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h i g h l i g h t s

� Mortar mechanical properties are needed for masonry building assessment.
� Non destructive tests should allow for on-site evaluation of mortar properties.
� Mohr-Coulomb plasticity is capable to interpret the mechanics of testing tools.
� Many laboratory investigations show the high effectiveness of interpretation formulas.
� On-site comparison of tools highlights the reliability of a combined investigation.
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a b s t r a c t

The in situ characterization of mortar mechanical properties is a mandatory activity in every structural
assessment of existing monumental buildings. Fine and complex numerical models are meaningless if
the material parameters are hypothetical or based on reference values since there exist thousands of
mortar compositions and brick types and aging processes do change values in a not easily predictable
way.
Therefore direct investigation of the mortar courses is a key ingredient, and this requires specific tools

able to deal with thin layers of materials and requirements of conservation.
There are however several ways able to investigate mortars without extracting consistent specimens,

and most of them can be interpreted within the common framework of a Mohr-Coulomb plasticity con-
stitutive behavior. Several of these techniques are even capable to discriminate superposed repointing
layers of sufficient depth.
In the paper, some versatile and effective mortar investigation techniques are reviewed and the formu-

las for the strength class definition are presented. Then, the predictive ability of the proposed formulas is
checked against large experimental campaigns.
Finally, an interesting investigation on the Ponte Taro bridge in Parma is used in comparing the results

of different experimental tools. The data show a general good agreement among the mechanical proper-
ties extracted with the proposed procedures.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. State of the art for in situ mortar investigation techniques

1.1. Introduction

A large part of the world’s building heritage is composed of
masonry structures with ages spanning the last ten centuries.
Although the geometries of the ancient monuments are always
complex and the design rules almost unknown, the actual power-
fulness of the computer resources allows for a detailed pointwise
interpretation of the observed behavior and stress evaluation
through numerical models [1]. However, the source of possible

deviations from reality is only shifted to the level of the material
properties definition and in the constitutive law selection [2]. In
fact, many experimental techniques exist for brick, stone and mor-
tar characterization, but they require laboratory specimens of a
given shape, which are obviously not easy to obtain from an exist-
ing masonry, and sometimes are even impossible to cut off due to
the artistic nature of the building [3,4].

In the past, several truly non-destructive testing (NDT) tech-
niques have been proposed [5], which are linked with waves
(pressure, electric, magnetic, thermal, etc.) that can explore
the material mass. These techniques, however, are in general
well correlated with density or elastic modulus, but their con-
nection with material strength is at best very poor. In recent
times, even owing to the pressure of earthquake mitigation in
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the Mediterranean area, several investigation techniques have
been worked out, that allows in situ mechanical characteriza-
tion of mortars almost in a non-destructive testing (NDT) set
up. All the investigation techniques are based on fundamental
mechanical principles and, since mortar is well described by a
Mohr-Coulomb constitutive law, for most of them it is possible
to elaborate a formula that predicts the mortar mechanical
properties from the experimental data.

It is to mention that the strength of the masonry is strictly
related to the biaxial strength of both mortar and bricks. For exist-
ing historical walls the mortar strength is driving directly the
masonry strength. Furthermore, the bonding capacity of mortar
is very similar to its tensile capacity and it can be inferred from
the mortar strength. Therefore, assessing the on-site mortar prop-
erties is mandatory for a careful description of the masonry col-
lapse mechanisms. As will be clear in the following, the proposed
investigation techniques are able to detect superposed layers of
different mortars coming out from subsequent repointing works
of the courses.

1.2. Summary of the most diffused techniques

In what follows several available non-destructive, or mod-
erately destructive (MDT) techniques will be reviewed and
discussed. Then, on the basis of a Mohr-Coulomb constitutive
law, the connection among the experimental data and the
mortar parameters will be established. Finally, a number of
comparison trials will be introduced, able to demonstrate
the high correlation level of the different experimental
techniques.

Almost all the NDT and MDT experimental techniques use
simple gears or tools which can produce characteristic stress
states in the investigated material. Furthermore, these stress
states have always central or polar symmetries, so that the prob-
lem can be stated as a two-dimensional problem. Thus, all of
those stress states permit a simple description in terms of a
r-s Mohr-Coulomb constitutive relation in the octahedral plane.
Since a Coulomb limit behavior is described by two parameters,
at least two distinct points (i.e. two different stress states) would
be required for a well-defined solution. This is the case in defin-
ing cohesion and friction angle for a Coulomb limit surface [6].
As is well known, the trace of the Mohr-Coulomb limit surface
in the octahedral plane is a distorted hexagon, and therefore
the compression meridian and the tensile meridian show mean-
ingful differences. Stress states in the octahedral plane can be
defined by using the cylindrical coordinates {n, q, h}, with n
and q proportional to the I1 and J2 invariants, and h the Lode
angle [6].

