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In this paper, the use of non-destructive tests for the mechanical characterisation of earth-based mortars in
masonry joints is discussed. Four testing methods, namely the penetrometer, Schmidt hammer, pendulum
hammer and scratch test, originally developed for other types of mortar, are reviewed. The methods are applied
to the earth-based mortars at the Wupatki Pueblo archaeological site, in Arizona, US. The outcomes of the
experimental programme allowed to assess the reliability of the methods and to identify their limitations. Finally,
the methods are compared in terms of six qualitative indicators, namely easy-of-use, consistency of results, range

and granularity of results, respect towards cultural value, depth of investigation under the visible surface and
versatility in application. Overall, the penetrometer test is recommended as the preferable method to charac-
terise the mechanical performance of earth-based mortars.

1. Introduction

As a bedding material between masonry units, mortar plays a key
role. Important aspects are the bond capacity able to ensure a monolithic
behaviour of the masonry, facilitate the stacking of the units by ac-
commodating their geometric irregularity and distribute uniformly the
compression stresses, limiting their concentration. Even if the contri-
bution to masonry compressive strength is moderate, its tensile strength
and shear strength depend to great extent on the mortar. In irregular
masonry walls, the disintegration or local collapse are also much
dependent on the mortar quality. The determination of the mechanical
properties and durability performance of mortar is, therefore, funda-
mental in the analysis of historical masonry walls, in order to assess their
structural integrity and identify possible deterioration mechanisms [1].
However, the heterogeneity of mortars, in terms of constituents, mixture
composition, application process and actual conditions, often makes
their characterisation difficult. This is more complex when dealing with
earth-based mortars, given the variations in clay amount and composi-
tion, susceptibility to environmental humidity, and the frequent occur-
rence of extensive deterioration.

Raw earth is undoubtedly one of the most ancient and widely used
materials by mankind to build houses and cities. Thus, an immense
earthen-built heritage exists and is spread worldwide [2]. Several
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techniques have been developed over time and independently in
different geographical contexts [3,4], adapting to different social and
cultural features, as well as local resources [5]. In particular, earth-based
mortars have been used as filling materials, plasters, and joints in adobe,
fired brick, and stone masonry [6]. Earthen mortars share common main
constituents, i.e., soil and water, nevertheless their physical and me-
chanical properties can be extremely different. This is partly due to the
inherent heterogeneity of the raw materials, consisting of different soil
constituents and fractions, as well as different mixing water contents,
possible addition of sand and possible presence of admixtures (such as
straw or other natural fibres, aerial lime, ground brick and biological
products). The mortar preparation procedure, the experience of the
workforce and the environmental conditions are other key affecting
factors.

On this regard, a case specific characterisation of the mortar prop-
erties is needed for a correct diagnosis of existing constructions. How-
ever, collecting on-site mortar samples for destructive testing in
laboratory environment is an invasive procedure, which is rarely
feasible due to the historical and cultural value of the architectural
heritage [1]. Moreover, the fragility of earthen materials makes sam-
pling a delicate operation [7,8]. Indeed, the use of water, to which
earthen materials are particularly sensitive, and the vibrations induced
by the cutting device can significantly alter the mechanical and physical
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properties of the extracted samples [9,10]. The difficulties in sampling
mortars are even greater if joints with small thickness are considered
[11]. Therefore, the small number of samples, which may be taken at a
few selected locations, is likely altered and inadequate to provide suf-
ficiently representative results. The samples are also often different in
shape and size, meaning that the results obtained cannot be compared
without an appropriate correction [9]. Extracting non-disturbed samples
is definitely invasive and challenging, so that other techniques have
been developed in the last decades to mitigate the aforementioned is-
sues, while ensuring an effective characterisation [11]. Minor-
destructive (MDT) and Non-destructive Testing (NDT) methods are
partially or fully non-invasive diagnostic strategies for assessing mate-
rial properties, condition, geometry or details, causing easily repairable
minor damage or no alterations, respectively. Effective tools and pro-
tocols to plan, conduct and interpret the results of these testing methods
have been successfully developed for different materials and structural
elements. Yet, research and application to earthen buildings is limited
[12], and further studies are needed to ensure the repeatability of such
methods, despite the heterogeneity and variability of earthen materials
[9]. The few investigations conducted so far on this regard are mainly
focused on rammed earth [7]. MDT methods, such as flat jack, hole-
drilling, and mini-pressuremeter, have been successfully employed to
assess mechanical properties of earthen walls [12]. Rammed earth walls
have been also investigated through ultrasonic [13-15] and sonic tests
[13]. The ultrasound transmission method was also used in [16] to
evaluate raw earthen materials. Even if the aforementioned MDTs and
NDTs allow to characterise the mechanical properties of walls, most of
them can be hardly applied to the investigation of earth-based mortar
joints. Indeed, some of them may be too invasive or even detrimental for
very weak materials and require a regularity of the joints that is not
always present in historic buildings. Moreover, the specific character-
istics of the units may influence the results and the subsequent inter-
pretation, thus some methods may provide a characterisation for the
masonry as a composite material, rather than for the joints only. For
these reasons, testing methods which rely on punctual measurements,
may be more suitable. Devices like the Schmidt and pendulum rebound
hammers measure specific parameters, but permit an indirect estimation
of the mechanical properties through correlations with destructive lab-
oratory tests. In some cases, correlation curves provided by the equip-
ment manufacturers, and thus developed for other materials, have been
assumed for earthen constructions [15,17,18], despite the debatable
reliability of the estimation based on these curves. To this end, Bui [7]
and Martin-del-Rio et al. [9] developed rammed earth correlation curves
for the Schmidt and pendulum rebound hammers, respectively. Some
rebound hammer tests applied to earthen materials have reported ac-
curate results validated through laboratory tests [7,18], while in other
studies, the results were not interpretable due to low rebound values
[17].

The use of testing methods available for other materials to earthen
ones can have further limitations. The testing protocol may be hardly
adaptable to the specific characteristics of the elements to be tested in-
situ, as, for instance, due to difficulties in accessing adequately earth-
based mortar joints within very irregular masonry, or due to technical
limitations of the available equipment (e.g. impact energy), which may
not be compatible with the typical low strength of earth-based mortars
[1]. For this reason, devices specifically developed for softer materials
are preferred to test earthen materials, such as rammed earth [18] and
renders on rammed earth walls [19], reducing but not eliminating the
risk of damaging the surface without obtaining reliable measurements.

Considering the above, the research on the use of NDT methods to
characterise earth-based mortars is currently limited. To advance this
field, it is necessary to: (i) identify limitations and challenges in applying
NDT methods to earth-based mortars; (ii) develop protocols tailored to
the unique characteristics of earth-based mortars that enables accurate
and reliable NDT measurements; (iii) calibrate the results based on
destructive tests to improve their accuracy and enhance their reliability.
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The present work addresses the first point, which is considered a crucial
preliminary step towards the development of the subsequent phases.
The work aims at identifying limitations and difficulties related to the
characteristics of either the material or the equipment/protocol. To this
end, the study compares four NDT methods, established for on-site
qualitative and quantitative assessment of soft materials, when used to
characterise earth-based mortars in masonry joints. This is, to the au-
thors’ knowledge, not only the first application of its kind to earth-based
mortars, but it is also a comprehensive application of NDT tools not
available in literature for more traditional mortars. The selected
methods include the penetrometer test, the Schmidt hammer test, the
pendulum rebound hammer test and the scratch test. On this regard, the
tests were applied to seven different earth-based mortars identified by
visual inspection, based on colours, aggregates, and texture at the
Wupatki Pueblo, an open-air archaeological site, in Arizona (US), within
the scope of the “Integrated Site Conservation and Management Plan
and Training for Wupatki National Monument, Arizona” project, sup-
ported by the J. Paul Getty Trust.

