus, realistic values of mode II 

fracture energy for typical historical mortar can be defined in the range between 100 J/m2 and 200 

J/m2, whilst ordinary cementitious mortars might reach upper bound values around 400 J/m2 [37, 40]. 

The parameter KG can be evaluated by introducing suitable values of Kt and su. As indicated before, 

Kt  can be assumed equal to 0.38 MPa and the ultimate slip can range between 0.5 mm and 1.0 mm 

[31,33,42,43]. Thus, the KG parameter can range between 80 J/m2 and 150 J/m2 (Equation 14a), 

depending on the assumed value of the ultimate slip. Smaller KG values should be referred to stiffer 

mortars, which exhibit shorter slips. For example, if the mortar compressive strength is within the 

interval 1.0 ÷ 3.0 MPa, the corresponding range of mode II fracture energy can be evaluated within 

the interval 150 ÷ 210 J/m2, i.e. in good agreement with the experimental results from the literature.  



18 

On the basis of the previous considerations, a realistic value for KG can be set around 100 J/m2. 

Considering the parameter β equal to 0.75, as discussed above, the γ exponent results equal to 0.87 

according to Equation 14b. All these values, inserted into Equation 6b, approximate rather well the 

parameters of the experimental dataset. Hence, KA = KE · KG = 550 · 0.10 = 55 N2/mm3 and α =  ε + 

γ = 0.7 + 0.87 = 1.57. 

The calibration of the model parameters leads finally to the analytical expression relating the 

compressive strength of the material to the maximum normalized torque measured during the TPT: 

𝑓𝑓𝑐𝑐 = � 𝑚𝑚𝑣𝑣

2∙�55∙𝐷𝐷𝑒𝑒∙�𝐷𝐷𝑒𝑒2−𝐷𝐷𝑖𝑖
2�
�

1.274

,  (15) 

Where fc is expressed in [MPa], mv in [Nmm/mm], and De and Di in [mm]. 

 

 

4. Experimental validation of the Fracture Mechanics 

interpretative theory 

This section presents the experimental validation of the novel interpretative theory for the TPT. The 

calibration of the procedure was carried out by considering an experimental program developed by 

the authors [7,25] as well as the data from an additional campaign available in the literature [24]. The 

practical application of the TPT and the validation of the interpretative theory are eventually 

presented with reference to experiments on a masonry wall built in the laboratory with historical-like 

materials [9,10] and on the existing masonry walls of a historical building struck by the 2012 Emilia-

Romagna earthquake. 

 

4.1. Calibration of TPT through the experimental programs at UNIBO and DTI 
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The calibration of the instrument was carried out by comparing the standard compressive strengths 

obtained from laboratory tests with the maximum torque values measured with the TPT [7,25] and 

the X-Drill [24]. The two experimental programs were carried out respectively at the University of 

Bologna (UNIBO) by the present authors and at the Danish Technological Institute (DTI) by 

Christiansen. All the experimental data are reported for sake of completeness in the Annexes A.1 and 

A.2. 

The experimental program at UNIBO consisted in comparing the maximum torque measured during 

the TPT with the standard compressive strength obtained from laboratory tests. A rigorous way to 

compare these two parameters is to perform both the tests directly on the same specimen. In order to 

limit the influence of the minor damage induced by the TPT test, the compression tests were carried 

out by loading the same faces where the penetrometric tests were performed. In this way, the part of 

the specimen damaged by the TPT was located next to the loading plates, i.e. in the most confined 

part of the sample during the compression test. The current standard for the mechanical 

characterisation of mortar [46] requires prismatic samples with nominal dimensions 40 × 40 × 160 

mm3. However, the small dimensions of these specimens would not permit the execution of the 

torque tests, causing an early collapse of the specimen and also avoiding the possibility of 

subsequent testing in compression. For this reason, bigger cubic specimens were chosen for the 

calibration of the tool, using the standard for concrete materials as reference [47]. TPT was executed 

twice on each sample. The specimen was firstly placed between the platens of a loading machine 

under a constant compression of 2 kN, owing to avoid any movement of the specimen during the 

torque test. It is worth noting that the X-Drill investigation by Christiansen [24] showed that the 

vertical stress does not influence the test results. Once the sample was fixed between the plates, the 

nail was knocked into the pilot hole using a hammer until its toothed part was completely inserted, 

see Figure 8. 
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The testing operation proceeded with the application of a torque to the inserted toothed nail. This 

operation was carried out using the torque wrench, recording for each test the maximum measured 

value of the torque. The torque wrench must be handled with some caution in order to avoid any 

transversal force that could affect the test and lead to an erroneous evaluation of the maximum 

torque. 