As will be clear in the following analyses, all the stress states
generated by the NDT tools used for the mortar characterization,
produce octahedral stress states between the tensile and the shear
meridian (Fig. 1), i.e. in a side of the hexagon in which the radial
measure is almost constant and allows defining the ratio of the
tensile to compressive strength of the material in a narrow range.
In this zone, the Mohr-Coulomb hexagon is very similar to a
Drucker-Prager circle [7], and therefore the friction angle is almost
constant.

In fact, in mortars with compressive strength spanning from 0
to 10 MPa, the friction angle varies in a narrow band, and the ratio
kt of the tensile to compressive strength shows values in the range
{0.25, 0.35}, very similar to the Poisson Ratio m, with larger values
for weaker mortars [2].

So, basic techniques as indentation, insert extraction, punching
failure, splitting failure are conceptually attractive, even if they
draw only one experimental value since they can be made so small
to adapt to the thin thickness of the mortar courses.

The NDT set up which will be presented are:

� Torque penetration test (TPT) or micro vane test,
� Helifix helical fasteners pull out test (HPT).

The MDT set up that will be presented are:

� Splitting test of cores with a rotated mortar layer (SRM),
� Double punch test of mortar layers (DPT).

Other investigation techniques in which is measured the energy
consumption needed to damage the material are not considered
here. In particular, in the literature, the well-known Gucci drilling
penetrometer [8], the pin penetration test [9], and the pointing
hardness tester [10] are widely discussed. However, they require
an energy conversion into stress states and therefore their preci-
sion appears questionable with respect to test types in which the
failure force is directly measured.

Felicetti and Gattesco [11] presented an investigation on a pin
penetration test derived from timber testing and derived an inter-
pretation formula for the mortar strength based on the penetration
depth. Liberatore et al. [12] presented a displacement controlled
static penetration test that allows continuous recording of the pen-
etration force. This experimental device is very effective in testing
mortar even with several superposed layers, but it is cumbersome
and requires significant preparation work before the test.

Regarding tests carried out on cores including mortar layers, it
is to say that besides splitting tests intended to define mortar prop-
erties, there is the possibility of executing compression tests on the
cores by capping them with spreader blocks [13]. Although in this
way the compressive strength of the masonry is obtained, the size
of those specimens sometimes can be incompatible with the need
for conservation of the masonry texture.

1.3. Aim of the study

The on-site detection of mechanical properties of construction
materials has attracted a long research interest, due to its impor-
tance in safety verification procedures. However, most of the inves-
tigation techniques are interpreted in terms of best-fit regression
curves, unable to explain the mechanics underneath the test con-
figuration and operation.

Fig. 1. Trace of the Mohr-Coulomb yield surfaces in the octahedral plane. The grey
area indicates the domain of interest in which the results of the proposed NDT tools
are included. Modified figure from Chen & Han [6].
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In this study, the aim is in filling the gap by using a Mohr-
Coulomb constitutive behavior as a general framework for the
interpretation of the test results.

The initial variability of the mortar quality fromwall to wall and
the changes due to partial repointing of the joints are good reasons
for the development of effective investigation tools.

The compressive strength of the mortar is extremely important
for the evaluation of masonry behavior. Masonry’s strength comes
out from the interaction of brick and mortar. During the compres-
sion, bricks are in a tension–compression state while mortar is in a
compression – compression state. Then the masonry strength is
defined by the first failing material. Therefore if the mortar is suf-
ficiently strong, the failure will happen by cracking the bricks.
Instead, for weak mortar as the one found in historical construc-
tions, the biaxial compressive strength of mortars is the weakest
link of the chain, and leads to failure by joint disruption and
pulverization.

Furthermore, the elastic modulus of mortar is needed to evalu-
ate the elastic modulus of masonry; since it is not possible to
extract the modulus of mortar courses, it is necessary to estimate
it as a ratio of the strength, and therefore the strength is necessary
once more. Concluding knowing the mortar strength is of very high
relevance both in the capacity verification and in the strengthening
design of masonry structures.

TPT and HFT are the only tools able to examine mortar in situ
and along the depth without extracting any masonry specimen.
For that reason, they can play a crucial role in the assessment of
historical masonry.

