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Abstract

Young’s modulus is commonly estimated using dynamic tests or from load and deformation measurements under static loading. However, these methods
may yield different results due to variations in strain levels where characterisation is conducted. Existing studies reported discrepancies between static and
dynamic Young’s moduli of hydraulic lime mortar. This paper examines the role that strain amplitudes and testing configurations play during Young’s
moduli characterisation of prismatic samples to understand the root causes for these differences. Dynamic characterisation is conducted using standard
impulse excitation of vibration tests while static characterisation is done with three-point bending and uniaxial compression tests. A tailored loading regime
is used to examine the evolution of Young’s modulus at different strain levels. Repeated IEV measurements reveal progressive decay with increasing strain
amplitudes. A similar trend is observed for static moduli, although decay magnitudes are notably higher and depend on the adopted test configuration.
Reductions in Young’s moduli are associated with microscale damage processes and were observed at strain levels as low as 100 pe. They become notably
pronounced at compressive loads corresponding to ~30% of material compressive strength, which is typically used for static elasticity characterisation. The
results highlight the small-strain nonlinearity of hydraulic lime mortar and indicate the need for improved characterisation procedures to describe the
constitutive behaviour of this material.

Keywords: Young’s modulus; Hydraulic lime mortar; Strain-dependency; Digital image correlation (DIC); Material characterisation.

neglects any potential plastic strain accumulation during
cycling. EN 14580-2005 [1] defines the static modulus of
natural stone samples under compression as the secant
modulus between 2% and 33% of the mean compressive
strength (fc). In contrast, EN 12390-13 [2] defines E; as the
secant modulus of concrete between 10-20% and 33% of f..
Assuming a ratio of Young’s modulus to compressive strength
of 1/1000, strain magnitudes in the static characterisation
tests are estimated to be in the order of 100pe.

1 Introduction

Young’s modulus quantifies material stiffness, and it can be
determined through both static and dynamic testing
methods. For hydraulic lime mortar, Young’'s modulus
determination is not standardised by specialised codes.
Consequently, guidelines originally developed for other
materials are adopted, where the underlying assumptions
may be different. The main ambiguity lies in the definition of
Young’s modulus (Fig.1a). Should this parameter refer to
tangent or secant quantities? What strain level is appropriate
for characterisation? Should the Young’s modulus be
calculated using data from the loading or unloading
branches?

Dynamic methods estimate Young’s modulus from wave
velocities or resonant frequencies. The latter approach is less
sensitive to errors caused by voids, and will be examined in
this study. Either impulsive loads or continuous excitations
are used during resonant frequency tests (see EN 1881-
209:1990 [3] and EN 14146:2004 [4]). In the more commonly
used impulse excitation of vibration (IEV) tests (standardised
in ASTM E1876-22 [5]), resonant frequencies of beam-like
samples are measured after they are gently struck by a
hammer. The identified frequencies are then used to
compute the material Young’s modulus and Poisson’s ratio

Standardised approaches offer different answers to these
guestions. Static methods derive Young’s modulus from the
average stress and average strain response measured under
monotonically increasing compressive loads at strain rates of
10%-10* s*. While the loads are applied cyclically to stabilise
the measurements, the interpretation of Young’s modulus
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via Timoshenko beam theory. In a previous study, it was
estimated that hydraulic lime mortar samples experienced
maximum strains in the range 1-10ue during IEV tests [6]; this
corresponds to maximum strain rates in the order of 103-102
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Figure 1. (a) Diagrammatic representation of a stress-strain curve for lime mortar in compression and different definitions of the static elastic
modulus (adapted from [14]), (b) IEV setup details, (c) mortar sample subjected to IEV test in flexural configuration.

From the foregoing discussions, it is clear that the adopted
strain levels and rates are notably different in static and
dynamic characterisation approaches. On the one hand,
larger strain levels may lead to damage in the material and
influence characterisation results. A previous study [7]
demonstrates notable plastic strain accumulation in hydraulic
lime mortars at low compressive stresses, which suggests that
strain levels may strongly influence Young’s modulus
estimations. On the other hand, strain rate effects (arising due
to the incompressibility of free water, viscosity of binder
phases and the rate-dependent debonding of aggregates)
may also have an impact. The data in [8] suggests that
compressive strength may increase by ~20% in hydraulic lime
mortars when average strain rates rise from ~10° to 10*s™.
Another study [9] notes 20% dynamic increase in flexural
strength for increased strain rates up to ~103-102s. Contrary
to strength increases at high speeds, a study on lime-cement
mortars [10] noted a consistent reduction of Young's modulus
with increasing strain rates. In addition to these factors, it
should be noted that both loading and unloading moduli
influence the characterisation during IEV tests; this is different
from static tests where only loading moduli are investigated.

