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Abstract — The assessment of historical structures requagsropriate knowledge of the behaviour of th
investigated materials. Concerning masonry, its meaal characterisation is a challenging task, cgnits
composite nature requires the careful evaluatiothefbehaviour of its material components. In pautar, the
experimental assessment of the strength of existiagar in historical structures still encountergveral
difficulties. This study investigates a novel Milm@structive Testing technique virtually equivalemthe vane
test used for soil investigation. The instrumeptaticalled herein Torque Penetrometric Test, isposed of a
steel nail with four protruding teeth and a torgweench. The test consists in inserting the toothaitiinto a
mortar joint and then applying a torque to it byans of a dynamometric key until reaching the falof the
material. This work presents a novel interpretatibaory based on basic fracture mechanics concgmtied
to the micro-mechanical analysis of the stressesiiadluced by the instrument on the investigatedanofrhe
proposed interpretative theory is validated throulgh execution of experimental tests in the lalmgaand on
an existing historical masonry building. The tesiyes to be effective for a quick in-situ MDT ewdilon of the

strength of existing mortars.



24 Keywords: Historical Construction; Masonry; Brickwkp Mortar; In-situ Testing; Minor Destructive Test

25 (MDT); Compressive Strength; Penetrometric Tesgdiure Mechanics; Fracture Energy.

26  Abbreviations - MDT: Minor Destructive Testing;
27 NDT: Non Destructive Testing;
28 TPT: Torque Penetrometric Test;
29 DPT: Double Punch Test;

30 DFJ: Double Flat Jack.

31

32 Highlights

33 * Novel torque penetrometer for the in-situ mechdribaracterization of mortar
34 * Toothed nail inserted into the mortar and twistetth\a torque-meter until failure
35 * Proposal of test interpretation theory based octira mechanics

36 * Interpretation theory validated using new and add experimental campaigns
37 * In-situ applications prove the reliability of thestrument for historical mortars
38

39 1. Introduction

40 The structural assessment of historical buildings hecome a fundamental topic in the conservaticheo
41  built cultural heritage, especially in the last @ées where significant catastrophic events hawatened many
42 important constructions [1,2]. Concerning monumeritee evaluation of the structural health and tt
43 identification of possible vulnerabilities can allothe minimization of strengthening work and thire t
44  preservation of their original cultural value.

45 The conservation and protection of historical strces require a multidisciplinary approach involyia variety

46  of professional skills. For this reason, the ICOM@S003 produced a recommendation list [3] in orie
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assist and advice the professionals involved inagsessment of historical masonry buildings. Thopgsed
approach is defined as “Knowledge-Based Assessnagmt’requires information about the original stk
conception, the construction techniques, the exgstiamage and the modifications occurred in thédimgy's
life. Both qualitative and quantitative approachms be adopted in the diagnosis. Notwithstandirgy t
importance of the qualitative approach based imextdrecognition of the monument, the quantitatp@roach
is fundamental in establishing the mechanical degeessary for the analysis phase. In this coniexs,
convenient to organise different levels of expentak activities, starting with the simpler and lesgasive
ones, to be complemented with more sophisticatdddastructive only in few selected positions.

The experimental characterisation of masonry reguthe evaluation of the properties of the corestitu
materials, i.e. units (stone or brick) and mortanfent, lime, etc.). With the development of neght®logies
in the experimental testing of masonry construgjoseveral NDT techniques were proposed to obt:
information on the structure without damaging indlof NDT methods are based on the transmissicomt
or electromagnetic waves through the material. dr@c test [4] has shown its suitability in theirasttion of
the elastic properties of the materials, also ahgwhe determination of internal defects or digourities. The
Ground Penetrating Radar (GPR) can detect the qres#f voids, structural irregularities, differentiterials
or moisture inside the existing masonry. The comgletary use of these investigation techniquescenamon
practice in order to improve the reliability of tN®T results.

Several standards and recommendations for thesassesof historical structures [5] suggest to caretiiDT
and laboratory testing to improve the level of kfexge of the materials’ properties. This approachsually
considered in works dealing with the assessmehistdrical masonry buildings [6].

Fully destructive tests are not possible in his@rstructures since all the experimental actisitieust respect
their intrinsic heritage value. For this reasormerd research is addressing the development aiexifi Minor
Destructive Testing (MDT), based either on pene&@wim techniques or extraction of small samples
masonry to be tested in the laboratory [7-12].

Penetrometric techniques are classified in thealitee either as MDT or NDT [7], since the entifydamage

induced to the structure is minimal. These testsparformed directly on the material to investigaggjuiring
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the removal of plaster or coating surfaces. Theeppemetric tests for masonry are usually modifiedsions of
micro-destructive techniques available for othetamals (mainly concrete).

The Pin Penetration Test, also known as Windsobd&ravas initially designed for hardened concre
investigation according to the US standards [18E $ystem uses a metal pin driven into the matsinak the
recorded depth of penetration can be easily cdelto the material’s compressive strength. Reearks
about the application of such technique to lowrgitk mortars can be found in [12,14].

Schmidt Hammer test is also well-known as NDT fonarete [15]. In this the compressive strength dsise
correlated to the material’s superficial hardné&ssing this principle, Van Der Klugt [16] proposegendulum
hammer for the quality assessment of the masoinrisjo

DRMS (Drilling Resistance Measurement System) mettinwestigates the mortar strength [17] by meaguril
the force necessary to penetrate a compact mat€@iher researchers have developed different tybes
penetrometers [18,19], using the basic principlésthe Standard Penetration Test (SPT) used in s
characterisation.