First, the testing methods adopted are described by detailing the
operating principles of the equipment and the testing protocols. Then,
the case study is contextualised and the experimental programme is
presented. Subsequently, the main outcomes are discussed, in terms of
quantitative and qualitative assessment of the different types of mortar,
and advantages and disadvantages of the distinct testing methods are
highlighted. Finally, the main conclusions of the work are drawn and
complemented with relevant future needs.

2. In-situ non-destructive testing methods

The approach of this work consists in analysing and comparing four
different NDT methods to estimate on-site the strength and durability of
earth-based mortars in masonry joints. The selected methods include the
penetrometer, the Schmidt hammer, the pendulum rebound hammer
(strength analysis) and the scratch tests (durability analysis). As stated,
these methods were not specifically developed for earthen materials, but
for other soft materials, such as lime-based or cement-based mortars,
renders or plasters, even if the methods remain not widely disseminated
and known in the research and professional masonry community. The
capacity of these tests to be applied to soft materials, which earthen
materials resemble to, was in fact the main reason to select them for this
study. Nevertheless, other reasons for the selection can be highlighted,
such as the worldwide commercialisation of the testing devices and their
easy application without requiring electrical power, which facilitates
the investigation of sites in remote places. In order to ensure the pres-
ervation of the site’s historical and cultural value and adhere to the
current conservation policy, the invasiveness and potential damage
caused by different methods were also evaluated. As a result, invasive
techniques such as the hole-drilling test were avoided to prevent any
unnecessary damage. In addition, logistical constraints, such as trans-
port and available budget, were taken into consideration during the
selection process, which led to the exclusion of the hole-drilling and
helix pull-out tests. The adopted testing procedures were defined ac-
cording to the instructions provided by the manufacturers, while
considering adaptations required by the specificities of the investigated
materials and structural elements, as further described in the following
sections. It should be also noted that standards are followed whenever
they are recommended by manufacturers.

2.1. Penetrometer test

The penetrometer test is carried out by measuring the response of the
investigated material to the penetration of a needle and correlating it to
the compressive strength. The penetrometer used is the RSM-15 model
produced by DRC Srl (Fig. 1a). The device consists of a hammer, con-
nected to a manually-loaded spring, that hits a striker in which a steel
needle is located. The tip of the needle penetrates the mortar subjected
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(a)

Fig. 1. Penetrometer test: (a) equipment; (b) in operation.

to dynamic blows with constant impact energy (Fig. 1b). In accordance
with the manufacturer’s instructions, the test is carried out by applying
ten blows and then measuring the unpenetrated length of the needle L;
with a comparator. The absolute penetration depth of the needle is
finally calculated as the difference between the initial length of the
needle Ly, equal to 80 mm, and L;.

The in-situ penetration test can be affected by several uncertainty
factors, mainly related to the possible heterogeneity of the mortar along
the depth. For this reason, at least five acquisitions of ten blows each are
recorded for each test and an average value of penetration depth is
calculated. Finally, the following equation provided by the manufac-
turer is used to correlate the penetration depth d [mm] to the
compressive strength f,, [MPa]:

d = 1.585f,% — 11.944f,, +25.899 @

Based on Equation (1), the correlation curve in Fig. 2 is provided and
the compressive strength f, is estimated according to the measured
penetration depth d:

_ 5.97E03 — v/1.58E06 x d — 5.3E06

" 1.58E03 2

It is worth noting that the correlation is only possible in the range of
penetration depth between about 3 and 22 mm, corresponding to a
compressive strength of 3.7 and 0.4 MPa, respectively.

The penetrometer test has already been used in-situ to evaluate the
strength of mortars in masonry joints [20], but so far mainly lime [11]
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Fig. 2. Correlation curve between penetration depth (after 10 S) and
compressive strength.

(b)

and gypsum mortars [21] have been successfully tested.

2.2. Schmidt hammer test

The rebound hammer used in the experimental program is the model
PASI Srl Rebound hammer type M (Fig. 3a). This model was selected
among the manufacturer’s products as it was specifically designed for
testing mortars. The objective of this non-destructive method is the
estimation of the mechanical properties of mortars through the mea-
surement of the rebound of a spring-controlled mass that, once released,
strikes a plunger that is in contact with the investigated surface (Fig. 3b).
The rebound value, displayed on the graduated scale of the device,
provides an assessment of the hardness of the mortar. Indeed, higher
rebound values are obtained for harder mortars. A correlation table
between the rebound of the metal mass and the compressive strength is
provided by the manufacturer of the equipment.

The manufacturer also specifies the testing protocol, where, for each
measurement, twelve acquisitions are obtained at different points
spaced, at least, 20 mm apart. At each point, three blows are applied,
ignoring the values of the first two and recording only the third one. Out
of the twelve acquisitions, the minimum and maximum values are dis-
carded and the remaining ten measurements are used to calculate the
average value of rebound, Ry, Finally, the conversion curve (Fig. 4),
derived from the data provided by the manufacturer, allows the esti-
mation of the compressive strength f;, [MPa] of the analysed mortar as a
function of the rebound value R;,. According to the conversion table, the
following expression was derived:

fin = 9EO5 x R,,>3652 3)

It is worth noting that the correlation is possible only in the range
between 1.4 and 25.0 MPa and starting from a rebound value of 15.

The Schmidt hammer method has been used mainly in concrete
structures [22-24], for which instructions and standards have also been
developed [25,26]. Its use for masonry structures is much less common.
Limited applications exist for stone [27] and brick walls [28,29].
Schmidt hammer tests on mortars in masonry joints are even rarer than
those on masonry units [30]. For instance, in [31] tests were performed
both on joints and units only for qualitative and comparative evaluation.

2.3. Pendulum rebound hammer test

The pendulum rebound hammer used in the experimental program is
the Schmidt OS-120PM hammer (Fig. 5a), manufactured by Proceq for
mortar testing. The objective of this non-destructive method is the
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Fig. 4. Correlation curve between rebound value and compressive strength.

estimation of the mechanical properties of an inspected soft material,
such as mortars [29] or renders [23,32], through the measurement of
the pendulum rebound of a mass after its controlled impact against the
surface of the specimen (Fig. 5b). The rebound value provides a quali-
tative assessment of the hardness of the mortar. Although the operating
principle of the Schmidt hammer and the pendulum rebound hammers is
therefore the same, the latter was chosen for its lower impact energy,
which might be more suitable for testing earthen mortars.

In this case, the testing protocol recommended by the manufacturer
is the one in standard EN 12504-2 [25], which was developed originally

F

schmidt

(@
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(b)

Fig. 3. Schmidt hammer test: (a) equipment; (b) in operation.

for concrete, but has been also adopted for mortars. The rebound value is
obtained by computing the median of nine rebounds. It should be noted
that the standard requires defining a regular grid of measurement points
spaced 25 or 50 mm apart, which is hardly applicable in case of testing
of bed-joint mortar, due to the irregularity of the masonry (and the
uneven distribution of mortars over the walls in the present case study).
To overcome this, a minimum number of nine random points, at least 25
mm apart, are defined and tested for a given section of the masonry.
According to the manufacturer’s rating table, the mortar is then classi-
fied as “poor”, “average”, “reasonable”, “good”, “very good”, and
“excellent” depending on the rebound value.