Due to the outlined discrepancies, static and dynamic Young’s
moduli may differ significantly [11,12]. The differences are
minor for concrete materials [13,14], and various linear
relationships have been found to relate the two parameters
for natural stones [15,16]. In contrast, the few studies
investigating hydraulic lime mortars do not indicate a
consistent relationship between these parameters: reported
static-to-dynamic modulus ratios (E«/Eayn) vary from 0.625-
0.676 [17] to 0.77-0.95 [18]. To demonstrate the engineering
significance of these ratios, the Young’s modulus of St Astier
NHL 3.5 mortar (the one used in this study) may be
considered. According to the manufacturer's technical sheet,
the dynamic Young’s modulus is 9000 MPa (determined using
ultrasonic pulse velocity tests after 28 days curing for a 1:2.5
(lime:sand) volume mix ratio [19]). Considering the lower-

bound Eg/Esn ratio of 0.625 from the literature, the
corresponding static Young’s modulus would be 5625 MPa.
This static value is lower than the brick Young’s moduli
examined in [6], while the dynamic value is considerably
higher. These simple calculations highlight that drastic
behavioural differences may be expected (e.g. spanning from
strong mortar-weak brick behaviour to weak mortar-strong
brick behaviour [20]) depending on the Young’s modulus
estimate adopted for the analyses.

The novel contribution of this paper is to address the
relationship between the static and dynamic Young’s moduli
systematically at different strain levels. Whilst strain rate
effects are not directly examined, the investigation also
provides new insight into the role of this aspect. The
investigation is done by conducting dynamic and static
characterisation sequentially on the same samples. A slender
rectangular prism test geometry, ordinarily used in standard
three-point bending (3PB) tests [21], is chosen for this
purpose. The 3PB configuration is first examined to
characterise Young’s modulus dynamically and then statically
at low-strain magnitudes [6]. Then, a second set of samples is
subjected sequentially to dynamic tests in the beam
configuration and static tests under compression. The use of
this geometry for static characterisation has already been
examined in other studies (e.g. [18]) and is compliant with EN
14146:2004 [4]. Throughout the experiments, stereo Digital
Image Correlation (DIC) is employed on sample surfaces to
obtain the displacement and strain measurements required
for static Young’s modulus characterisation.

The paper is organised as follows: Section 2 describes the
sample production and experimental setups. Section 3
presents and discusses the results obtained from the
experiments. Finally, conclusions are drawn in Section 4.

2 Sample production and experimental setup

Six_hydraulic lime mortar samples (40 mm x 40 mm x 160
mm) were prepared using St Astier NHL 3.5 lime and
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Morestead sand in a 1:2.5 weight ratio. The water content
during mixing was set to 20% of the combined weight of lime
and sand, ensuring workable mortars with flow values in the
range 180-187mm [6]. Specimens were cast in three separate
batches numbered from 1 to 3. They were then cured for a
total of sixty days: three days in the mould at 95% (+5%)
humidity, four days outside the moulds at 95% (+ 5%)
humidity and fifty-three days under standard laboratory
conditions (with a temperature of 19 + 2°C, relative humidity
of 50 + 4% and CO; levels ranging from 400 to 900 ppm). The
samples were divided into two groups named B (indicating
specimens tested in bending configuration) and C (indicating
specimens subjected to compression), with each group
containing one specimen from each batch.

The dynamic elastic moduli of all specimens were determined
via IEV, using the experimental setup presented in [6] and
illustrated in Figs. 1b and c. The method consists of impulsive
excitation of the sample under two different boundary
conditions, which promote flexural and torsional vibrations.
These boundary conditions are realised by placing the sample
on compliant rubber strips of specific shapes affixed to an
underlying rigid surface (Fig. 1b). Small reflective patches are
affixed to the sample at designated locations to conduct
velocity measurements with a digital laser vibrometer
(Polytec PDV-100) (Fig. 1c). Velocity response of the sample
during and after impact is recorded at 22kHz sampling rate.
The data is post-processed to derive the lowest flexural and
torsional frequencies from frequency peaks in the discrete
Fast Fourier Transform (FFT) of the measured signal. The tests
are repeated six times by the same operator, and the
frequencies determined from the repeated tests are
averaged. To ensure consistent strain levels, only 1%
deviation was allowed from one frequency measurement to
another. Otherwise, the tests were repeated. This approach
resulted in small coefficients of variation for peak signal
velocity (in the range 6-12%). Once the flexural and torsional
frequencies are determined, the Young’s modulus and
Poisson’s ratio are calculated via the iterative procedure
described in ASTM E1876 [5] using the averaged frequencies
as input.