Recently, Christiansen proposed a torque peneteyrsatled X-Drill [20] consisting of a four-teetlaihmade
of stainless steel. A 6 mm diameter pilot holexisaaited in order to drive the instrument into thertar joint.
The test is carried out by using a torque-metefr riisasures the maximum torgM resisted by the material.
The author presented experimental relationshipsdeat the laboratory compressive strengths of sgpestof
mortars and the corresponding values of torquerddavith the X-Drill.

This paper presents a MDT penetrometric technigliect Torque Penetrometric Tests (TPT). This afpara
for in-situ testing is based on the proceduresobh ibhe geotechnical vane test and the X-Drill teghe, but it
provides important conceptual improvements in otdeobtain more reliable experimental results [Zhis
study presents a new mechanical interpretationryheb the TPT based on a fracture energy equildarat
model. The proposed approach provides a simpleyticall expression for the evaluation of the comgpines
strength of existing mortars. All the parametershef proposed model are calibrated by means ofremestal

data available in the existing literature for sevéypes of mortar.
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The TPT technique and its interpretation theoryenalibrated by considering a representative sehartar
specimens built in the laboratory with differentnguositions, corresponding to a rather wide range
compressive strengths. The comparison between tR€ fmeasurements and the standard laborat
compression tests on the set of specimens providetasic results for the interpretation of the TTB3ponse
[21]. Additional calibration data were gatherednfr@xperiments available in the literature [20]. &y, the
paper presents the results of real applications onasonry wall built in the laboratory with histmi-like
materials [9,10], as well as on the existing magawalls of an historical building struck by the Z0Emilia-

Romagna earthquake.

2. Description of the apparatus

The apparatus proposed in this research for MDhistiorical mortars is called from now on as TorgL
Penetrometric Tests (TPT) [21]. It is composed afadl with four teeth and a torque wrench. The il
obtained by shaping a class 8.8 steel screw (ctegistec tensile and yield strengths: 800 MPa aAd BIPa)
with a lathe, and then manufacturing the teeth &itiill (Figure 1). This material was chosen far liigh
performance, reducing the risk of torque failurdha nail during the test. The cost of the devickniited due

to both the large availability of the material @hd easy manufacturing.

Figure 1 - Novel nail proposed for the Torque Pemmsetric Test of historical mortars [21].
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The geometry of the novel instrument was studiedrder to reduce the sources of uncertainties etdbkting
technique, as well as the drawbacks detected wique studies. Christiansen’s X-Drill [20] was chaeterised
by a fully toothed shank with an external diametet0 mm and an internal diameter of 6.5 mm. ThBrK}
methodology required the measurement of the defativestigationL,, at each test, set in the range between
mm and 20 mm [20]. This operation introdudggdas a further uncertainty in the problem (see &), since
the errors related to the estimation of the vaeahl affected also the evaluation of the ultimate ndised
torquem=M,/L, to be related with the material’'s compressive gfitenFurthermore, the fully toothed shank c
the X-Drill allowed the investigation of the soleternal part of the mortar joint (see Figure 2a)chhin case
of existing masonry, could be either deterioratgdehvironmental actions or composed of newly refgain
material. This problem may lead to rather supafimeasurements and thus to possible erroneousatisns
of the mechanical properties of mortar. Finallye thuter diameter of the cross section of the Xibvds 10
mm. This dimension results comparable with thekiméss of the mortar joints in existing brickwork. flct,
when the existing mortar joints are about 10 mrokthihe X-Drill might hit the bricks’ surfaces dog the test,

yielding results biased by the contacts with aedéht and more resistant material.

a) b)
Brick Brick
Pilot hole // Pilot hole //
20+1 mm ; 15 mm

\Mortar Layer \Mortar Layer

N Brick NBrick

Figure 2 - Longitudinal section of the X-Drill [2Q4) and the novel TPT proposed in this work (b)

On the other hand, the proposed TPT presents iangotéchnical improvements in order to overcome t
aforementioned limitations, as shown in Figure & Bigure 3. First, the toothed part of the nailiaisk is only

15 mm long in order to remove the aleatory err¢ateel to the measurementlgf parameter. The remaining
6
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part of the nail's shank has a smooth cylindricedme with 6.5 mm diameter. This solution grant®@stant
depth of investigatioh,, = 15 mm. In fact, once the instrument is completeserted into the material, only
the nail's teeth can be effectively in contact witbrtar, whereas the remaining length of the sltamkot (see
Figure 2b). Second, the TPT apparatus developéusmresearch allows a deeper insertion of thenembnail,
testing an inner volume of material and bypassiregdxternal layer of the mortar joint (see Figung. Zhe
shaft length of 40 mm assumed in this research Bgere 3) could be modified on the basis of tf
experimental needs. Finally, the external diametethe novel toothed nail is reduced to 9 mm (Feg@b)

trying to avoid experimental results spoiled by @imelesired contact with the bricks.

75.0
5.0 15.0 40.0 15.0
| \ | |
| | | |
qQ,
£ R
R — 2 | | '
- R - - = = + S
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| | | |
7 . scala 2:1 | . | :
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\ ! —
\\ //
=t | 15.0

Figure 3 — Technical drawings with specificationsl @imensions of the TPT used in this research.