2.4. Scratch test

A mortar scratch test requires using a specific equipment designated
as MortarCheck II, manufactured by Enertren Pty Ltd. (Fig. 6a). The test
consists in the application, by means of a spring, of a fixed rotational
force to a probe with an abrasive tip placed in contact with the surface of
the soft material to be investigated (Fig. 6b). The axial force is held
constant as, at the commencement of the test, a spencer is removed to
allow a 10 mm spring compression of the probe against the joint. After
five full turns, the indentation of the probe into the surface is measured.
It should be noted that the rotation speed is not specified by the testing
protocol, meaning that it depends on the operator. The action of the tip
simulates accelerated physical forces that lead to degradation.

The testing protocol recommended by the manufacturer follows the
Australian standard AS 3700 [33]. In each test, five individual

(b)

Fig. 5. Pendulum rebound hammer test: (a) equipment; (b) in operation.
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(b)

Fig. 6. Scratch test: (a) equipment; (b) in operation.

measurements, spaced at least 10 mm apart, are recorded. Finally, the
scratch index is calculated as the average of the individual measure-
ments. It is worth noting that the standard recommends the use of the
scratch test to determine compliance with the durability requirements
for new mortars. The scratch index is related to one of the mortar
durability classes defined by the Australian standard, namely M2, M3, or
M4. Therefore, it should be noted that the purpose of the scratch test is
significantly different from that of the previous testing methods, thus the
procedure for interpreting the results reported in the AS 3700 standard
can only be used as a reference. Here, the mortar classes M2, M3, and M4
are associated with a qualitative grade of durability equal to low, in-
termediate, and high, respectively.

Scratch tests with a different setup have also been performed in a
laboratory environment on cement and hydraulic lime mortar cores
[34,35], with the aim of determining compressive strength rather than
durability performance. Similarly, the NZSEE standard recommends the
use of the scratch test to evaluate on-site the mechanical properties,
rather than the durability, of clay bricks and cement/lime mortars, using
various tools for the scratching process [36,37]. As the present study
focuses on the application of standardised commercial devices, such an
approach has not been included, nonetheless, investigating the appli-
cation of these simple tools on earth mortars is a compelling avenue to
explore in future research.

3. Description of the Wupatki Pueblo case study
3.1. Historical context
The Wupatki Pueblo is the largest archaeological complex within the

Wupatki National Monument (WUPA), a vast area of approximately 143
km?, where more than 2,500 sites belonging to the Sinagua culture have

been found so far. The Wupatki was probably the richest and most
influential pueblo in the WUPA area from A.D. 1150 to 1250. It is argued
that it was built and inhabited by people belonging also to other cultures
[38]. The site, approximately 56 km to northeast of the city of Flagstaff,
within the Coconino County, is built on a narrow sandstone ridge and
includes two compact blocks of rooms, the South and North units
(Fig. 7). A Ballcourt and a Community Room are also located in the area
immediately surrounding the Pueblo (Fig. 8). During its highest occu-
pation, the entire site is estimated to have counted about 100 rooms, 80
of which have been excavated to date. Archaeological excavations began
in the 1930s but were initially conducted without documenting the
operations. Moreover, besides consolidation works, demolition and
reconstruction operations were carried out to recreate the Pueblo as it
was believed to have been during its heyday [38]. Later on, the inter-
vention policy has changed and the archaeological site has been restored
to its probable original state, eliminating the most invasive interventions
and the most obvious reconstructions. Currently, conservation policies
prohibit any invasive actions or interventions, such as core drilling,
which may damage the site and compromise its heritage value and
significance. Annual maintenance work mainly consists of repointing
mortar and placing capstones, and is carried out by the indigenous in-
dividuals. Their profound sense of belonging to the site demonstrates its
crucial social relevance.

The masonry walls of the rooms are made of Moenkopi sandstone
units, which is the main building material, with earth-based mortar
joints. The stones are irregular in shape and extremely variable in size.
Basalt pebbles, from the nearby volcanic formations, are included in a
few places as decorative bands. Although there is a lack of precise in-
formation on the cross-section of the walls, based on the inspection of
the collapsed areas, it is assumed that they consist of a single leaf,
without an inner core, and with a few stones passing through the entire

Fig. 7. The Wupatki Pueblo: South Unit at the left and North Unit at the right.
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Fig. 8. Satellite view from Google Earth of the Wupatki Pueblo (South and North Units, Community Room and ballcourt).

thickness. Most of the mortar joints have been repointed over time.
Recently, earth-based mortars, amended and stabilised with an acrylic-
emulsion polymer, Rhoplex E-330, have been employed. The objective is
to increase their strength and durability [39], covering past in-
terventions and the original earthen mortar [38]. Cement-based mortars
were also used in past interventions, between the 1930s and the 1980s,
probably to fill the joints and to rebuild portions of the walls. Due to
these numerous repointing interventions, it is nowadays very hard to
identify original mortar samples on site. In most cases, there is no evi-
dence of special devices or quoins for corner connections between
orthogonal walls. Foundations seem absent with the walls built directly
on the soil or on the boulders. Finally, horizontal elements, such as floors
and roofs, no longer exist in the ruins.

3.2. Environmental conditions

The remains of the Wupatki Pueblo, buried until a very recent past,
are now mostly excavated and threatened by exposure to weathering.
The geographical area of the site is characterised by hot and wet sum-
mers with a maximum average temperature of 35 °C. The average
annual temperature is 14.4 °C. Although the climate is generally warm,
there are about 100 days per year, during the winter, in which the
temperature drops below 0 °C [40]. In addition, temperature fluctua-
tions during the winter months are likely to cause freeze-thaw cycles.
The preservation of the site has been pursued by the archaeologists
responsible for regular maintenance. However, degradation phenom-
ena, mostly associated with water run-off and accumulation of water or
snow, affect both masonry walls and boulders. Signs of material decay
and damage due to salt crystallisation are also present. The recent
occurrence of extreme events, such as high-intensity rainfall [41], and
future climate change scenarios raise additional concerns. Thus, further
actions are deemed necessary to maintain the integrity of the site and to
prevent its decay in the long-term. Assessing the current condition of the
site is of utmost importance to support associated decisions, justifying
the need of conducting investigation studies as those presented here.

4. Experimental investigation

The aforementioned degradation of the earth-based mortars, due to
the aggressive environmental conditions, motivated the need for a
detailed investigation of the performance of the bed-joint mortars of
Wupatki Pueblo. On this regard, seven types of mortars were identified
by visual inspection, while considering colour, texture, and character-
istics of the aggregates. According to the existing documentation, these
mortars were likely used in distinct interventions, thus they have

different age and compositions. Among them, six types are earth-based
mortars, identified and labelled as EM plus a number (e.g., EM1, EM2,
etc.), and one is a cement mortar, labelled as CM (Fig. 9). Their location
is shown in Fig. 10. The earth-based mortars were employed during the
repointing interventions of the joints, dating from the 1990s to the
present day. Although the raw materials and their proportions have
changed over time, all these mortars are stabilised with the Rhoplex E-
330. These repointing mortars play a key role for the actual and future
safety and conservation of the site. Therefore, it is deemed important to
examine the evolution of their performance over time to ensure their
continued effectiveness. On the other hand, the cement mortar, dating
back to the reconstruction years, is extensively present at the site, and it
likely constitutes the substrate of many repointed joints. The main
purpose of performing cement mortar tests is to provide a benchmark for
comparative purposes. Moreover, given its widespread presence, it was
deemed appropriate to investigate it to provide a preliminary charac-
terisation of the mortars on site, even though it is no longer in use.