To evaluate elastic behaviour under different strain regimes
for different static testing arrangements, Group B samples
were subjected to 3PB tests (Fig. 2a) while Group C samples
were tested under uniaxial compression along their length
(Fig. 2b). The test procedure for Group B samples follows EN
1015 [21]; displacement is controlled at a constant rate of
2um/s, resulting in sample failure after 60 to 90 seconds. The
tests were conducted using an Instron 5582 universal testing
machine. A steel loading device was used to promote uniform
distribution of forces at contacts, as described in [6]. The static
Young’s modulus Esps is determined using the following
expression:

) o

E _E L +
A\ 4bk? Sbh
where F and L represent the force read by the load-cell and

the distance between the two lower supports (100mm),
respectively. The sample cross-section had equal width and

height (b = h =40mm), and the Poisson’s ratio v was assumed
to be equal to 0.2 (varying this value from 0.1 to 0.3 produces
a difference of only 5% in the calculated Essps values).
Midpoint deflection A was derived from neutral-axis
displacements v measured at supports (points 1 and 3) and at
midspan (point 2), as illustrated in Fig. 2a, according to the
following expression:

) +V1

A=v, - (2)
To minimise the influence of measurement noise on the static
Young’s modulus, the ratio £/ A in Equation (1) is determined
from the slope of the line fitted to the force and deflection
measurements. This is done for loads between 10% (to
provide enough measurement points for fitting) and 90% of
the maximum force (to exclude datapoints corresponding to
fracture initiation processes). To quantify the strain level
during characterisation, the maximum axial strain in the beam
for a given force can be calculated from the following
expression:

3FL

gmax B —
2FE .. bh*

5,3PB

(3)

Slender prisms in Group C were subjected to uniaxial
compression under force control. The testing machine
(CONTROLS 65-L28710) has a rigid steel loading base plate
and an adjustable upper steel plate (fixed during loading)
mounted on a ball bearing to compensate for non-parallel
contact surfaces. The static Young’s modulus was determined
from the average stress-strain response. The average strains
were measured with six virtual extensometers (three on the
front and three on the back surfaces of the specimen),
following a similar procedure to the one suggested in EN
12390-13 [2].

Fig. 3 presents the loading path adopted for Group C samples,
with loads expressed as a portion of the nominal compressive
strength (f.). After dynamic characterisation (IEV1), samples
are placed in the test machine and preloaded to
approximately 200N (Stage A). Then, loads are applied with a
constant loading/unloading rate of 0.0125 MPa/s, with load
plateaus of 10s duration introduced at specific stress levels, to
facilitate the stabilisation of load and strain readings. The first
six load plateaus are at stress levels of 0.05 f.and 0.1 f, where
the samples are cyclically loaded and unloaded (Stages B, C;,
B, C;, B3 and G;). This cyclic loading procedure is inspired by
EN 12390-13 [2] and aims to foster a more uniform contact
between the sample and the load platens. Then, the
specimen is completely unloaded and removed from the test
machine to conduct dynamic characterisation (Stage IEV2).
After this, the specimen is placed again in the test machine,
preloaded, and a similar procedure of loading and unloading
is conducted for load levels 0.3 f. (thrice to assess
repeatability), 0.5 f. and 0.75 f.. After each complete
unloading, the dynamic Young’s modulus of the sample is
characterised via IEV tests (e.g. IEV3-6). Static Young’s moduli
are determined as secant moduli between two specified
stages.
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Figure 2. Test setup for (a) three-point bending test and (b) prism compression test.
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Figure 3. Loading path for sample group C, highlighting IEV test instances and image averaging plateaus.

-120

-60

Figure 4. (a) horizontal strain map in three-point-bending test on specimen B1 when maximum axial strain reaches 120ue, (b) vertical strain map
on the front face of specimen C1 and (c) vertical strain map on the back face of specimen C1 at stage Cs of the loading path.