 

 

Figure 8 - Mortar sample with the inserted toothed nail ready for the torque test 

 

The subsequent stage of the experimental program consisted in the compression tests of the cubic 

specimens. Each sample was placed with the damaged faces in direct contact with the loading platens 

of the compression machine. The peak stress recorded during each experiment was regarded as the 

compressive strength of the tested mortar specimen. 

The experimental program at DTI was also based on the comparison between the maximum torques 

measured with the X-Drill device and the standard compressive strengths obtained from laboratory 

tests. This second experimental program was considered to extend the database of TPT results 

obtained at UNIBO. However, X-Drill original measurements data had to be adjusted in order to 

make possible a direct comparison with the TPT results, since the two penetrometers have different 

geometries. In particular, the measured ultimate torque is strictly dependent on the fracture surface 

activated by the tools. The TPT and the X-Drill provide different readings of the maximum torque if 
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executed over the same material, because their toothed nails have different areas in contact with the 

investigated material. The values of the internal and external diameters of the toothed part of the nail 

Di and De are different in the two instruments: Di=7 mm and De=9 mm for the TPT whereas Di=6.5 

mm and De=10 mm for the X-Drill. For this reason, the original readings from the X-Drill campaign 

at DTI were properly adjusted in order to make them directly comparable to those obtained with 

TPT. Using Equation 4, the following expression was adopted to convert the original normalised 

ultimate torques measured with X-Drill mv,XDrill to their adjusted values mv,TPT comparable with TPT: 

𝑚𝑚𝑣𝑣,𝑇𝑇𝑇𝑇𝑇𝑇 =
���𝐷𝐷𝑒𝑒2−𝐷𝐷𝑖𝑖

2�𝐷𝐷𝑒𝑒�
𝑇𝑇𝑇𝑇𝑇𝑇

���𝐷𝐷𝑒𝑒2−𝐷𝐷𝑖𝑖
2�𝐷𝐷𝑒𝑒�

𝑋𝑋𝑋𝑋𝑋𝑋𝑖𝑖𝑋𝑋𝑋𝑋

𝑚𝑚𝑣𝑣,𝑋𝑋𝐷𝐷𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 = 0.706 𝑚𝑚𝑣𝑣,𝑋𝑋𝐷𝐷𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 (16) 

Figure 9 shows the adjusted data mv,TPT from the DTI tests together with the TPT data from the 

UNIBO experiments, all related to the corresponding standard strengths of the investigated mortars. 

The data fitting was carried out by using a least square algorithm where the two variables are the 

parameters KA and α of Equation 8. This methodology provided the values KA = 54 N2/mm3 and α = 

1.53 with high coefficient of determination R2 = 0.96. Moreover, those parameters are very close to 

those suggested in Section 3 for the fracture mechanics interpretative theory of the TPT, showing the 

correctness of the proposed model.  
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Figure 9 - Empirical correlation between the standard compressive strength of mortar and the measurements made with 

the Torque Penetrometer Tests developed at UNIBO [7,25] and the X-Drill tests developed at DTI [24]. 

 

4.2. TPT applied to a historical-like wall built at UPC 

The TPT was used to perform experiments on a wall built in the Laboratory of Technology of 

Structures and Building Materials of the Technical University of Catalonia (UPC-BarcelonaTech), 

Spain.  

The lime mortar and bricks used for the construction were chosen in order to simulate a handmade 

historical masonry wall. The dimensions of the brick units were 275 × 135 × 45 mm3. The mortar 

was mixed starting from the raw components, using fine river sand with 0 ÷ 2 mm grain size. Natural 

hydraulic lime NHL 3.5 was utilized with volume ratio of binder to aggregate of 1:3, which is rather 

typical in the manufacturing of mortar in traditional masonry construction [34,48]. 