The four testing methods were used for each type of mortar, per-
forming one or more acquisitions. The selection of points for testing was
primarily based on the regularity of masonry, wherever possible, taking
into account joint thickness and alignments. Other selection criteria
included the location of the different types of mortars and visible con-
servation conditions. All measurements are labelled and numbered
using a test identification code (Table 1). For the penetrometer test, a
total of nine acquisitions, labelled as P plus the type of mortar (e.g.
PEM1, PEM2, etc.), were made, namely one measurement for each type
of mortar and three repetitions for EM1 in different areas. For the
rebound hammer test, ten acquisitions, labelled as S plus the type of
mortar (e.g., SEM1, etc.), were made, namely one per each amended
mortar and three for the cement one. For the pendulum hammer, eight
tests, labelled as Pe plus the type of mortar (e.g., PeEM1, etc.), were
performed, namely one measurement for each type of earthen mortar
with three repetitions for EM1. The pendulum hammer test was not
conducted on cement mortar due to operational limitations of the in-
strument and morphological characteristics of the site, which made it
impossible to obtain the minimum number of required acquisitions in a
single tested area. Finally, for the scratch test, seven measurements,
labelled as C plus the type of mortar (e.g., CEM1, etc.), were made,
namely one for each of the seven mortar types.

4.1. Penetrometer test
Fig. 11 shows the five penetration depth values measured in each

acquisition using filled circles. The average penetration depth and the
standard deviation were also calculated in order to evaluate the
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Fig. 9. Types of mortar identified on-site: (a) EM1; (b) EM2; (c) EM3; (d) EM4; (e) EMS5; (f) EM6; (g) CM.

consistency of the results. Most of the tests show penetration depth
values outside the range between the average and plus/minus the
standard deviation. In addition, to the usual scatter, this may be due to
different degradation of the investigated mortars and quality of the
interface between the repointing and its underlying layers. The large
dispersion of results obtained from the penetrometer is therefore note-
worthy, as it indicates the instrument’s considerable sensitivity to the
stratigraphy of the materials, which would not have been discernible
through visual inspection alone. In some cases, during the test, the
needle of the penetrometer reached a few centimetres of depth and, in
some points, passed through more than one layer of mortar with
potentially different composition, altering the measurements. Due to the
highly irregular thickness of the repointing mortars, which varies from
point to point, an overall evaluation of layer thickness was unfeasible. If
poor bonding was identified or the detachment of the superficial layer
occurred during testing, the reading was discarded and repeated in
another location with the same mortar type. It is important to note that
the observed damage cannot be attributed to the testing method, but

rather to a pre-existing, not-visible condition that was revealed during
testing.

The mortar EM2 (test PEM2) presents the largest variability, which is
a consequence of a value with significantly poor performance. A similar
behaviour, with a single higher penetration value that alters the
average, emerges for mortar EM4 (test PEM4), although, in this case, the
variability is smaller. For the other cases, a possible abnormal value does
not seem to modify the outcomes excessively. It is noted that the
penetration values measured for the cement mortar CM (test PCM) and
the earth-based mortar EM5 (test PEM5) are very consistent. It is also
worth noting that the different tests conducted on mortar EM1, namely
PEMla, PEM1b and PEMlc, show penetration depth measurements
values quite similar.

Table 2 presents further details on the conducted tests, namely the
location (room number), orientation and type (interior or exterior) of
the wall, as well as the compressive strength of the mortars estimated
from the average penetration values and the correlation curve of the
equipment. It should be noted that the estimated compressive strength is
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Fig. 10. Room numbering, location of tests and selected mortars: (a) South Unit, (b) North Unit.

Table 1
Identification of the different tests conducted for each type of mortar.

Mortar Testing method
Penetrometer (P) Schmidt hammer (S) Pendulum (Pe) Scratch (C)

EM1 PEM1la PEM1b PEM1c SEM1 - - PeEM1la PeEM1b PeEM1c CEM1
EM2 PEM2 - - SEM2 - - PeEM2 - - CEM2
EM3 PEM3 - - SEM3 - - PeEM3 - - CEM3
EM4 PEM4 - - SEM4 - - PeEM4 - - CEM4
EM5 PEMS5 - - SEM5 - - PeEMS5 - - CEM5
EM6 PEM6 - - SEM6 - - PeEM6 - - CEM6

CM PCM - - SCMa SCMb SCMc - - - CCM

limited by the lower bound of the correlation curve, which is equal to 22
mm of penetration (0.4 MPa). However, it was deemed appropriate not
to extend the correlation curve beyond the manufacturer’s recom-
mended range and to identify out-of-range values as below the stated
bound. This value of penetration is exceeded for mortars EM2 (PEM2)
and EM4 (PEM4), meaning that their estimated strength is lower than
0.4 MPa. Mortars EM3 (PEM3) and EM6 (PEMS6) also show low values of
compressive strength, namely of about 0.7 MPa and 0.6 MPa, respec-
tively, whereas the average of the three values estimated for mortar EM1
(PEM1a, PEM1b and PEM1c) is about 1.0 MPa. The highest compressive
strength among the earth-based mortars was estimated for EM5 (PEM5),
namely 2.0 MPa. Finally, the CM mortar (PCM) has the highest overall
value, equal to 2.8 MPa. Although this result was expected, it is worth
noting that this value is rather low for a cement-based mortar. Addi-
tionally, a correlation can be observed between the dispersion of out-
comes and the compressive strength, indicating that mortars with higher

compressive strength typically exhibit less dispersion of results.

4.2. Schmidt hammer test

Fig. 12 shows ten out of the twelve measured rebound values
(maximum and minimum were discarded), the average and the standard
deviation for each of the nine tests. It is worth noting that the tests
performed on earth-based amended mortars are characterised by quite
similar rebound values. Values outside the range between the average
and more or less the standard deviation are observed but they are
located evenly on both tails of the distributions. On the other hand, the
tests on the cement mortars (SCMa, SCMb and SCMc) show a greater
dispersion of the rebound, affected by values of significantly better
performance. Multiple repetitions were conducted to address this
dispersion, which could have been caused by factors such as differences
in age, curing conditions or inadequate conservation. Furthermore, it is
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Table 2
Average results of the penetrometer tests and estimation of the compressive
strength of the mortars.

D Location Mortar ~ Av. Coef. of Comp.
penetration variation strength f,
depth [mm] [%] [MPa]
PEMla Room 41 — EM1 13.7 37.7 1.2
North (int)

PEM1b  Room 41 - EM1 16.6 47.0 0.9
North (int)

PEM1c Room 41 - EM1 15.2 349 1.0
East (int)

PEM2 Room 41 — EM2 24.4 57.9 <0.4
South/East
(int)

PEM3 Room 35 — EM3 18.4 30.8 0.7
South (int)

PEM4 Room 35 - EM4 30.7 20.4 < 0.4
South (int)

PEM5 Room 8 — EM5 8.2 221 2.0
South (int)

PEM6 Room 1 — EM6 19.8 335 0.6
North (ext)

PCM Room 41 - CM 5.3 44.8 2.8
North (int)

worth noting that such dispersion resulted in some readings, especially
for SCMb, being lower than the results for the earth-based mortars,
likely due to poor bonding and/or to the presence of softer layers below
the cement one, used for repointing. Nonetheless, as expected, cement
mortars present higher average rebound values than the earth-based
ones.