2. Description and mechanical interpretation of the
experimental techniques

In what follows, the execution procedures of the four experi-
mental techniques will be illustrated. Starting from the mechanical
interpretation and the basic assumption of a Mohr-Coulomb mate-
rial with a known ratio of tensile to compressive strength, formulas
expressing the compressive strength in terms of the measured
limit load will be derived.

2.1. Torque penetration test (TPT)

A detailed analysis of the test setup named TPT has been pre-
sented in Marastoni et al. [14]. The probe consists of a pin with four
small fins and a hexagonal head (Fig. 2). It is inserted in a cali-
brated hole and turned on its axis by a torque wrench. In this
way, a tangential stress is exerted in the mortar surrounding the
fins.

The analytical model used for the interpretation of the test
results is based on the equivalence of the mechanical work of the
wrench and the dissipated fracture energy at the failure surface
inside the mortar. By assuming that both the elastic modulus Em
and the fracture energy Gm of mortar are described by a power
function of the compressive strength fmc, finally, the functional
form relating the specific measured torque to the compressive
strength of the mortar is obtained.

Em ¼ kE � f mc

f 0

� �e

; Gm ¼ kG � f mc

f 0

� �c

ð1Þ

f mc ¼ f 0 �
mv

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kEkGDe D2

e � D2
i

� �r
2
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3
775

2
eþc

¼ mv

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
55 � De D2

e � D2
i

� �r
2
664

3
775

1:274

ð2Þ

The constants kE, kG, e, and c, involved in eq. (1) can be set
according to Marastoni et al. [14], while f0 is a reference compres-
sive strength equal to 1 MPa. In eq. (2) mv is the torque per unit
length of fins, Di is the diameter of the pilot hole and De is the
diameter of the cylinder containing the fins.

The prediction capability of this formula has been tested not
only with a careful laboratory investigation on mortar blocks and
specimen masonry walls but also with reference to a previous
experimental campaign carried out by Christiansen [15].

The agreement is very good for all the range of mortar compres-
sive strength (Fig. 3).

2.2. Helical fastener pull out test (HPT)

A very simple test of high robustness is the Helifix pull out test
(HPT), in which helical fasteners are pulled by an instrumented
device recording the extraction force [16]. The used helices are pro-
duced by the Helifix Company UK, under the copyrighted name
DryFix.

The fasteners (Fig. 4), normally with an external diameter of
1/4 in. (6.3 mm) or 3/8 in. (9.5 mm) are inserted by screwing them
for 30 – 40 mm into the material to be tested in a predrilled hole of
diameter containing the solid shaft. For the cited 1/4 in. helix the
selected predrilled hole has a diameter of 4.0 mm, and the inser-
tion length is 30 mm.

Fig. 2. View of the TPT tool and the torque wrench measurement phase [14]. Fig. 3. Comparison of experimental results with the formula of Eq. (2) [14].
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Some research works were completed in the past [17,18], but
the experimental investigations did not lead to a suitable theoret-
ical interpretation of the observed behavior. Moreover, the exper-
imental tests were conducted in mortars and bricks, but only
with preliminary conclusions.

Recently, this experimental technique has been applied suc-
cessfully even to timber elements, showing that HPT is driven by
a strong mechanical background [19]. The execution of the HPT
is very fast and reliable if care is taken in avoiding contacts with
bricks or stones, and internal cavities in the mortar. The test execu-
tion has to be smooth and not too fast. The result can be considered
representative of the strength if the helix is exiting from the hole
filled inside with crushed powder. Different experimenters obtain
however very similar results if they take care of the outlined hints.

The use of predrilled holes of different diameters can lead to a
shift in the results. The data, however, can be transformed from
one setup to the other simply by using the ratio of the mortar vol-
umes extracted by the helices.

In what follows a relevant mechanical interpretation is pre-
sented. By supposing that the tool during the extraction does not
produce a significant radial compression state in the mortar, the
tangential stress sH corresponding to the force F pulling out the fas-
tener is derived from the embedment length L and external diam-
eter De of the helix:

sH ¼ F
pDeL

ð3Þ

The stress vector, in this case, is straightforward: r = {0, 0, 0, sH,
0, 0}, and therefore it lays directly in the shear meridian in the
Haigh Westergaard space.