Using the aforementioned components, a wall with rough dimensions 1.50 × 0.75 × 0.275 m3 was 

built in Flemish bond (see Figure 10). The external thickness of the joints was variable, from 10 mm 

to 15 mm, due to the imperfect faces of the handmade bricks. The wall was stored in the laboratory 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

0 150 300 450 600 750 900 1050 1200 1350 1500

f c
[M

Pa
]

mv [Nmm/mm]

Marastoni (2016) Christiansen (2011)



23 

for 110 days, i.e. until when mortar had reached a sufficient strength in order to replicate the property 

of a historical masonry.  

 

 

Figure 10 - Historical-like wall built at UPC: construction stage (a) and the wall at the end of the construction (b). 

 

During the construction of the wall, the mortar was characterised according to the EN 1015-11:2007 

procedure [39]. Standard samples were prepared using the same mortar utilised in the wall 

construction, allowing a complete characterisation of the material in tension and compression. Three 

40 × 40 × 160 mm3 prisms were tested 110 days after their construction to determine the flexural 

strength fft, whereas the compressive strength fc was assessed on the six halves produced by the 

splitting of the prisms from the flexure tests.  

The average value of the flexural strength was 0.38 MPa with a coefficient of variation (CV) of 6%. 

The compression tests were performed on the six fragments produced by the flexural tests. The two 

stumps measured roughly 40 × 40 × 80 mm3 and were loaded with steel loading platens of 40 × 40 

mm2. The average compressive strength was 2.79 MPa with a CV of 9%. 

The operational sequence used in carrying out the TPT tests was intended to reproduce a generic in-

situ activity on existing walls. The penetrometric tests were performed in random positions on the 

masonry wall, in order to provide globally representative results. The pilot holes were performed 



24 

using a portable driller equipped with a 7 mm bit made of hardened steel, carefully checking the 

orthogonality of the hole to the external surface of the wall (Figure 11a). Once the pilot holes were 

properly made, the nail was hammered into each hole (Figure 11b) and the TPT was executed using 

the torque wrench (Figure 11c). The resulting moments measured in 12 positions are reported in 

Table 1. 

 

 

Figure 11 - Execution of the pilot hole on the historical-like wall built at UPC (a), toothed nail inserted into the mortar 

joint (b) and test execution using the torque wrench (c). 

  

Table 1 - Experimental results of the Torque Penetrometric Tests performed on the wall built at UPC. 

Test 
Mv 

[Nm] 

mv 

[Nmm/mm] 
Test 

Mv 

[Nm] 

mv 

[Nmm/mm] 

TPT01 6.5 433 TPT07 10.0 667 

TPT02 8.0 533 TPT08 10.0 667 

TPT03 10.0 667 TPT09 8.0 533 

TPT04 7.5 500 TPT10 9.0 600 
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TPT05 7.0 467 TPT11 7.5 500 

TPT06 9.5 633 TPT12 7.5 500 

   Avg. 8.4 558 

   CV 15% 15% 

 

The average value obtained by the experimental testing with the latest tool geometry was Mv=8.4 Nm 

with a CV of 15%. The specific ultimate torque related to the aforementioned average value is 

mv=558 Nmm/mm. Equation 15 can be used for the estimation of the mortar strength, providing a 

value of the compressive strength of 2.87 MPa. There is only a 3% difference between the actual 

compressive strength obtained in the mechanical characterisation and its estimated value with TPT. 

This low difference between the standard compression test results and the evaluation from the 

penetrometric readings suggests the reliability of the methodology proposed, returning low scattered 

results (CV=15%) and a good precision in the prediction of the compressive strength of mortar. 

 

4.3. TPT applied to a Historical Masonry Building 

The TPT was executed during an experimental campaign carried out on a 19th century rural masonry 

building, called “Leona”, located in the countryside of the town of Cento, in the province of Ferrara, 

Italy. The building was damaged by the 2012 Emilia Earthquake (see Figure 12a), as well as most of 

the rural structures of the area, due to the very poor materials employed in the construction. The 

inspection and the analysis of the damage suffered by Leona building were supported by an 

experimental campaign focusing on the assessment of the mechanical properties of materials, as an 

essential issue in planning the necessary repair and retrofit interventions. 