Similarly to the penetrometer tests, the range of the calibrated con-
version table for the Schmidt hammer limits the interpretation of the
results for the weakest mortars. Results falling below the recommended
range are therefore reported as below the defined threshold, without
extending the calibration. In this case, the lower bound, equal to 15, is
particularly high for earth-based mortars. Indeed, mortars EM2, EM3,
EM4 and EM6 obtained rebound values inferior to 15, meaning that
their estimated compressive strength is lower than 1.4 MPa, whereas for
mortar EM1 the estimated compressive strength is about 1.4 MPa (see
Table 3). For mortar EMS5 a higher value of 1.7 MPa is obtained. In the
case of the cement mortar CM, considerably higher values of compres-
sive strength are estimated, yet high variations are observed between
the three tests conducted, with average values of 9.6, 2.3 and 6.2 MPa
obtained in SCMa, SCMb and SCMc, respectively.

4.3. Pendulum rebound hammer test

As shown in Fig. 13, the dispersion in pendulum rebound values is
large within all the tests, and also produces a scatter between the
average values for the different earth-based mortars. The lower scatter
in measured values is achieved in tests PeEM1a and PeEM5 for mortars
EM1 and EMS, respectively. It is worth noting that the characteristics of
the device prevent its correct use when the recess of the mortar joint
with respect to the surface of the stone units does not allow the plunger
to reach the surface of the mortar. Therefore, the correctness of the
operation was verified at each location and the reading was discarded
otherwise.

Based on the correlation provided by the manufacturer, most of the
earth-based mortars are classified as “average” (Fig. 14), given the
median rebound value between 20 and 30. Nevertheless, mortar EM3
outperforms the other ones, being classified as “reasonable”. Mortar
EM1 was tested three times, yet the outcomes were not consistent, as
they ranged from “poor” (PeEM1c) to “average” category (PeEM1a and
PeEM1b).

4.4. Scratch test

As shown in Fig. 15, the scratch test also produced a large dispersion
of the results. The lower scatter was found for the cement mortar CM
(CCM) and earth-based mortar EM6 (CEM6). On the other hand, mortars
EM3 (CEM3) and EM4 (CEM4) present the largest dispersion in the re-
sults, as well as the worst performance in terms of indentation values
(higher values). This variability may be the consequence of an uneven
contact between the device tip and the mortar surface. During the test,
the probe must be held against the investigated surface, yet such pro-
cedure is not easily applied or controlled, particularly in the case of
uneven wall faces as the ones found in the site. The test was influenced
by the arrangement of the stone masonry (e.g. lack of vertical alignment
of the surface of the units, recess of the joints, etc.) and it required the
collaboration of two operators, one holding the device and one applying
the rotational force, which none of the other tests did.

Most of the investigated mortar types are classified as M3, to which
corresponds an intermediate durability (Table 4). Mortar EM4 presents a
higher scratch index value, belonging to class M2 or low durability.
Regarding mortar EM3, it presents the highest value of scratch index,
which is non-compliant with the range provided by standard AS 3700
[33]. Thus, the durability is classified as very low.
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Table 3
Average results of the Schmidt hammer tests and estimation of the compressive
strength of the mortars.

D Location Mortar  Av. Coef. of Comp.
rebound variation [%]  strength f,
value [MPa]
SEM1  Room 41 - EM1 15.0 8.3 1.4
North (int)

SEM2 Room 41 - EM2 11.9 12.2 <1.4
South (int)

SEM3  Room 35 - EM3 13.6 18.1 <1.4
South (int)

SEM4 Room 35 - EM4 12.5 20.4 <1.4
South (int)

SEM5  Room 8 - EM5 16.0 19.9 1.7
South (int)

SEM6  Room 1 — EM6 13.9 22.7 <1.4
North (ext)

SCMa  Room 35 - CM 25.9 35.6 9.6
West (int)

SCMb  Room 41 - CM 17.5 31.3 2.3
North (int)

SCMc Room 55 — CM 23.0 37.6 6.2

North (int)

5. Discussion

As stated, the investigated mortars were used in past repointing in-
terventions and are characterised by reduced thickness, ranging from a
few millimetres to the expected minimum depth of 10-20 mm. The
presence of multiple mortar layers complicates the experimental
assessment. This is particularly evident for the penetrometer test, which
in some cases reached a depth of almost 50 mm. Multiple acquisitions at
different testing locations were made to detect and discard anomalous
results due to localised defects (e.g., detachment of the mortar, super-
ficial repointing, etc.).

5.1. Mechanical and durability performance

Table 5 shows the comparison between the results obtained for each
type of mortar analysed. The quantitative estimations of the compres-
sive strength through the penetrometer and Schmidt hammer tests can
be directly compared, whereas the pendulum rebound hammer and
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scratch tests are complementary to the former, and provide a qualitative
assessment of the mortar performance.

Based on the pendulum hammer test, mortar EM3 is the best per-
forming, while the worst one is EM1. Both Schmidt hammer and pene-
trometer tests, despite a significant variation in estimating the
compressive strength, provide a higher rating for EM1, outperformed,
among the amended earth-based mortars, only by EM5. It is noted that
the results from the penetrometer and Schmidt hammer tests are
consistent for all the types of mortar investigated. The compressive
strength values are lower than those reported in the literature for earth-
based mortars (about 2-3 MPa [4,42]). As expected, in all tests, the
highest compressive strength values and the highest performance were
obtained for the cement mortar.

5.2. Evaluation of the adopted non-destructive techniques

Upon the aforementioned extensive experimental programme, rele-
vant conclusions regarding the feasibility of these rather simple-to-use
field-testing methods can be drawn. Despite the difficulties and limita-
tions encountered, they proved to be promising in the characterisation
of earth-based mortars. As shown in Table 6, the tests are rated as good,
average or poor in terms of ease-of-use, consistency of results, range and
granularity of results, depth of investigation below the visible surface,
respect towards cultural value by limiting loss of original material, and
versatility in the application. These concepts are subsequently detailed.

The ease-of-use parameter considers factors such as the ergonomics
of the device, its weight, the ease of reading the results and the time
required for each acquisition. The MortarCheck II, used in the scratch
tests, presents the most complicated operation as it requires two oper-
ators to hold it steady in place during measurements. However, the
device’s digital screen makes it easy to read the results. The penetrom-
eter is classified as average in user-friendliness since, despite a non-
excessive weight (2.1 kg), the recoil after the initial blows may invali-
date the reading and the measurement requires a longer time (approx-
imately 30 s). The Schmidt and pendulum hammers, on the other hand,
are easy to use, considering the quick measurements (a few seconds), the
fairly low weight of the devices (1.0 kg and 3.2 kg, respectively) and the
graduated scale for reading the rebound values. Although the Schmidt
hammer, according to the recommended protocol, requires more repe-
titions, it is lighter and more manoeuvrable, thus, overall, the ease-of-
use of the two devices is considered comparable.
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Fig. 14. Classification of the mortars according to the performed pendulum hammer tests.

In all tests, a significant variability in measurements was detected,
likely due to specific and localised mortar defects but also, possibly, due
to the functioning of the devices. For instance, the uneven pressure
between the MortarCheck II probe and the mortar surface may alter the
measurements. An increase in rebound values can be also recorded
during the repetitions in the Schmidt hammer test, due to an increasing
mortar compaction after each stroke. Despite the presence of multiple
layers of mortar, the penetrometer showed, instead, a better consistency
in the results.