The basic relation that connects the friction angle to the ratio of
the tensile and the compressive strengths for a Mohr-Coulomb
material in an axisymmetric stress distribution is:

kt ¼ f t
f c

¼ 1� sin/
1þ sin/

ð4Þ

Since the predrilled hole reduces considerably the dilatancy
effect in the material extracted by the helix during pulling out,
the recorded tangential strength corresponds to the Mohr circle
centered in the origin of the rOCT – sOCT plane:

s0 ¼ f cf t
f c þ f t

¼ f c
kt

1þ kt
ð5Þ

The compressive strength of mortar fmc is computed by invert-
ing this formula and introducing the value of sH. Although the con-
stant kt is a function of the friction angle, according to the
maximum tensile strength criterion it is very similar to the Poisson
ratio. Therefore kt in lime mortars takes values in the range
0.3 � 0.4. Concluding, the compressive strength of mortars can
be safely determined with the HFT method by computing 5�sH,
while for bricks a suitable value is 9�sH.

The validation of the proposed formulas is carried on by using a
very broad experimentation completed in collaboration by the
University of Ferrara and UPC Barcelonatech [20,21].

More precisely five different types of mortar were tested by
using EN 1015–11 [3] testing setup (flexural, compression and
Brazilian tests on 40�40�160 mm3 prisms), HPT on mortar courses
and DPT on mortar courses. Four of themwere prepared in the Lab-
oratory by using commercial products (NHL 3.5 lime, Kerakoll M5
mortar, CL90 aerial lime), while the last one derived from a collec-
tion of mortar specimens in the Puig and Cadafalch House in Bar-
celona [20].

Although some data were not indicated the used helices are
of ¼ inch external diameter (6.35 mm), and 1/8 in. internal
solid pin (3.15 mm). The helices were inserted for 30 mm in
the mortar by using a predrilled hole of 3 or 4 mm. The
results of the 3 mm hole can be converted in a 4 mm hole
with a factor 0.8 connected with the destroyed volume of mor-
tar in the two cases. The experimental tests were extended for
more than 4 months, with a general trend of increasing
strength with the age.

Both DPT and HPT were able to detect with a good agreement
the strength evolution of the four tested mortar. In the case of
the Cadafalch house, although the Normal tests could not be per-
formed, DPT and HPT showed a very good agreement between
them.

It is to point out that no interpretation of the observed pull out
forces was presented in the cited documents [20,21], while in the
present analysis the strength reconstruction has been carried out
with reference to the proposed formulations.

Table 1 and Fig. 5 collect the available results of the cited inves-
tigations. All the DPT and HPT values were derived with the formu-
las herein reported.

A further comparison is performed in Fig. 6 with the data of Fer-
guson & Skandamoorthy [16], and De Vekey & Sassu [18]. As is evi-
dent, the theoretical prediction is correcting the bias of the two
experimental campaigns and fits very well with the average values
of the UPC Barcelonatech investigation.

2.3. Splitting test of cores with rotated mortar layers (SRM)

The mortar properties can be extracted from splitting tests per-
formed on cores including a central mortar layer. An early work is
presented in Braga et al. [22], although with the purpose of deter-
mining the shear resistance of masonry from this test. Then in Ben-
edetti et al. [23] for the first time, the test was proposed as a way
for the statement of the mortar mechanical properties. Finally, in
Marastoni et al. [24] and Pelà et al. [25], the test outcomes have
been classified and a suitable numerical interpretation was
presented.

The SRM test produces a central symmetric failure surface as
illustrated in Fig. 7. The confined shear failure of the mortar joints
is illustrated in Fig. 8 in which, c and u are the cohesion and the
friction angle of the mortar, fc is the uniaxial compressive strength,
{r, s} and {U�r, s} are the stress states in orthogonal and parallel
planes to the mortar layer. The ratio of tangential to normal stress
is depending on the inclination of the mortar layer with respect to
the loading plane. The ratio of the two compressive stresses U is
depending on the confinement exerted on the mortar by the brick
caps, as stated by the Haller – Hilsdorf masonry mechanical model
[26].

In this case, the stress tensor is described by the following form:

r ¼ Q
LD

�cosa sina 0
sina �U1cosa 0
0 0 �U2cosa

2
64

3
75 ð6Þ

Fig. 4. Helical fasteners and Helifix pull out tester.
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With Q the collapse force, L and D the core length and diameter,
U1 and U2 the confinement factor of the mortar layer on the two
symmetry axes, a the inclination of the mortar layer to the hori-
zontal axis. The analysis of this tensor in the octahedral plane
shows that with an inclination pertaining to the set {35�, 40�,
45�, 50�, 55�}, the stress state is laying between the shear and
the tensile meridian, as described by the small variation of the nor-
malized radial distance of Fig. 9.