Precise working operations of the TPT are propdegatovide a robust procedure against possible ugxet
mistakes. The first step is the realization of mm diameter pilot hole to drive the instrument itite mortar
joint. Whilst drilling the mortar to execute thdggihole, the user must check that no brick powsl@xtracted
and that the rate of advance is regular and conskaese two checks are necessary to exclude #seipce of

7
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bricks or cavities along the track of the pilotéaol'he second step is the hammering of the TPT siwde the
pilot hole. The specific geometry of the systeme(Be&gure 3) allows the toothed part to be inseiead the
pilot hole while avoiding directional deviation®im the hole axis. The third step consists in tleeafsa torque
wrench to measure the torque necessary to bringnthterial to failure. This research considered
dynamometric torque wrench equipped with an analdgiplay with 0 + 30 Nm range and 0.5 Nm preaisio
Figure 4 shows the torque wrench used for the dxeacof the tests. The readings could be done usitiger
analogic or digital torque wrenches. These twoeddht typologies can have almost the same measnten
range, but in general the resolution of the digitahsducer is higher than the analogic one, atthoine
precision can be very similar since it is basedhenquality of the device. The last step of the Tpé&ration is
the removal of the toothed nail from the mortanfoiA final visual check is necessary to contra thaterial
in-between the wings since the possible presendaiock powder might indicate an incorrect measuneme
biased by the hit unit. To conclude, the overatigedure of TPT is characterised by specific worlstages

and subsequent checks that provide a robust andastiized practice to avoid operation errors.

Figure 4 - Analogic torque wrench used for the Ter§enetrometric Test in this work (a) and in-application (b).
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3. Fracture Mechanics Interpretative Theory

This section presents a novel interpretation mddelthe TPT based on a fracture mechanics theateti
framework. The model is based on the analysis efdiness state on the fracture surface producethdy
toothed nail in the mortar joint, under the hypsieeof no interaction with the brick. Such hypoikeas the
result of the careful execution procedure preseime8ection 2 and reveals to be acceptable in fsio
brickwork, where the mortar joints are usually Keic than in modern construction (around 15 mm a@nev
more).

The calibration of the model parameters is caraetlby considering comprehensive sets of experiaielata

available in the literature for different typesmobrtar.

3.1. Theoretical interpretation of the failure mechanism

The point of departure of the interpretation of T is the analysis of the equilibrium in a tramsal section
of the mortar in contact with the toothed nail lné device. Figure 5 shows the stress state actirgne quarter
of the volume of mortar being compressed by ontmefteeth during the TPT. The application of a terger
unit lengthm, induces the development of compression stressb® abntact surface between the nail’s too
and the mortar material. The distribution of thesessesr is assumed uniform at failure and with consta
magnitude. The shear stressesit failure are also assumed constant and unifowiigyributed along the
external circumference with radild/2 from the centre of the toothed nail. The loadesss section of the
mortar volume changes linearly with the angularrdoate 8, as well as the magnitude of the shear action
mortar developed by the torque. Both these twoatians change with the same rate and thus the assipe
stress acting on mortar is constant regardlessefangular coordinaté of the cross section of the morta

volume between two consecutive teeth (see Figure 5)
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195 Figure 5 — Stress state in one quarter of the velafrmortar investigated during the Torque PenegtamTest.

196
197 On the basis of the presented hypotheses, it isiljeso define the elastic strain energy per lengtitjy on

198 one quarter of the volume of mortar loaded durlrgTPT, as reported in Equation 1:

199 jo = [Ldv =2 b 1)
200 whereos is the compression on the tooth (assumed constans) the Young’s modulus of mortad is the
201 external diameter of the toothed part of the nad ; is the diameter of the smooth shank.

202 The energy is dissipated through the circumfererdiip surface of diameteD. according to a constant
203 distribution of tangential stresses only [22]. Thain reason that allow disregarding the normaksgs is the
204  execution of the pilot hole. In fact, the drill rewes a cylinder of mortar thus relaxing the radteésses around
205 the hole into which the TPT is inserted.

206 The specific energy per length upjton one quarter of the circumferential slip surfacdirectly related to the

207 fracture energy of the materi@}, as reported in Equation 2:

. 1T'De
208 Js = Gr = (2)
209 The two energies calculated in Equations 1-2 mastduivalent, thus it is possible to obtain an eggion of

210 the compression stress on the teeth as reportequation 3:

10
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= (3)
The total compression stresses acting over thetémth of the TPT are in equilibrium with the extrtorque

applied to the instrument (see Figure 5), so theay out to be:

2:my,

=D @
The simple equivalence of Equations 3-4 providelrect relationship between the torque per unigiem,

recorded during the TPT and the mechanical parametenortarE andG;:

2m, _ [16EGD,
0707 ~ | (07-07) ()

In analogy with relevant concrete guidelines [28is possible to establish regression expressi@iating the
Young's modulus and fracture energ§: with the compressive strengthof mortar material, in the form of

simple monomials:

£\ £\

where the constantsg, Kg, ¢ andy can be defined as the best fit of a large experialalataset anflo = 1
MPa is a reference compressive strength. The aus$ta andKg have the same units of the quantity they a
related to (i.e. N/mffor Ke and mJ/mrhfor Kg if Sl units are used), whereasndy are non-dimensional.

The introduction of these expressions into Equabodefines a direct relationship between the ndsedl

torquem, measured during the TPT and the compressive stréaf the mortar material:

_2
(r+e)

(7)

m
fe="Tfeo- <
Z-JKE-KG-De-(Dg—DiZ)

The constantKg, Kg, ¢ andy can be grouped to simplify further the previoupression as follows:

2
fe=feo: — (®
R P K 4De:(DZ-D)
whereKa= Kg - Kg anda= ¢ + y. The term into the square brackets of Equatianr®n-dimensional. Equation

8 relates the normalised torgmg measured during the TPT with the compressive gtheaf the mortar. The

11
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parameterK, ando establishing such relationship can be calibratedheown in the next section, by usin

suitable experimental datasets available in thensiic literature [23—-29].

3.2. Calibration of the Model Parameters

The parameterKg, Kg, ¢, y of Equations 6-7 have to be carefully definedrden to ensure the accuracy of th
interpretative theory for the TPT. The valueK@fanda of Equation 8 can be determined through appragri
relationships between the compressive strength aftam and other mechanical parameters, i.e. Youn
modulus and fracture energy.