Among the devices, the penetrometer also offers a larger range and
granularity of the information, allowing the determination of the
compressive strength values below 0.4 MPa. While, for the other de-
vices, most of the mortars fall in the same class, preventing a further
distinction. In the case of the Schmidt hammer test, this was due to the
lower bound of the calibrated range that was above the rebound values
for some tested mortars. This means that the Schmidt Type M hammer
may have an excessively high impact energy for the soft and low-
strength earth-based mortars, with high energy absorption capacity. In
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some cases, the impact tip sank into the surface, and the device was
unable to record any rebound. As a result, the impact energy has been
identified as a limiting factor for the Schmidt hammer’s performance
compared to the pendulum hammer.

Although the four tests are considered non-destructive, the use of the
penetrometer causes a small, but visible, damage on the mortar surface,
which may be easily repaired, so that no penalisation is given. For the
Schmidt Type M hammer, minor damage, such as small depressions, can
also be observed.

However, the penetrometer allows a deeper investigation of the
mortar (several centimetres), while the Schmidt and the pendulum
rebound hammer tests are limited to the surface mortar, arguably down
to approximately 3 cm [25]. This superficial mortar may be compro-
mised by environmental factors and not be representative of the real
mechanical properties. The scratch test is rather superficial (less than 1
mm), which aggravates this phenomenon.

The versatility in application is an indicator of the adaptability of the
devices to different site specificities. On this regard, the pendulum
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Table 4

Average indentation values obtained from the scratch tests and corresponding classification of the mortars.

D Location Mortar Av. indentation [mm] Coef. of variation [%] Mortar class Durability grade
CEM1 Room 41 — North (int) EM1 0.274 32.3 M3 Intermediate
CEM2 Room 41 — South (int) EM2 0.213 44.9 M3 Intermediate
CEM3 Room 35 — South (int) EM3 0.691 66.8 Not compliant Very poor
CEM4 Room 35 - South (int) EM4 0.310 84.7 M2 Poor
CEM5 Room 8 — South (int) EM5 0.188 75.6 M3 Intermediate
CEM6 Room 1 — North (ext) EM6 0.173 19.2 M3 Intermediate
CCM Room 41 — North (int) CM 0.142 20.3 M3 Intermediate
Table 5 Table 6

Comparison of the properties estimated for the tested mortars according to the
conducted tests.

Suitability of the equipments to test earth-based mortars in masonry joints (Good
+, Average +/—, Poor — performance).

Mortar  Penetrometer Schmidt Pendulum Scratch Qualitative indicators Tests
hammer hammer K
Penetrometer ~ Schmidt Pendulum Scratch
Compressive strength [MPa] Classification Durability hammer hammer
EM1 1.0 1.4 Poor/average Intermediate Ease-of-use +/= + + -
EM2 <0.4 <1.4 Average Intermediate Consistency of results + + +/—- -
EM3 0.7 <1.4 Reasonable Very poor Range and granularity + - +/- +/—-
EM4 <0.4 <1.4 Average Poor of results
EM5 2.0 1.7 Average Intermediate Respect towards +/- +/— + +
EM6 0.6 <1.4 Average Intermediate cultural value
CM 2.8 6.0 - Intermediate Depth of investigation + +/—- +/- -
under the visible
surface
hammer and the MortarCheck II are the least performing. For instance, Versatility in + + - -
in irregular masonry, the units may be not aligned and have different application

projections, which can make it difficult for the pendulum hammer to
stand vertically. Indeed, small inclinations of the device may alter the
rebound values. In addition, if the joint indentation is greater than
approximately 5 mm, it may not be possible for the pendulum to make
contact with the surface being tested. On the other hand, the use of the
MortarCheck II requires a fairly even surface in order to support the
device and to guarantee an appropriate contact between the probe and
the mortar.

In conclusion, among the analysed NDTs, the penetrometer can be
considered the best tool to characterise the mechanical performance of
earth-based mortars in masonry joints. Although it causes more damage
to the material than the other devices, the invasiveness is still minimal
and the damage is easily repairable. On the other hand, the scratch test is
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likely the least feasible for this specific goal, being mainly concerned
with durability and exploring only the very superficial layer, possibly
less relevant for ancient mortars. Still, given this characteristic, the
scratch test may be capable of measuring the existing deterioration and
its progress, if used repeatedly over time. However, the difficulty in use,
the lack of consistency in the results and low versatility in the applica-
tion make the scratch test underperforming.

6. Conclusions

Four non-destructive testing methods used to assess in-situ, qualita-
tively or quantitatively, the strength and durability performance of soft
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materials have been applied to earth-based mortar joints. The aim was to
assess their viability to test this type of materials and to identify limi-
tations and difficulties related to the specific characteristics of either the
tested material or the equipment/protocol. The four methods, namely
penetrometer, Schmidt hammer, pendulum rebound hammer, and
scratch test, were adopted to assess six different types of earth-based
mortar and a cement-based mortar identified by visual inspection of
the masonry joints at the archaeological site of the Wupatki Pueblo,
Arizona (US).

The following considerations emerged from the conducted experi-
mental programme:

- The penetrometer and Schmidt hammer tests allow a quantitative
estimation of the compressive strength through correlation curves.
However, these quantitative relations have been developed for
different materials;
The pendulum rebound hammer and scratch tests allow only a
qualitative assessment of performance and durability of earth-based
mortars;
Although specific correlation curves or grades for earth-based ma-
terials are not available, the combination and comparison of
different techniques allowed to improve the reliability of the pre-
liminary assessment made;
Despite generating minor damage, the penetrometer proved to be the
best tool for characterising the mechanical properties of earth-based
mortars in masonry joints. It showed good consistency and granu-
larity of the results and allowed a deeper investigation of the mortars
below the visible surface;
The Schmidt hammer type M was easy-to-use, although its relatively
high impact energy seems inadequate for testing low-strength
earthen mortars and most of the results obtained were below the
lower bounds of the existing correlation curve;
The pendulum hammer test was easy-to-use and caused no damage,
however some limitations in the use, depending on the morphology
of the surface, were found and a wide scatter in the results was found;
- Among the analysed NDTs, the scratch test was the least adequate
due to difficulties in use, investigation limited to the very superficial
layer of the mortar, dispersion of the results and limited adaptability
to the condition found in irregular masonry.

As a final note, these procedures should be adapted to the peculiar-
ities of the earth-based materials, by developing, through destructive
testing on laboratory specimens, curves tailored to earth-based mortars.
This aims to correlate the quantities measured directly by the devices
with the compressive strength. Moreover, effective strategies to assess
the superficial deterioration rate by non-destructive tests repeated over
time would be valuable. This may be addressed by calibrating the NDTs
on specimens subjected to controlled ageing in laboratory conditions.

CRediT authorship contribution statement

Laura Gambilongo: Conceptualization, Data curation, Formal
analysis, Investigation, Methodology, Visualization, Writing — original
draft. Alberto Barontini: . Rui A. Silva: Methodology, Resources,
Writing — review & editing. Paulo B. Lourenco: Conceptualization,
Funding acquisition, Methodology, Project administration, Supervision,
Writing — review & editing.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Paulo B. Lourenco reports financial support was provided by Getty
Foundation. Laura Gambilongo reports financial support was provided
by Foundation for Science and Technology. ISISE-UM Institute for sus-
tainability and Innovation in Structural Engineering reports financial

13

Construction and Building Materials 392 (2023) 131960

support was provided by Foundation for Science and Technology.
Data availability

Data will be made available on request.