As presented in Fig. 8, the failure is defined by the equation

VO
�! � sinu ¼ OT

�!
. This limit stress state can be expressed by intro-

ducing all the involved quantities in terms of the compressive
and tensile strength of the mortar:

f cf t
f c þ f t

þ 1þU
2

r f c � f t
f c þ f t

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�Uð Þ2

4
r2 þ s2

s
ð7aÞ

As before, the ratio ft / fc is expressed with kt:

f c �
kt

1þ kt
þ 1þU

2
r � 1� kt

1þ kt
¼ r

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�Uð Þ2 þ 4tan2a

q
ð7bÞ

Table 1
Data of the UPC Barcelonatech and Cadafalch House investigations.

Value UNIT NHL 3.5 KK. M5 CL 90 NHL-M5 In Situ Clear In Situ Dark Average error

fc [MPa] 0.91 4.90 0.86 3.13 – –
ftfl [MPa] 0.49 1.80 0.41 1.37 – –
kt [-] 0.53 0.36 0.48 0.45 – –
fc DPT [MPa] 0.76 4.45 0.48 3.48 2.291 5.607
error [%] �15.8% �9.2% �44.3% 11.2% – – �14.5%
fc HPT [MPa] 1.32 5.87 – 3.79 1.796 6.212
error [%] 46.0% 19.9% – 20.9% �21.6% 10.8% 15.2%

Fig. 5. Aging evolution of mortar strength in the UPC tests [20]

Fig. 6. Comparison of the experimental and analytical results for the HPT device.

Fig. 7. Brazilian test of cores with rotated mortar layers and possible collapse
mechanisms [24].

Fig. 8. Representation of the confined shear failure of the mortar joints.
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The ratio of tangential and normal stress is equal to the tangent
of the angle a. By collecting the stress r and expressing it as a
function of the failure load Q the following result is obtained:

f c ¼
Q � cosa
L � D � 1þ kt

2kt

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�Uð Þ2 þ 4tan2a

q
� 1� kt
1þ kt

� 1þUð Þ
� 	

ð8Þ

The confinement depends on the Haller – Hilsdorf parameter U
describing the horizontal compression generated by the vertical
one due to the Poisson ratio mismatch in mortar and bricks [26].

By introducing the brick and mortar Poisson ratios mb and mm,
the modular ratio x = Em/Eb � 1, and the thickness ratio c = hm/
hb � 1, the confinement factor is expressed as in Aprile et al.
[26], by equating the brick and mortar stretch in the horizontal
direction:

U ¼ mm � mb �x
1� mm þ 1� mbð Þ �x � c � mm ð9Þ

Dealing with historical mortars, kt is very similar to mm with val-
ues in the range {0.3; 0.4} due to the principal tension stress failure
criterion. Since the best-suited angle a lays in the range {35�; 55�},
also U factor has values very similar to mm. Therefore a simplified
formula can be obtained by directly substituting the cited param-
eters with mm:

f c ¼
Q � cosa
L � D � 1� m2m

2mm
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4tan2a

1� mmð Þ2
s

� 1

" #
ð10Þ

The predictive capacity of the proposed formulas is checked
against the data of two important experimental investigations
(Tables 2a and 2b). The UPC Barcelona [24] is a laboratory cam-

paign already discussed. The Forlì campaign is a wide experimental
investigation carried out by the Ferrara University at the Forlì City
Hall [27].

The data were interpreted with the proposed formulas by using
a constantU value or a U value variable with the inclination of the
mortar layer. In Table 3 are summarized the computed values of
the mean E[fcm] and the standard deviation S[fcm] of the mortar
compressive strength derived from the SRM tests.

The computed average compressive strength was used in order
to compare the experimental results with the theoretical interpre-
tation for the investigated rotation angles of the cores subject to
the splitting tests (Figs. 10a and 10b).

As is evident from the figures, the simplified formulation is very
near to the theoretical one and can be used in deriving the com-
pressive capacity of the mortar even without any confinement
pressure estimation. Moreover, the Mohr-Coulomb interpretation
is able to explain the effect of the mortar layer inclination in detail.

Fig. 9. Variation of the normalized radial distance in the octahedral plane with the
SRM specimen inclination.

Table 2a
Data of the experimental campaigns in Barcelona.

Core Angle [Deg] D [mm] L [mm] P [N]

JC04 45 90 145 10,620
JC11 45 90 145 14,190
JC14 45 90 145 17,870
JC19 45 90 145 14,260
JC02 50 90 145 12,500
JC06 50 90 145 11,530
JC07 50 90 145 10,680
JC09 55 90 145 10,630
JC16 55 90 145 8250
JC05 60 90 145 7120
JC10 60 90 145 9390
JC13 60 90 145 11,320
JC18 60 90 145 10,200
JC21 60 90 145 6690

Table 2b
Data of the experimental campaigns in Forlì City Hall.