The first stage of the calibration the model consethe parameter&e and e. Existing standards and
experimental studies in the existing literature,22326,30] propose suitable relationships betwheriibung’s
modulus and the compressive strength of the matem#éh expressions very similar to the Equation 6
Available standards for concrete [23,24] suggeitteralow values ot (respectively 0.33 and 0.30) and hig|
values ofKg (respectively 15100 and 22000). For the spec#isecof mortars, these values of the paramet
lead to an overestimation of the elastic modulas.tkis reason, they need to be calibrated in ci@leover the
representative ranges of compressive strengthmefdr lime-cement mortars [8,9,31,32]. Accordingatl the
aforementioned references, realistic values of Yy®imoduli for historical mortar types are betw&&0 MPa
and 5000 MPa for mortars characterized by compressirengths in the range between 1.0 MPa to 16R@ v
[31-34]. The data fit procedure of the whole coastd sample of experimental data provides0.7 andKg =

550 MPa (see Figure 6) with very good agreemerit thié experimental results{R 0.697).

12
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Figure 6 — Empirical relationship between the coespive strength and the Young's Modulus for different types of mortar R

0.697) [31-34].

The second stage of the calibration of the modetems the parameteks; and ). Their evaluations require
the definition of a suitable relationship betwelea tangential stressand the shear slip If this law presents a
linear ascending branch followed by linear softgnthe area underneath ths diagram can be conventionally
quantified by the mode Il fracture energy of thetenial G; ;. If a simple bilinear relationship betweemnds

is considered for the mortar material, the modealtture energy can be expressed as follows:

G _ T12nax 9
FIl = S B 9)

whereKj is the elastic stiffness of the fracturing shederface, angu is the ductility factor expressing the
ultimate slips, as a function of the slig at the maximum tangential stregg.

If the compression stress is small, as in the ohdestorical mortars, and under the hypothesisiggociate
plastic flow rule [22], the maximum tangential secan be assumed as the cohesion of the mater@idang

to the Coulomb failure model:

1
Tmax = EVfcft ’

wheref; andf; are the uniaxial compressive and tensile strengjttise mortar. By substituting Equation 10 ints

(10)

Equation 9, the fracture energy can be definedfaadion of both the strengtlisandf;. Such relationship can

13
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be further simplified by expressing the tensilemsgth as a function of the compressive one, asusual in the

existing literature [24,26]:

fo= K (ff—)lg (11)

Where theK; and 5 parameters can be evaluated empirically from albgl experimental datasets. Referenc
[24,26] suggestK; in the range 0.20 to 0.40, afdn the range 0.70 to 1.0. The reference comprestrength
can be assumdgy =1 MPa as in Equations 6-8.

Available experimental studies normally relate ¢oenpressive strength of the mortar with its flexsteength
f instead of the tensile one. This is due to thensic difficulties related to the execution ofelit tensile tests.
The available standard for mortar materials acguatommends the development of flexural tests.[38f
flexural strength can be converted to the tensile asing a reduction factor that assumes diffevahies
depending on the specific standard. According §J2,30], if the standard 40 x 40 x 160 Fspecimens are
considered for the flexural tests of mortar, therbetween tensile and flexural strengths is ardinge 0.44 to
0.83. In almost all the aforementioned referenttescorrelation proposed betwedeandf; is linear. Therefore,
it is possible to define the relationship betwdss dcompressive and flexural strengths by usingtalda value

of the paramete(

fre= ke () (12)

The constanKy and the exponeng of Equation 12 can be obtained by a data fit pilace of available
experimental data [10,14,25,26,36], specific to tyye of weak historical mortars that are considarethe
present study. The performed identification yidioisthe cited parameters values of 0.60 MPa an8, With
an R of 0.866 (see Figure 7). Tlke parameter of Equation 11 can be thus assumed &50888 MPa, i.e. to
the mean value of the interval 0.25 — 0.50 MPa ¢éma¢rges from the experimental data transformedirést

tensile strength [24].

14
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Figure 7 - Empirical relationship between the coasgive strength and the flexural strength for different types of mortar (R=

0.866) [10,14,25,26,36].

The elastic stiffness of the fracturing shear fisieeK, in Equation 9 is very difficult to be evaluatethce it is
related to the characteristic length of the fraetprocess. An approximation based on the hypotrefdasear

elastic — linearly softening brittle material [3fovides the following expression:

148
\/KffC,O Su (i) 2 (13)

4 feo

GF,II =

The ultimate slips, of the mode Il fracture is almost independent athlthe type of experimental set up an
the material strength [27,29,38,39] and it can $&umed ranging between 0.5 mm and 1.0 mm, withrlov
values holding for stiffer and stronger mortarseTiacture energy can be thus expressed in the @rm

Equation 6b by considering the following definiteoof the corresponding parameters:

K; = —“Iifc‘osu, y = Ll (14a,b)

The mode Il fracture energy is a debated paranaeterits experimental determination is not straigard.
Available studies [29,40] show that mode Il and mdldl fracture energies have a well-defined ratiortode |
values obtained by means of different experimemtgthods. Reference [38] provides a mode Il fractmergy
of 100 J/M for weak and strong mortar at a confining pressoffe500 kPa. Reference [39] provide:
characteristic values for tuff masonry in shear1@D-170 J/rh for a compressive strength of 2.5 MPz

Representative values of mode | fracture energynoftar are in the range 5-10 J/im available studies
15
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[27,38,41]. Thus, realistic values of mode Il fraet energy for typical historical mortar can beimed in the
range between 100 Jfmand 200 J/f whilst ordinary cementitious mortars might reagper bound values
around 400 J/M[37, 40].