Acknowledgments

This publication is made possible with support from the J. Paulo
Getty Trust. The study has also been funded by the “Archaeological Site
Conservation and Management, Wupatki National Monument” project
through the Getty Foundation. The project was undertaken in collabo-
ration with the Architectural Conservation Laboratory/Weitzman
School of Design at the University of Pennsylvania. This work was also
partly financed by FCT/MCTES through national funds (PIDDAC) under
the R&D Unit Institute for Sustainability and Innovation in Structural
Engineering (ISISE), under reference UIDB/04029/2020, and by the FCT
scholarship under reference 2022.09946.BD. The support is gratefully
acknowledged. However, the opinions presented in this paper are those
of the authors and do not necessarily reflect the views of the sponsoring
organisations.

References

[1] E. Mammoliti, A. Ferretti, M. Malavolta, R. Teloni, P. Ruggeri, G. Roselli, Defining
a non-destructive in situ approach for the determination of historical mortar
strength using the equotip hardness tester, Appl. Sci. 11 (11) (2021), https://doi.
org/10.3390/app11114788.

H. Houben, H. Guillard, Earth Construction: A comprehensive Guide, 3rd ed.,
Intermediate Technology Publication, London, 2008.

P.A. Jaquin, C.E. Augarde, C.M. Gerrard, Chronological description of the spatial
development of rammed Earth techniques, Int. J. Archit. Herit. 2 (4) (2008)
377-400, https://doi.org/10.1080/15583050801958826.

L. Miccoli, U. Miiller, P. Fontana, Mechanical behaviour of earthen materials: A
comparison between earth block masonry, rammed earth and cob, Constr. Build.
Mater. 61 (2014) 327-339, https://doi.org/10.1016/j.conbuildmat.2014.03.009.
R.A. Silva, D.V. Oliveira, T. Miranda, N. Cristelo, M.C. Escobar, E. Soares, Rammed
earth construction with granitic residual soils: The case study of northern Portugal,
Constr. Build. Mater. 47 (Oct. 2013) 181-191, https://doi.org/10.1016/j.
conbuildmat.2013.05.047.

G. Minke, Building with EARTH: Design and Technology of a Sustainable
Architecture, Birkhauser - Publisher for architecture, Basel - Berlin - Boston, 2006.
Q.B. Bui, Assessing the rebound hammer test for rammed earth material, Sustain. 9
(10) (2017) 11-17, https://doi.org/10.3390/5u9101904.

Q. B. Bui, S. Hans, and J. C. Morel, “The compressive strength and pseudo elastic
modulus of rammed earth”, in International Symposium on Earthen Structures, pp.
217-223.

J.J. Martin-del-Rio, J. Canivell, R.M. Falcon, The use of non-destructive testing to
evaluate the compressive strength of a lime-stabilised rammed-earth wall: Rebound
index and ultrasonic pulse velocity, Constr. Build. Mater. 242 (2020), 118060,
https://doi.org/10.1016/j.conbuildmat.2020.118060.

D. Ciancio, J. Gibbings, Experimental investigation on the compressive strength of
cored and molded cement-stabilized rammed earth samples, Constr. Build. Mater.
28 (1) (2012) 294-304, https://doi.org/10.1016/j.conbuildmat.2011.08.070.

L. Pela, P. Roca, A. Aprile, Combined in-situ and laboratory minor destructive
testing of historical mortars, Int. J. Archit. Herit. 12 (3) (2018) 334-349, https://
doi.org/10.1080/15583058.2017.1323247.

1. Lombillo, L. Villegas, E. Fodde, C. Thomas, In situ mechanical investigation of
rammed earth: calibration of minor destructive testing, Constr. Build. Mater. 51
(2014) 451-460, https://doi.org/10.1016/j.conbuildmat.2013.10.090.

J.D. Rodriguez-Mariscal, J. Canivell, M. Solis, Evaluating the performance of sonic
and ultrasonic tests for the inspection of rammed earth constructions, Constr.
Build. Mater. 299 (2021) 123854.

J. Canivell, J.J. Martin-del-Rio, F.J. Alejandre, J. Garcia-Heras, A. Jimenez-Aguilar,
Considerations on the physical and mechanical properties of lime-stabilized
rammed earth walls and their evaluation by ultrasonic pulse velocity testing,
Constr. Build. Mater. 191 (2018) 826-836, https://doi.org/10.1016/j.
conbuildmat.2018.09.207.

R. Liang, G. Hota, Y. Lei, Y. Li, D. Stanislawski, Y. Jiang, Nondestructive evaluation
of historic Hakka rammed earth structures, Sustainability 5 (1) (Jan. 2013)
298-315, https://doi.org/10.3390/s5u5010298.

E. Bernat-Maso, E. Teneva, C. Escrig, L. Gil, Ultrasound transmission method to
assess raw earthen materials, Constr. Build. Mater. 156 (2017) 555-564, https://
doi.org/10.1016/j.conbuildmat.2017.09.012.

B. Khadka, M. Shakya, Comparative compressive strength of stabilized and un-
stabilized rammed earth, Mater. Struct. Constr. 49 (9) (2016) 3945-3955, https://
doi.org/10.1617/511527-015-0765-5.

E. Baglioni, F. Fratini, L. Rovero, The characteristics of the earthen materials of the
Draa valley’s architecture, J. Mater. Environ. Sci. 7 (10) (2016) 3538-3547.

[2]

[3]

[4]

[5]

[6]

[71

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]


https://doi.org/10.3390/app11114788
https://doi.org/10.3390/app11114788
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0010
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0010
https://doi.org/10.1080/15583050801958826
https://doi.org/10.1016/j.conbuildmat.2014.03.009
https://doi.org/10.1016/j.conbuildmat.2013.05.047
https://doi.org/10.1016/j.conbuildmat.2013.05.047
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0030
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0030
https://doi.org/10.3390/su9101904
https://doi.org/10.1016/j.conbuildmat.2020.118060
https://doi.org/10.1016/j.conbuildmat.2011.08.070
https://doi.org/10.1080/15583058.2017.1323247
https://doi.org/10.1080/15583058.2017.1323247
https://doi.org/10.1016/j.conbuildmat.2013.10.090
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0065
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0065
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0065
https://doi.org/10.1016/j.conbuildmat.2018.09.207
https://doi.org/10.1016/j.conbuildmat.2018.09.207
https://doi.org/10.3390/su5010298
https://doi.org/10.1016/j.conbuildmat.2017.09.012
https://doi.org/10.1016/j.conbuildmat.2017.09.012
https://doi.org/10.1617/s11527-015-0765-5
https://doi.org/10.1617/s11527-015-0765-5
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0090
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0090

L. Gambilongo et al.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

L. Mateus, M.d.R. Veiga, J. de Brito, In situ characterization of rammed earth wall
renders, Int. J. Archit. Herit. 9 (4) (2015) 430-442.

A. Brencich, D. Latka, P. Matysek, Z. Orban, E. Sterpi, Compressive strength of solid
clay brickwork of masonry bridges: Estimate through Schmidt Hammer tests,
Constr. Build. Mater. 306 (Nov. 2021), 124494, https://doi.org/10.1016/j.
conbuildmat.2021.124494.