Core Angle [Deg] D [mm] L [mm] Q [N]

D5b 30 110 121 31,110
C2 30 78 146 20,490
B4b 30 110 127 35,020
G3 45 110 140 10,190
C2a 45 110 140 26,530
A3 45 110 140 14,650
F3 45 110 123 22,540
B4b 45 85 110 17,390
C4 45 110 110 9560
G1 45 110 125 22,120
E1 45 44 73 7600
D4b 45 110 129 18,920
C5b 60 110 123 8790
E1 60 110 144 13,160
D1 60 110 138 6890
G2 60 110 138 6280

Table 3
Data of the interpretation of the splitting tests for cores with rotated mortar layer.

Data Set U kt E[fcm] S[fcm] C.O.V.

[-] [-] [MPa] [MPa] [%]
UPC 0.35 cos(a) 0.25 2.51 0.44 17.6

0.25 0.25 2.47 0.44 17.9
Forlì 0.35 cos(a) 0.25 2.87 0.95 33.1

0.25 0.25 2.91 0.93 32.9

Fig. 10a. Comparison of the UPC data with the analytical model (solid U = 0.35 cos
a, dashed U = 0.25).
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2.4. Double punch test of mortar layers (DPT)

The punching test of mortar layers illustrated in Fig. 11 is in
general performed on specimens extracted from pieces of cores
opened after extraction. The use of square plates in the DPT test
is very effective if the plates are sufficiently smooth [28]. In Bene-
detti and Pelà [7] the inverse proportionality of punching pressure
with specimen thickness was experimentally shown.

In any case, the result of the test is depending on the friction
arising between the mortar layer and the steel punch surfaces. In
order of regularizing the contact and reducing the friction, some

gypsum or talc powder can be spread between the plate and the
punching rods.

The mechanics of the test (Fig. 12) can be interpreted by consid-
ering a confining pressure z exerted by the external tick ring of
radius Re on the internal compressed cylinder of radius Ri and
thickness t [6]. A further confining effect is linked with the friction
exerted by the steel punch on the mortar surface.

The value of the confining pressure zF at the collapse of the
annular plate is determined by the condition that the stretch of
the external ring B has to comply with the expansion of the inter-
nal kernel A under the vertical pressure n of the punch. In addition,
if the punch is exerting on the mortar a friction radial stress, it can
be supposed proportional to the applied pressure and the friction
coefficient l:

zF ¼ ln pR2
i

2pRi t
¼ n � lg ð11Þ

g is the shape factor of the inner cylinder that holds Ri /2t. The
radial stretch of the inner cylinder and the radial expansion of the
external ring hold:

uA ¼ pRi

E
m� zþ n � lgð ÞRi

E
1� mð Þ; uB ¼ zRi

E
R2
e þ R2

i

R2
e � R2

i

þ m

 !
ð12Þ

By equating the two displacements and posing the radius ratio
as b = Re /Ri the mutual confining elastic pressure ze is evaluated:

ze ¼ b2 � 1
2 b2 m� lg 1� mð Þ½ �n ¼ ve � n ð13Þ

The collapse is occurring mainly by the tensile failure of the
external ring. Therefore the Poisson coefficient is not very different
from the initial one since the confinement is very low. Namely, for
a disk with a length of the outer side equal to two times the diam-
eter of the punches, the elastic interaction formula (13) shows that
the confining pressure is of the order of 1/10 of the vertical one.

The limit confining pressure zlim is the one producing the open-
ing of at least two radial cracks in the external ring. At this moment
the confinement is disappearing and the internal compressed
cylinder is failing by crushing. The tensile stresses in the external
ring are distributed smoothly and attain the maximum value at
the two shortest symmetry sections.

Fig. 13 shows the stresses in a 50x50 mm2 mortar plate acted by
a 1 MPa radial pressure (Em = 1000 MPa, mm = 0.25). As is clearly
highlighted in the finite element analyses, the external ring failure
is occurring with tangential tractions larger than the radial com-
pression. Therefore, once the limit confining pressure zlim is

Fig. 10b. Comparison of the Forlì data with the analytical model (solid U = 0.35 cos
a, dashed U = 0.25).

Fig. 11. Double Punch Test for mortar courses. It is easily detectable the formation
of a central compressed kernel.