The experimental program consisted in the execution of a sequence of increasingly destructive tests. 

As usual, during the inspection of existing historical structures, the first analyses were carried out 

using MDT techniques in order to limit the damage induced to the structural members. The TPT was 
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performed to get a quick in-situ assessment of the strength of mortar in the joints. Afterwards, mortar 

joint samples were extracted from the existing brickwork, taking advantage of zones with disjointed 

bricks or cracks, and then subjected to double punch test (DPT) in the laboratory [7,8,13,14]. Finally, 

on site destructive tests were carried out using the double flat jack (DFJ) in order to obtain a direct 

evaluation of the strength of masonry (Figure 12b). 

The TPT and DPT were executed in four different positions on the structure in order to evaluate the 

spatial variability of the properties of the materials in the Leona building. DFJ was carried out only 

in two positions. The correlation of accurate and expensive investigation techniques with cheaper 

and faster MDT evaluations can provide information about the spatial variability of the mechanical 

properties on the same building. By this way, different construction techniques, building ages, 

conservation levels and damage severities can be detected and distinguished. 

 

 

Figure 12 - External view of Leona Building in Cento (Ferrara, Italy) (a) and double flat jack executed on an external 

wall (b). 

 

Table 2 presents a summary of all the results obtained from the different experiments carried out on 

the different positions of Leona building.  
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The TPT readings were twelve for each one of four selected positions. As shown, the estimations of 

the mortar compressive strengths measured in the four different positions ranged between 0.49 MPa 

and 1.16 MPa. 

Four mortar samples for each selected position were subjected to DPT in the laboratory. As reported 

in previous researches available in the literature [7,8,13–16], the ultimate load obtained from the 

DPT cannot be considered equal to the uniaxial compressive strength of the material due to the 

confinement pressure exerted by the loading plates on the thin mortar specimen. The conversion 

between the DPT and the uniaxial compressive strengths can be evaluated by applying the correction 

factor of 0.7 proposed by [14], leading to the average compressive strengths for each position 

reported in Table 2.  

The DFJ tests provided very low values of the compressive strength (0.52 MPa and 0.82 MPa). 

These results showed clearly that the failure of masonry, under this compression setup, occurred 

entirely in the mortar joint due to local crushing. This type of response constituted a further evidence 

of the poor properties of the investigated mortar, as usual in the rural construction of the region. 

Therefore, the compressive strength values derived from the DFJ could be compared with the DPT 

results and the TPT readings performed in the same positions. 

Table 2 shows the comparison among the predictions from the different experimental techniques. 

TPT estimations of the mortar compressive strength are in remarkable agreement with those 

provided by other consolidated testing methods (DPT and DFJ). The highest error of the TPT of -

27%, obtained in the Position 2, was probably due to the testing of mortar in a more superficial 

position than DPT and DFJ, and it could be related to a local superficial anomaly due to 

environmental decay. Overall, the good agreement highlights the validity of the TPT interpretative 

theory presented in this paper. In addition, the TPT showed its capability to detect the variability of 

the mechanical properties for different positions of the building with a very good precision and with 

acceptable scattering of the obtained measures. 
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Table 2 - Comparison of the different experimental predictions of mortar compressive strength in Leona Building. 

Test Pos. 1 [MPa] Pos. 2 [MPa] Pos. 3 [MPa] Pos. 4 [MPa] 

TPT 0,49 0,54 0,91 1,16 

DPT 0,55 0,86 0,94 0,90 

DFJ 0,52 0,82     

     

Average 0,52 0,74 0,93 1,03 

TPT Error -6% -27% -2% +13% 

 

5. Conclusions 

This research has provided a reliable calibration and an interpretation model for a new MDT 

technique, called Torque Penetrometric Test (TPT), developed for a quick in-situ evaluation of the 

compressive strength of historical mortars [7,25]. The TPT is a portable apparatus that is 

characterised by easy execution and repeatability of measurements. The equipment has only two 

components, i.e. a steel nail with four protruding teeth and a torque wrench. This novel instrument is 

conceptually similar to the geotechnical testing method of the vane shear test and constitutes an 

improvement of the previously proposed X-drill method [24]. The research proposes a specific shape 

for the toothed nail to be inserted into the mortar joint, making the technique more suitable for the 

investigation of historical mortars. The proposed enhancements are effective in reducing the 

uncertainties in the measurements since: 