The parameteKs can be evaluated by introducing suitable values;ands,. As indicated beforek; can be
assumed equal to 0.38 MPa and the ultimate slipaage between 0.5 mm and 1.0 mm [27,29,38,39]s,Th
the Kg parameter can range between 80°Hnud 150 J/m(Equation 14a), depending on the assumed value
the ultimate slip. SmalleKs values should be referred to stiffer mortars, Whéxhibit shorter slips. For
example, if the mortar compressive strength is iwithe interval 1.0 + 3.0 MPa, the correspondinggea of
mode Il fracture energy can be evaluated in therial 150 + 210 J/fp i.e. in good agreement with the
experimental results from the literature.

On the basis of the previous considerations, aist#alvalue for K can be set around 0.10 mJ/fam
Considering the parametgrequal to 0.75, as discussed above ytheponent results equal to 0.87 according
Equation 14b. All these values, inserted into Equabb, approximate rather well the parametershef t
experimental dataset. Hen¢&, = Kg - Kg = 0.10 - 550 = 55 fmm® anda = € +y=0.7 + 0.87 = 1.57.

The calibration of the model parameters leads Ilfin@ the analytical expression relating the corspiee

strength of the material to the maximum normalittedue measured during the TPT:

1.274

| = My , 15
J L- /SS-De-(Dg—DiZ) (13)

Wheref. is expressed in [MPafy, in [Nmm/mm], andD andD; in [mm].

Since the error in the evaluation ¥ andKg from experimental data has resulted in 16% apprately, the

error in the TPT estimation &f can be supposed to be arom@l62 +0.16 = 0.22, i.e. 23%.
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4. Experimental validation of the Fracture Mechanics interpretative

theory

This section presents the experimental validatioin® novel interpretative theory for the TPT. Tdadibration
of the procedure was carried out by consideringxgerimental program developed by the authors [/a81
well as the data from an additional campaign ak#glan the literature [20]. The practical applicatiof the
TPT and the validation of the interpretative thearg eventually presented with reference to exparison a
masonry wall built in the laboratory with historidike materials [9,10] and on the existing masowlls of

an historical building struck by the 2012 EmiliarRagna earthquake.

4.1. Calibration of TPT through the experimental programs at UNIBO and DTI

The calibration of the instrument was carried oytcbomparing the standard compressive strengthsnelota
from standard laboratory tests with maximum torgakles measured with the TPT [7,21] and the X-[2d].
The two experimental programs were carried outeetsgely at the University of Bologna (UNIBO) byeth
present authors and at the Danish Technologicétutes (DTI) by Christiansen. All the experimentidta are
reported for sake of completeness in the AnnexésaAd A.2.

The experimental program at UNIBO consisted in canmg the maximum torque measured during the TF
with the standard compressive strength obtaineah fiadooratory tests. A rigorous way to compare these
parameters is to perform both the tests directitftmnsame specimen. In order to limit the influentehe
minor damage induced by the TPT test, the compmedssts were carried out by loading the same fatese
the penetrometric tests were performed. In this,wag part of the specimen damaged by the TPT acsdd
next to the loading plates, i.e. in the most caedipart of the sample during the compression Tés.current
standard for the mechanical characterisation otan@42] requires prismatic samples with nominahensions
40 x 40 x 160 mrh However, the small dimensions of these specimensgd not permit the execution of the
torque tests, causing an early collapse of theisgcand also avoiding the possibility to tesuibsequently in

compression. For this reason, bigger cubic spegmegre chosen for the calibration of the tool, gsine
17
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standard for concrete materials as reference [A3]. was executed twice on each sample. The speavasn
firstly placed between the platens of a loading mva under a constant compression of 2 kN, owingviad
any movement of the specimen during the torque kswever, the X-Drill investigation by Christiams§0]
showed that the vertical stress does not influ¢inedest results. Once the sample was fixed betteeplates,
the nail was knocked into the pilot hole using anheer until its toothed part was completely inserteee
Figure 8.

The testing operation proceeded with the applicatifoa torque on the inserted toothed nail. Thisrafpon was
carried out using the torque wrench, recordingefach test the maximum measured value of the tojue.
torque wrench must be handled with some cauticordier to avoid any transversal force that couléafthe

test and lead to an erroneous evaluation of thermar torque.

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

The subsequent stage of the experimental programsisted in the compression tests of the cubic spaTs.
Each sample was placed with the damaged facesantdiontact with the loading platens of the coragien
machine. The peak stress recorded during each imgrgrwas regarded as the compressive strengtheof
tested mortar specimen.

The experimental program at DTI was also basechercomparison between the maximum torques meast
with the X-Drill device and the standard compresssirengths obtained from laboratory tests. Theorsa

experimental program was considered in extendiegitétabase of TPT results obtained at UNIBO. Howev
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X-Drill original measurements data had to be adidsh order to make possible a direct comparisdh thie
TPT results, since the two penetrometers haverdiifegeometries. In particular, the measured utentarque
is strictly dependent on the fracture surface atéie by the tools. The TPT and the X-Drill provii&erent
readings of the maximum torquieexecuted over the same material, because tbeihéd nails have different
areas in contact with the investigated materiak Values of the internal and external diameteth@ftoothed
part of the nailD; andD, are different in the two instrumentd;=7 mm andDs=9 mm for the TPT whereas
Di=6.5 mm and>~10 mm for the Christiansen’s X-Drill. For this sgm, the original readings from the X
Drill campaign at DTI were properly adjusted in @rdo make them directly comparable to those obthimith
TPT. Using Equation 4, the following expression veatopted to convert the original normalised ultina

torques measured with X-Drith, xprii to their adjusted values, tprcomparable with TPT:

wz-ope|
My rpr = [ \/m

Figure 8 shows the adjusted damarpr from the DTI tests together with the TPT data frém UNIBO

My xpriil = 0.706 My xprill (16)

XDrill

experiments, all related to the corresponding stethdtrengths of the investigated mortars. The filéitag was
carried out by using a least square algorithm whiseewo variables are the paramet€gsand a of Equation
8. This methodology provided the valuég = 54 anda = 1.53 with high coefficient of determinatiorf R
0.96. Moreover, those parameters are very clogbdse suggested in Section 3 for the fracture nmecha

interpretative theory of the TPT, showing the camess of the proposed model.
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Figure 9 - Empirical correlation between the staddzompressive strength of mortar and the measuresmmeade with the torque

penetrometer tests developed at UNIBO [7,21] apdXDrill tests developed at DTI [20].