Fig. 12. Schematics of the interaction of the kernel A under the pressure n of
the punch, with the surrounding annular plate B producing the mutual radial
pressure z.
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reached, two radial cracks propagate in the shortest sections out-
side the compressed area.

By observing that the actual radial stress rr (in compression)
holds zlim while the tangential stress rt (in tension) holds zlim(-
b2 + 1)(b2–1)–1, the failure condition of this section can be easily
expressed according to the Mohr-Coulomb biaxial limit:

rt

f t
þ rr

f c
¼

zlim
b2þ1
b2�1

f t
þ zlim

f c
¼ 1 ð14Þ

Then, by substituting ft = kt fc in the previous equation (14), the
value of the limit confining pressure zlim can be easily computed as
follows:

zlim ¼ f c �
1
kt

b2 þ 1
b2 � 1

þ 1

 !�1

ð15Þ

The peak value of the punching force is determined by applying
the Mohr-Coulomb criterion at the central cylinder acted on by the
vertical pressure and the limit confining pressure occurring at the
cracking of the external ring:

c
tan/

þ nþ zlim þ zFð Þ
2

� 	
� sin/ ¼ n� zlim þ zFð Þ

2
ð16Þ

All the mechanical parameters of the Mohr-Coulomb constitu-
tive relation can be expressed in terms of fc and kt. By this way
the following relation is obtained:

f c ¼ n� zlim þ zF
kt

ð17Þ

By substituting the previous formulas (11, 15) into the equation
(17) the final relation is obtained:

f c ¼ n � 1� lgð Þb
2 1þ ktð Þ þ 1� ktð Þ
b2 2þ ktð Þ � kt

¼ n � vp ð18Þ

The previous formula allows computing the mortar compres-
sive strength if the kt coefficient is known and the friction is esti-
mated on the basis of the test setup. As a first approximation, if
gypsum powder is introduced between the mortar and the punch,
the friction can be disregarded. If the punch is in direct contact
with a clean mortar surface, a factor l = 0.30 can be used, typical
of friction forces between rough steel surfaces.

The formula predicts collapse pressures in excess of 20% to 50%
of the uniaxial strength as a function of the radius ratio b and the
aspect ratiog, as is usually verified in experiments, with larger dif-
ferences when the friction is not eliminated.

Fig. 14 shows the typical trend assumed by the strength ratio fc/
n of the specimen as a function of the radius ratio q for three dif-
ferent levels of friction l.

As a matter of example in Table 4 are reported six punching
tests carried out on the mortar used in a wide experimental cam-
paign of masonry wallets [29]. The used MP 910 mortar is charac-
terized by a nominal compressive strength of 10 MPa. The
performed DPT tests agree very well with this reference parameter
either by using a gypsum powder antifriction layer (case g, l = 0.0)
or simply by punching the layers without any interposed material
(case f, l = 0.3).

The reliability of this experimental set up is even demonstrated
in the literature by comparison with many other laboratory tests.
For instance, the experimental campaign conducted by Marastoni
et al. [24] and Pelà et al. [30] dealt with standard and non-
standard tests for mortar characterization and provided DPT
results in good agreement with all the other laboratory set up.

3. In situ investigations through combined tests

In what follows the relative predictive capacity of the discussed
techniques is outlined with reference to a wide experimental cam-
paign performed on one of the oldest masonry bridges in Italy,
namely the Ponte Taro bridge built 1822 by the Duchess Maria Lui-
gia Habsburg Lorena [31] and illustrated in Fig. 15. The extraction
of material parameters from old masonry bridges is, in any case, a
demanding activity due to the interaction of subsequent weather-
ing and repair phases [32]. Thus the materials of the bridge piers
have been characterized by using different NDT tools, including
TPT, HFT, SRM. The test concerned both bricks and mortars.

Fig. 13. Tensile stress distribution in the slab surrounding the inner loaded cylinder compressed by a 1 MPa radial mutual pressure.

Fig. 14. Strength ratio fc/n of the specimen as a function of the radius ratio b and the
friction coefficient l multiplied by the aspect ratio g.
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The performed tests were planned in order to build up a finite
element model able to match static and dynamic tests performed
on the bridge [31]. Then the model was used in the seismic vulner-
ability evaluation of the bridge. This demanding task would have
not been possible without knowing with high precision the
strength distribution of the materials in this two-century old
bridge.

The mortar characterization was to some extent more
demanding than brick evaluation since, during the bridge life,
the external mortar layer has been deteriorated and repointed
several times, by using each time a more compact and resistant
compound.