- the teeth’s length Lw=15 mm allows for a standardisation of the penetration depth; 

- the shank’s diameter of 6.5 mm allows the deep penetration of the nail into the mortar joint 

without any interaction with the superficial portion of the mortar joint in the wall; 
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- the diameter of the toothed head of 9 mm allows inserting it quite easily into most of the existing 

mortar joints; 

- the peculiar geometry of the toothed nail of the TPT is suitable both for superficial and deep 

measurements of the strength of mortar in existing walls. 

The present research, as a first approach to set up the TPT, has considered a simple analogic torque 

wrench, even though future applications could use more expensive digital acquisition systems to 

obtain more accurate estimations, as well as continuous measurements of both the torque and 

twisting angle. 

An interpretative theory has been proposed by developing a micro-mechanical analysis of the stress 

state induced by the TPT on the investigated mortar, and also considering basic concepts of fracture 

mechanics. The presented theory yields a simple analytical expression relating the compressive 

strength of the mortar with the normalised ultimate torque (maximum torque per unit length) 

recorded during the TPT. All the parameters of the proposed model have been carefully calibrated 

making reference to comprehensive experimental datasets available in the literature for mortars with 

compressive strength within the typical ranges for existing masonry buildings. This activity has 

allowed the determination of suitable relationships among the Young’s modulus, the fracture energy 

and the compressive strength of different types of mortars. 

The results obtained from this study can be summarised as follows: 

- the proposed interpretation theory for the TPT has shown a remarkable agreement with the best 

fit curves defined on the basis of compression and penetrometric experiments developed at the 

laboratories of UNIBO and DTI. The whole experimental dataset covers a range of mortar 

compressive strengths from 0.34 MPa to 8.55 MPa, proving the applicability of the method to the 

typical mortar types of historical masonry buildings. 

- the proposed interpretation theory of the TPT has shown to be accurate in predicting the 

compressive strength of the mortar used in a wall built in the UPC laboratory according to 
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traditional techniques of historical masonry construction. The completed TPT evaluation has 

provided a compressive strength almost equal to the standard strength got from direct 

compression tests. 

- the TPT has been also conducted on a historical masonry building damaged by the 2012 Emilia-

Romagna earthquake (Italy). The estimation of the mortar strength provided by the calibrated 

theory has resulted in a remarkable agreement with values derived from other more consolidated 

experimental techniques, i.e. double punch tests and double flat jack tests. Moreover, the TPT has 

shown to be a useful approach for its speed and ease in the in-situ assessment of the mortar 

strength. This specific feature of the TPT makes it appropriate for historical structures of the built 

heritage with medium to poor material properties. The TPT has shown also to be a suitable 

complement to more invasive testing methods, such as the double flat jack test and the double 

punch test, allowing to plan more efficient experimental campaigns on historical masonry 

buildings. 

- The interpretative theory proposed in this paper for TPT constitutes a very helpful tool to 

improve the understanding and post-processing of experimental results.  
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Appendix A: Experimental data for the calibration of the TPT 

A.1 Experimental campaign at UNIBO 

The experimental program was based on the construction of a large set of cubic specimens of mortar. 

The samples were prepared using different compositions in order to obtain a representative range of 

compressive strengths. The manufacture was carried out in the Laboratory of Structural and 

Geotechnical Engineering of the University of Bologna (UNIBO), Italy.  

Seven mixtures of mortar, properly designed in order to simulate different materials behaviour, were 

used to build the specimens. Each mixture was composed of different proportions of river sand (0 ÷ 2 

mm grain size), Portland Cement 32.5 R, Natural Hydraulic Lime NHL 3.5 and water. The 

proportions among the components were carefully chosen by following the common practice in 

masonry construction, in order to obtain a statistically significant range of compressive strengths. 

The mass proportions of components for each mortar mixture are reported in Table A.1. 