4.2. TPT applied to a Replicated Historical-Like Wall built at UPC

The TPT was used to perform experiments on a wall in the Laboratory of Technology of Structurasd
Materials (LATEM) of the Technical University of Gdonia (UPC-BarcelonaTech), Spain.

The lime mortar and bricks used for the constructbthis wall were chosen in order to simulateaadmade
historical masonry structural panel. The dimensiohthe brick units were 275 x 135 x 45 rhrithe mortar
was mixed starting from the raw components, usimg fiver sand with 0 + 2 mm grain size. Naturatitaulic
lime NHL 3.5 was utilized with volume ratio of biedto aggregate of 1:3, which is rather typicalthe
traditional manufacturing of mortar in masonry donstion [30,44].

Using the aforementioned components, a wall withghodimensions 1.50 x 0.75 x 0.275 was built in
Flemish bond (see Figure 10). The external thickréghe joints was variable, from 10 mm to 15 nawe to
the imperfect faces of the handmade bricks. Thé wed stored in the laboratory for 110 days, irilwhen

mortar had reached a sufficient strength in ordeeplicate the property of a historical masonry.
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Figure 10 - Construction stage (a) and the wathatend of the construction (b).

During the construction of the wall, the mortar veasiracterised according to the EN 1015-11:200¢quhore
[35]. Standard samples were prepared using the saor&ar utilised in the wall construction, allowiray
complete characterisation of the material in temsind compression. Three 40 x 40 x 160°npmisms were
tested 110 days after their construction to deteertine flexural strength, whereas the compressive strerigth
was assessed on the six halves produced by tltiengptf the prisms from the flexure tests.

The average value of the flexural strength was 048 with a coefficient of variation (CV) of 6%. &h
compression tests were performed on the six fraggnproduced by the flexural tests. The two stum
measured roughly 40 x 40 x 80 rhand were loaded with steel loading platens of 4@>mnf. The average
compressive strength was 2.79 MPa with a CV of 9%.

The operational sequence used in carrying out BiE f€sts was intended to reproduce a genericunastivity
on existing walls. The penetrometric tests werdgoered in random positions on the masonry walbrider to
provide globally representative results. The pilotes were performed using a portable driller epedgpwith a
7 mm bit made of hardened steel, carefully checkiegorthogonality of the hole to the external acef of the

wall (Figure 11a). Once the pilot holes were prbparade, the nail was hammered into each hole (Eigab)
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430 and the TPT was executed using the torque wrenigur@ 11c). The resulting moments measured in
431 positions are reported in Table 1.

432

433
434  Figure 11 - Execution of the pilot hole on the w@), toothed nail inserted into the mortar joib} &nd test execution using the

435  torque wrench (c).

436

437 Table 1 - Experimental results of the penetromegits performed on the wall.

My m, My m,
Test Test
[Nm]  [Nmm/mm] [Nm]  [Nmm/mm]
TPTO1 6.5 433 TPTO7 10.0 667
TPTO02 8.0 533 TPTO8  10.0 667
TPT03  10.0 667 TPTO09 8.0 533
TPTO4 7.5 500 TPT10 9.0 600
TPTO5 7.0 467 TPT11 7.5 500
TPT06 9.5 633 TPT12 7.5 500
Avg. 8.4 558
cv 15% 15%
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The average value obtained by the experimentahtestith the latest tool geometry wd4,=8.4 Nm with a
CV of 15%. The specific ultimate torque relatedtite aforementioned average valuans558 Nmm/mm.
Equation 15 can be used for the estimation of tbhgan strength, providing a value of the compressivength
of 2.87 MPa. There is only a 3% difference betwtenactual compressive strength obtained in thénaracal
characterisation and its estimated value with THiis low difference between the standard comprastast
results and the evaluation from the penetromedaclings suggests the reliability of the methodolpgposed,
returning low scattered results (CV=15%) and a go@tision in the prediction of the compressiversgth of

mortar.

4.3. TPT applied to a Historical Masonry Building

The TPT was executed during an experimental campedgried out on a 19century rural masonry building,
called “Leona”, located in the countryside of tbevh of Cento, in the province of Ferrara, Italy.eTbuilding
was damaged by the 2012 Emilia Earthquake (s

Figure 12a), as well as most of the rural structurfethe area, due to the very poor materials eyeplon the
construction. The inspection and the analysis efdamage suffered by Leona building were suppdiyedn
experimental campaign focusing on the assessmeheahaterial mechanical properties, as an estesgise

in planning the necessary repair and retrofit irgations.
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The experimental program consisted in the execuifom sequence of increasingly destructive typetests.
As usual, during the inspection of existing histafistructures, the first analyses were carriedusuig MDT
techniques in order to limit the damage induceth® structural members. The TPT was performed taage
quick in-situ assessment of the strength of montane joints. Afterwards, mortar joint samples eextracted
from the existing brickwork, taking advantage ohes with disjointed bricks or cracks, and then asctigd to
double punch test (DPT) in the laboratory [7,8,8p,4Finally, on site destructive tests were carmeit using

the double flat jack (DFJ) in order to obtain a edir evaluation of the masonry strength

Figure 12b).