Therefore, it is to consider that TPT values, in general, will
detect inner weaker mortar while HFT will produce a strength
almost linked with exterior mortar. Finally, SRM will detect the
average strength of the mortar in each core piece possessing the
correct geometry for the test (Figs. 16 and 17).

Although the cited tests suffered the multi-material detection
problem previously discussed, the results of the evaluated param-
eters are in quite good agreement.

In the following table, the results of the compared investiga-
tions are presented. The analysis involved 4 piers (P-01, P-04, P-
10, P-16, numbers starting from the Parma side). On each pier, 4
mortar local evaluations were completed, each one composed of
three tests of each type (TPT, HFT, SRM).

The reported average values of Table 5 are listed by express-
ing the tangential stress computed from the peak force recorded

Table 4
Results of the punching tests for the MP 910 mortar.

Element t B rp b l (1–l�g) vp fcm

[mm] [mm] [MPa] [-] [-] [MPa]
L01-g 9.00 38.00 16.81 1.90 0.0 1.00 0.674 11.33
L01-f 8.00 36.50 22.77 1.83 0.3 0.65 0.445 10.13
L02-g 6.50 39.00 11.81 1.93 0.0 1.00 0.671 7.92
L02-f 5.50 40.00 26.15 2.00 0.3 0.43 0.288 7.53
L03-g 8.00 43.00 14.51 2.13 0.0 1.00 0.651 9.46
L03-f 6.00 41.00 28.54 2.05 0.3 0.47 0.309 8.81

Fig. 15. The Ponte Taro Bridge from the Parma bank.

Fig. 16. Extraction of specimens from positions 4.

Fig. 17. Cores extracted in positions 4 and 16.

Table 5
Experimental limit shear stress of the Ponte Taro mortar obtained from the three
tests.

Test Position P-01 P-04 P-10 P-16

[MPa] [MPa] [MPa] [MPa]
A – 6.81 – –

TPT B – 5.15 7.86 –
C – 6.16 – 4.98
D – 5.59 – –
A – – – –

HPT B – – 1.09 –
C – 0.90 – 1.04
D – – – –
A 2.33 1.83 2.31 1.12

SRM B – – – –
C 1.99 1.12 1.66 1.41
D – – – –
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in the test. As is evident from Table 5, the HPT values are the
smallest, while the TPT values are the largest. The different tan-
gential stresses obtained in the three test procedures are
depending on the material confinement levels connected with
the test procedures. Obviously, the TPT tool produces the highest
confinement on the failure surface, and thus results in the high-
est tangential stress.

However, when the values are transformed into the experimen-
tal mortar compressive strength by using the formulas previously
discussed, the three procedures converge to the same values since
the proposed theories take into consideration the specific confine-
ment ratio of each test set up. The strength values were computed
with a Poisson ratio mm = 0.30.

The final agreement among the three investigation techniques
is noticeable, even if the piers suffered a repeated in time repoint-
ing of the deteriorated courses (Table 6). In the error calculations,
the SRM values were considered the reference set for the mortar
strength.

The relatively large difference of the TPT values are a conse-
quence of the depth at which the tool is fracturing the mortar,
since the inner mortar, as explained previously, is certainly weaker
than the more recent external one. Concluding, the insight of mor-
tar behavior gained with the combination of different tests permit-
ted to address the differences in the results to the different
strengths of the existing mortar layers.

4. Conclusions

The paper presents a compendium of formulas able to interpret
a wide variety of experimental set up under the common frame-
work of the Mohr-Coulomb plasticity. It is evident that the on-
site characterization of the mortar is a complex task that requires
a sound knowledge of the construction history of the monument,
mainly from the point of view of the subsequent modification
and repair activities.

Since the presented tests involve a different degree of damage
to the existing masonry structure, they can comply with different
protection requirements for the building. However, since they pre-
sent a very similar prediction ability, their combination is in prin-
ciple not necessary, although recommended in order to reduce the
variability of the results. Since TPT and HFT are very fast investiga-
tion techniques, they can be used even in the mapping of the dif-
ferent mortar and brick types present in a building with a long
construction and modification process.

Furthermore, since most of the specimen extraction tools (like
coring drills with water cooling, see [13,21]) can damage the mate-
rial to be tested in the laboratory, the use of laboratory tests alone
is not recommended.

The presented experimental data are extracted from a wide set
of investigations, which outline most of the problems encountered
in the definition of the material properties for old masonry struc-
tures. The identification of the problems to be faced when an inves-
tigation is to be planned is in itself a valuable tool for experimental
researchers.
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