C. Colla, In situ investigation of the mechanical strength of the mortars: the case of
the vaults of the Modena Cathedral, Key Eng. Mater. 624 (2015) 170-177, https://
doi.org/10.4028/www.scientific.net/KEM.624.170.

A. Masi, La stima della resistenza del calcestruzzo in situ mediante prove
distruttive e non distruttive (in Italian), G. delle Prove non Distruttive Monit
Diagnostica 1 (2005) 1-9.

J. Galvao, I. Flores-Colen, J. de Brito, M.R. Veiga, Variability of in-situ testing on
rendered walls in natural ageing conditions — Rebound hammer and ultrasound
techniques, Constr. Build. Mater. 170 (May 2018) 167-181, https://doi.org/
10.1016/j.conbuildmat.2018.02.152.

A. Jain, A. Kathuria, A. Kumar, Y. Verma, K. Murari, Combined use of non-
destructive tests for assessment of strength of concrete in structure, Procedia Eng.
54 (2013) 241-251, https://doi.org/10.1016/j.proeng.2013.03.022.

B.S. En, 12504-2:2021 Testing concrete in structures Non-destructive testing.
Determination of rebound number, European Committee for Standardization,
Brussels (2021).

ASTM C805/C805M-08: Standard Test Method for Rebound Number of Hardened
Concrete, ASTM International, USA, 2008.

E. Vasanelli, D. Colangiuli, A. Calia, Z.M. Sbartai, D. Breysse, Combining non-
invasive techniques for reliable prediction of soft stone strength in historic
masonries, Constr. Build. Mater. 146 (Aug. 2017) 744-754, https://doi.org/
10.1016/j.conbuildmat.2017.04.146.

D. Pirchio, K.Q. Walsh, E. Kerr, I. Giongo, M. Giaretton, B.D. Weldon, L. Ciocci,
L. Sorrentino, An aggregated non-destructive testing (NDT) framework for the
assessment of mechanical properties of unreinforced masonry Italian medieval
churches, Constr. Build. Mater. 342 (2022) 128041.

S. Shrestha, B. Shrestha, M. Shakya, P.N. Maskey, Damage assessment of cultural
heritage structures after the 2015 Gorkha, Nepal, Earthquake: a case study of
Jagannath temple, Earthquake Spectra 33 (1_suppl) (2017) 363-376.

P. Matysek and D. t.atka, “Comments on the application of the sclerometric method
in the diagnostics of brick masonry”, no. October 2016, 2012, [Online]. Available:
http://suw.biblos.pk.edu.pl/resourceDetailsBPP&rId=36347.

14

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

Construction and Building Materials 392 (2023) 131960

Y. Gorokhovich, S. Doocy, A. Voustianiouk, C. Small, Assessment of mortar and
brick strength in earthquake-affected structures in Peru using a Schmidt Hammer,
J. Perform. Constr. Facil. 24 (6) (2010) 634-640, https://doi.org/10.1061/(asce)
¢f.1943-5509.0000120.

L.A. Santos, I. Flores-Colen, M.G. Gomes, In-situ techniques for mechanical
performance and degradation analysis of rendering walls, Restor. Build. Monum.
19 (4) (2014) 255-266, https://doi.org/10.1515/rbm-2013-6606.

AS 3700_2011: Masonry structures, Standards Australia, Sydney, 2011.

F. Dagrain, The scratching test, an alternative technique for determining strength
properties of historical mortars Initial developments, 1st Hist. Mortars Conf.,
December 2014 (2008).

L. Van Parys, F. Dagrain, C. Coudyzer, and T. Descamps, “Scratching Test for
Compressive Strength Determination : Method and Preliminary Results on
Historical Mortars”, 1st Int. Symp. Mortars Technol. May 23-25, 2005,
Florianopolis, Bras., no. December 2014, 2005.

NZSEE, The Seismic Assessment of Existing Buildings. Technical Guidelines for
Engineering Assessments. Part C - Detailed Seismic Assessment. Part C8 -
Unreinforced Masonry Buildings, New Zealand Society for Earthquake Engineering
(2017).

N. Almesfer, D.Y. Dizhur, R. Lumantarna, J.M. Ingham, Material properties of
existing unreinforced clay brick masonry buildings in New Zealand, Bull. New Zeal.
Soc. Earthq. Eng. 47 (2) (2014) 75-96, https://doi.org/10.5459/bnzsee.47.2.75-
96.

E. Brennan, C. Downum, Report of findings prestabilization documentation for
Wupatki Pueblo Wupatki National Monument, Northern Arizona University,
Flagstaff, Arizona, 2001.

C. Dickensheets, F.G. Matero, Performance testing of acrylic-amended earthen
mortars at Wupatki National Monument in Arizona, APT Bull. J. Preserv. Technol.
52 (1) (2021) 5-14.

Western Regional Climate Center, “Climate Data for Wupatki National Monument”,
2020.

K.C. Anderson, T. Joyal, M.M. Miller, Wupatki Pueblo Geoarchaeology Landscape
Assessment, Flagstaff, Arizona, 2021.

G. Azeredo, J.C. Morel, N.P. Barbosa, Compressive strength testing of earth
mortars, J. Urban Environ. Eng. 1 (1) (2007) 26-35, https://doi.org/10.4090/
juee.2007.vIn1.026035.


http://refhub.elsevier.com/S0950-0618(23)01674-4/h0095
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0095
https://doi.org/10.1016/j.conbuildmat.2021.124494
https://doi.org/10.1016/j.conbuildmat.2021.124494
https://doi.org/10.4028/www.scientific.net/KEM.624.170
https://doi.org/10.4028/www.scientific.net/KEM.624.170
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0110
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0110
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0110
https://doi.org/10.1016/j.conbuildmat.2018.02.152
https://doi.org/10.1016/j.conbuildmat.2018.02.152
https://doi.org/10.1016/j.proeng.2013.03.022
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0125
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0125
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0125
https://doi.org/10.1016/j.conbuildmat.2017.04.146
https://doi.org/10.1016/j.conbuildmat.2017.04.146
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0140
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0140
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0140
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0140
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0145
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0145
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0145
https://doi.org/10.1061/(asce)cf.1943-5509.0000120
https://doi.org/10.1061/(asce)cf.1943-5509.0000120
https://doi.org/10.1515/rbm-2013-6606
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0170
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0170
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0170
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0180
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0180
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0180
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0180
https://doi.org/10.5459/bnzsee.47.2.75-96
https://doi.org/10.5459/bnzsee.47.2.75-96
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0190
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0190
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0190
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0195
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0195
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0195
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0205
http://refhub.elsevier.com/S0950-0618(23)01674-4/h0205
https://doi.org/10.4090/juee.2007.v1n1.026035
https://doi.org/10.4090/juee.2007.v1n1.026035

	Evaluation of non-destructive techniques for mechanical characterisation of earth-based mortars in masonry joints
	1 Introduction
	2 In-situ non-destructive testing methods
	2.1 Penetrometer test
	2.2 Schmidt hammer test
	2.3 Pendulum rebound hammer test
	2.4 Scratch test

	3 Description of the Wupatki Pueblo case study
	3.1 Historical context
	3.2 Environmental conditions

	4 Experimental investigation
	4.1 Penetrometer test
	4.2 Schmidt hammer test
	4.3 Pendulum rebound hammer test
	4.4 Scratch test

	5 Discussion
	5.1 Mechanical and durability performance
	5.2 Evaluation of the adopted non-destructive techniques

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