The TPT and DPT were executed in four differentitpmss on the structure in order to evaluate thatiap
variability of the properties of the materials lretLeona building. DFJ was carried out only in pasitions.
The correlation of accurate and expensive investigeechniques with cheaper and faster MDT evalnat
can draw information about the spatial variabibfythe mechanical properties on the same buildBygthis

way, different construction techniques, buildingsgconservation levels and damage severitiesedetected

and distinguished.
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Figure 12 - External view of Leona Building in CerfEerrara, Italy) (a) and double flat jack exedute an external wall (b).

Table 2 presents a summary of all the results obthifrom the different experiments carried out ba t
different positions of Leona building.

The TPT readings were twelve for each one of felected positions. As shown, the estimations oitlogtar
compressive strengths measured in the four diftgyesitions ranged between 0.49 MPa and 1.16 MPa.
Four mortar samples for each selected position selpgected to DPT in the laboratory. As reportegrgvious
researches available in the literature [7,8,45-#] ultimate load obtained from the DPT cannotdmesidered
equal to the uniaxial compressive strength of tregemnal due to the confinement pressure exertedhby
loading plates on the thin mortar specimen. Thevemion between the DPT and the uniaxial compress
strengths can be evaluated by applying the coaedtctor of 0.7 proposed by [46], leading to therage
compressive strengths for each position report&dhbie 2.

The DFJ tests provided very low values of the casgive strength (0.52 MPa and 0.82 MPa). Thesédises
showed clearly that the failure of masonry, undés tompression setup, occurred entirely in thetangoint
due to local crushing. This type of response curisti a further evidence of the poor propertiesthaf
investigated mortar, as usual in the rural consivnof the region. Therefore, the compressivengitie values
derived from the DFJ could be compared with the D@Jults and the TPT readings performed in the sa

positions.
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Table 2 shows the comparison among the predictiom® the different experimental techniques. TP
estimations of the mortar compressive strengthimreemarkable agreement with those provided by rott
consolidated testing methods (DPT and DFJ). Thedsigerror of the TPT of -27%, obtained in the fwsi2,
was probably due to the testing of mortar in a neugerficial position than DPT and DFJ. Overale good
agreement highlights the validity of the calibratipresented in this paper for the TPT techniqueddition,
the TPT showed its capability to detect the valigbof the mechanical properties for different pmss of the

building with a very good precision and with acedgié scattering of the obtained measures.

Table 2 - Comparison of the different experimeptaldictions of mortar compressive strength.

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 was developed with the purpose tagea reliable calibration and an interpretatioodel for a
new MDT technique, called Torque Penetrometric TEBIT), developed for a quick in-situ evaluationtioé
compressive strength of historical mortars [7,2He TPT is a portable apparatus that is charaetehy easy
execution and repeatability of measurements. Thipatent has only two components, i.e. a steel wdh
four protruding teeth and a torque wrench. Thisehamstrument is conceptually similar to the gebtecal
testing method of the vane shear test and coresitut improvement of the previously proposed X-drdthod

[20]. The research proposes a specific shape éotabithed nail to be inserted into the mortar jaméking the
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509 technique more suitable for the investigation atdrical mortars. The proposed enhancements agetiof in

510 reducing the uncertainties in the measurementgsinc

511 - the teeth’s length,,=15 mm allows for a standardisation of the penieimadepth;

512 - the shank’s diameter of 6.5 mm allows the deep tpaten of the nail into the mortar joint withouhy
513 interaction with the superficial portion of the rtaorjoint in the wall;

514 - the diameter of the toothed head of 9 mm allowsriigy it quite easily into most of the existing s
515 joints;

516 - the peculiar geometry of the toothed nail of thd T®suitable both for superficial and deep measerds
517 of the strength of the mortar in existing walls.

518 The present research, as a first approach to s#teupPT, has considered a simple analogic torgwnae,
519 even though future applications could use more msipe digital acquisition systems to obtain moreuaate
520 estimations as well as continuous measurementstbftbe torque and twisting angle.

521 An interpretative theory has been proposed by dgued a micro-mechanical analysis of the streste st
522 induced by the TPT on the investigated mortar, @ed considering basic concepts of fracture meckaiihe
523 presented theory yields a simple analytical expoasslating the compressive strength of the montidin the
524 normalised ultimate torque (maximum torque per temgth) recorded during the TPT. All the paranmsetar
525 the proposed model have been carefully calibratekimg reference to comprehensive experimental destas
526 available in the literature for mortars with comgs®e strength within the typical ranges for ergtmasonry
527 buildings. This activity has allowed the determioatof suitable relationships among the Young’s alosd, the
528 fracture energy and the compressive strength tdréifit types of mortars.

529 The results obtained from this study can be sunsedras follows:

530 - the proposed interpretation theory for the TPT $tamwvn a remarkable agreement with the best fite=un
531 defined on the basis of compression and penetranetperiments developed at the laboratories of RINI

532 and DTI. The whole experimental dataset coversigeaaf mortar compressive strengths from 0.34 MPa
533 8.55 MPa, proving the applicability of the metham the typical mortar types of historical masonr

534 buildings.
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- the proposed interpretation theory for the TPT &laswn to be accurate in predicting the compressi

strength of the mortar used in a wall built in theC laboratory according to the traditional teclueis) of
historical masonry construction. The completed Ev@luation has provided a compressive strengthstlm
equal to the standard strength got from direct qesgion tests.

the TPT has been also conducted on a historicabmnadpuilding damaged by the 2012 Emilia-Romagr
earthquake (Italy). The estimation of the mortaersgth provided by the calibrated theory has reduh a
remarkable agreement with values derived from othere consolidated experimental techniques, i
double punch tests and double flat jack tests. bl\ae the TPT has showed to be a useful approadksfo
speed and ease in the in-situ assessment of themstrength. This specific feature of the TPT nsaite
appropriate for historical structures of the bh#titage with medium to poor material propertiese TPT
has shown also to be a suitable complement to megesive testing methods, such as the doubledlzk |
test and the double punch test, allowing to plarremefficient experimental campaigns on historici
masonry buildings.