Mixtures “A” were characterised by a water/binder mass ratio of about 0.5-0.6, according to the 

standard mortar composition. On the contrary, mixtures “B” had water/binder ratio around 1.0, 

reducing significantly the compressive strength of the specimens. For each mortar mixture, three 

specimens were casted using 150 × 150 × 150 mm3 PVC moulds. The samples were then stored for 

28 days inside a climatic chamber (20°C and 98% RH). After the curing period, two holes were 

drilled in the centre of two opposite lateral surfaces of the samples. The faces selected for the 

penetrometric tests were those in contact with the moulds, granting the required planarity of the 

surfaces loaded during the compression test. The pilot hole was made by using a vertical driller with 

a hardened steel bit of 7 mm diameter. The pilot cavity was perfectly orthogonal to the investigated 

surface. 

Table A.1 reports the readings of the TPT for each sample, expressed as normalised ultimate torque 

per unit length (mv, in Nmm/mm) and the standard compressive strength (fc, in MPa). Each value of 
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mv reported for each sample is the average of the two readings obtained from the two opposite lateral 

surfaces of the cube specimen, see Figure 8. More details about the experimental results of this 

testing program can be found in [25]. 

 

Table A.1 – Mortar mixtures adopted in the experimental campaign at UNIBO [25], Torque Penetrometric Test results on 

cubic samples of mortar, normalised ultimate torque measured (mv) and standard compressive strength (fc). 

Mix 

NHL Cem. Sand Water Tot mv fc 

[kg] [kg] [kg] [kg] [kg] [Nmm/mm] [MPa] 

          1 2 3 1 2 3 

A1 5.0 - 15.0 3.0 23.0 350 433 333 1.31 1.43 1.33 

A2 2.0 3.0 16.0 2.5 23.5 1067 1383 1250 8.55 8.68 8.52 

A3 4.0 1.1 16.0 3.0 24.1 450 433 467 2.43 2.39 2.39 

A4 3.5 2.5 15.0 2.7 23.7 1050 1250 1233 7.41 7.67 7.17 

B2 3.4 - 18.0 3.0 24.4 167 217 - 0.45 0.46 - 

B3 1.5 2.5 14.9 2.5 21.4 883 967 950 5.39 5.76 5.82 

B4 1.0 1.5 18.0 2.5 23.0 367 517 500 1.82 1.78 1.81 

 

A.2 Experimental campaign at DTI 

The experimental program was developed at the Danish Technological Institute (DTI) by 

Christiansen [24] and used the X-Drill device. Several penetrometric tests were carried out on ten 

walls built in the laboratory and the results were compared with the compressive tests on mortar 

according to the available standards [39]. The mortar specimens were obtained by using premixed 

mortars with different parts of lime, cement, aggregates and water content in the mixture. The 

premixed mortars were classified in two categories: dry mixes (the water was entirely added during 

the moulding phase) and wet mixes (mortar contained water and additional cement or water were 
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added). The mortars were used to build 10 different walls with nominal mortar joint thickness of 12 

mm. The tests were performed in the T-cross joints in order to reduce the risk of hitting the units.  

Table A.2 reports the characteristics of mortars used in the different walls and the results of the 

standard compression test on the mortar specimens. Table A.2 also presents, for every specimen of 

given compressive strength, the Christiansen’s original data (normalised ultimate torque measured 

with X-Drill mv,XDrill) and their adjusted values (mv,TPT) evaluated according to Equation 16. 

 

Table A.2 - Mortar Mixtures used for the experimental campaign with the X-Drill at DTI [24], standard compressive 

strength of the specimens (fc), normalised ultimate torque measured with X-Drill (mv,XDrill) and adjusted values of the 

normalised ultimate torque to make possible the direct comparison with TPT readings (mv,TPT). 

Wall Type Dry/Wet 
fc mv,X-drill mv,TPT 

[MPa] [Nmm/mm] [Nmm/mm] 

A Design mortar - 3.23 996 703 

B CL 40/60/850 WET 1.1 347 245 

C L 100/1200 WET 0.39 153 108 

D CL 50/50/700 DRY 4.99 1134 801 

E Design mortar - 2.84 945 667 

F CL 40/60/850 WET 1.48 393 278 

G CL 40/60/850 WET 1.38 511 361 

H L 100/1200 WET 0.34 96 68 

I L 100/1200 WET 0.57 98 69 

J L 100/1200 DRY 0.4 175 124 

 