The interpretative theory proposed in this paperTBT constitutes a very helpful tool to improvee th
understanding and post-processing of experimeasallts. The average error recorded in the expetahel

investigations (10% — 15%) is lower than the thecaterror (23%).
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Appendix A: Experimental data for the calibration of the TPT

A.1 Experimental campaign at University of Bologna

The experimental program was based on the constnuof a large set of cubic specimens of mortare Tl

samples were prepared using different compositior@der to obtain a representative range of cosgive

strengths. The manufacture was carried out in thkotatory of Structural and Geotechnical Enginegri

(LISG) of the University of Bologna, Italy.

Seven mixtures of mortar, properly designed in osil@ulate different materials behaviour, were usebuild

the specimens. Each mixture was composed of diffgpeoportions of river sand (0 + 2 mm grain size

Portland Cement 32.5 R, Natural Hydraulic Lime NBIb and water. The proportions among the compone

were carefully chosen following the common practicenasonry construction in order to obtain a staally
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significant range of compressive strengths. Thesnpasportions of components for each mortar mixane
reported in Table A.1.

Mixtures “A” were characterised by a water/bindeas® ratio of about 0.5-0.6, according to the stahd:
mortar composition. On the contrary, mixtures “Bidhwater/binder ratio around 1.0, reducing sigaifity the
compressive strength of the specimens. For eackamuixture, three specimens were casted using<1580

x 150 mm PVC moulds. The samples were then stored for 38 tside a climatic chamber (20°C and 98¢
RH). After the curing period, two holes were ddllén the centre of two opposite lateral surfaceshef
samples. The faces selected for the penetromeisis twere those in contact with the moulds, grgntire
required planarity of the surfaces loaded during ¢bmpression test. The pilot hole was made byguain
vertical driller with a hardened steel bit of 7 nthameter. The pilot cavity was perfectly orthogotalthe
investigated surface.

Table A.1 reports the readings of the TPT for esample, expressed as normalised ultimate torquergper
length fn,, in Nmm/mm) and the standard compressive streffigtim MPa). Each value of, reported for each
sample is the average of the two readings obtdnoed the two opposite lateral surfaces of the csfpecimen,

see Figure 8. More details about the experimesgallts of this testing program can be found in [21]

Table A.1 — Mortar mixture adopted in the experitabnampaign and Torque Penetrometric Test resaltubic samples of mortar

[21], normalised ultimate torque measuret)(@nd standard compressive strengdgh (

NHL Cem. Sand Water Tot m, fe

Mix [kal [kl [kal [k [kal [Nmm/mm] [MPa]
1 2 3 1 2 3

Al 5.0 - 15.0 3.0 23.0 350 433 333 1.31 1.43 1.33
A2 2.0 3.0 16.0 25 23.5 1067 1383 125(Q 8.55 8.68 .528
A3 4.0 1.1 16.0 3.0 241 450 433 467 2.43 2.39 2.39
A4 3.5 2.5 15.0 2.7 23.7 1050 1250 1233 7.41 7.67 177
B2 3.4 - 18.0 3.0 24.4 167 217 - 0.45 0.46
B3 1.5 25 14.9 25 21.4 883 967 950 5.39 5.76 5.82
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B4 1.0 15 18.0 2.5 ‘ 23.0 ‘ 367 517 500 1.82 1.78 1.81

A.2 Experimental campaign at DTI

The experimental program developed at DTl by Ciamsien [20] used the X-Drill device. Severe
penetrometric tests were carried out on ten walik m the laboratory and the results then comgavéh the
standard tests on mortar according to the availatdadards for mortar [35]. The mortar specimensewe
obtained by using premixed mortars with differeattp of lime, cement, aggregates and water coimethie
mixture. The premixed mortars were classified iro teategories: dry mixes (the water was entirelyeddd
during the moulding phase) and wet mixes (mortartaioed water and additional cement or water we
added). The mortars were used to build 10 diffeveaits with nominal mortar joint thickness of 12 mirhe
tests were performed in the T-cross joints in otdereduce the risk of hitting the units. Table Aeports the
compositions of the walls used for the calibratiom the results of the standard compression teteomortar
specimens.

Moreover, Table A.2 presents, for every specimegieén compressive strength, the Christiansen’gircal
data (normalised ultimate torque measured with XD, xpri) and their adjusted values\(tp7) evaluated

according to the Equation 15.

Table A.2 - Mortar Mixtures used for the experina@mampaign for the calibration of the X-Drill afD[20], name of the wall in
which the mortar was used, type of mortar, dry/metture and standard compressive strength of teeisgensf;), normalised
ultimate torque measured with X-Dril xprir) and adjusted values of the normalised ultimatgu® to make possible the direct

comparison with TPT readings(tp7).

fe My, X-arill My tpT
wall Type Dry/Wet
[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
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CL 50/50/700
Design mortar
CL 40/60/850
CL 40/60/850
L 100/1200
L 100/1200

L 100/1200

DRY

WET

WET

WET

WET

DRY

4.99

2.84

1.48

1.38

0.34

0.57

0.4

1134

945

393

511

96

98

175

801

667

278

361

68

69
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