Values of f. were required to set the load levels for Group C
tests. These were determined for each batch (1, 2, and 3) as
the average of compression tests on two half-prisms (named
a and b) obtained after fracture in 3PB tests following BS EN
1015-11 [21]. Due to the slender specimen geometry, the
compressive strength exhibited by prisms is expected to be
lower than the values measured for half prisms. Nonetheless,
in the absence of specific pre-tests on prisms compressed
along their length, the f. estimate from half-prisms was
considered the most appropriate option to set the load
thresholds. The resulting values for f. are 3.40MPa for Sample
Bla-b, 3.83MPa for Sample B2a-b and 5.33MPa for Sample
B3a-b.

The stereo-DIC system used to monitor surface deformations
during 3PB and compression tests consisted of monochrome
26 MP cameras (Daheng ME2P-2621-15U3M) with 8-bit pixel
depth (two in 3PB and four in compression tests), fitted with
25mm focal length lenses (Kowa LM25FC24M). For the 3PB
tests, deflection was calculated by averaging ca. 250
displacement measurements (corresponding to an area of
around 10 mm?) at three locations along the neutral axis
(shown in Fig. 2a), using a subset size of 21 pixels (= 0.8mm)
and a step size of 5 pixels (=~ 0.2mm). The spatial averaging
enabled improved displacement resolutions around 1um. In
this case, displacement measurements were only conducted
on the front surface of the specimen; previous investigations
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demonstrate that this one-sided setup is sufficient for
accurate characterisation [6]. Although full-field strain
measurements are not used for characterisation, horizontal
strain fields are plotted in Fig. 4a to illustrate the expected
beam behaviour; the highest tensile and compressive strains
appear at mid-span, at the top and bottom parts of the
sample, respectively. For convenience, a compression
positive strain convention is adopted in this paper.

In uniaxial compression tests, virtual extensometers of 40 mm
length were placed centrally on both the front and the back
surfaces (Fig. 2b). Images obtained at load plateaus (see Fig.
3) were averaged to reduce measurement noise. Gauge point
displacements were measured using a subset size of 27 pixels
(=1.1mm). Based on static images taken before preloading, a
strain resolution of =10-30ue is expected after noise
reduction via image averaging. The mean of all extensometer
readings was then computed to determine axial shortening
and average strain; this approach mitigates errors arising
from both specimen misalignment (caused by non-central
positioning) and contact load eccentricity [22]. Figs. 4b and c
exemplify how vertical strain fields in the front and back of the
sample vary due to these factors. These figures show sample
response at the Stage C; of the loading path depicted in Fig.3.
The maximum strain (with respect to preload Stage A)
reaches approximately 120ue, but compressive strains are
higher for larger values of x coordinates and on the back of
the specimen, because of non-uniform loading.

3 Results and discussion

3.1 Three-point bending test results

Estimates of the static Young’s modulus from 3PB tests are
reported first. Fig. 5a depicts the load-midspan deflection
curves for the three specimens from group B. The
experimental response is similar for specimens B1 and B3
(especially in the first half of the test), while specimen B2
shows lower stiffness from early load stages. This trend is also
evident in Fig. 5b, which illustrates the evolution of the static
modulus with increasing maximum strain levels.In Fig. 5b,
values of Eg4evare also reported with dotted straight lines.

A decrease in the static Young’'s Modulus is consistently
observed, varying from 12% to 25% for the three samples
from ~100 to ~300ue. The maximum axial strains reported in
the figure are calculated indirectly from beam theory
(Equation 3). This approach may lead to incorrect estimates,
especially at the initial stage of loading, when beam behaviour
is not established due to imperfect contact. The unexpected
minor stiffness increase in specimen B2 (see Fig. 5b) may be
due to this reason. Beam theory (and the strain
measurements in Fig. 4a) indicates that only a small part of
the beam experiences high strain levels; this aspect should be
considered when comparing strain-dependent decay of the
Young’s modulus from bending and compression tests. In this
study, the value of E;sps is conventionally defined as the
Young’s modulus calculated when maximum axial strain
reaches 100ue. The resultant values are reported in Table 2.
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Figure 5. (a) load-deflection curves measured through DIC, and (b)
Young’s modulus evolution with maximum axial strain (calculated
from DIC deflection and beam theory).

3.2 Compression test results

Fig. 6 reports the average stress-strain curve up to point E;
and a summary of the E. values calculated on each loading
branch, together with relevant Eqey results. The static
modulus (calculated as the secant value) first decreases from
branch A-B; to B;-C; by approximately 18% and remains
stable in branches B,-C; and Bs-Cs. Only a small corresponding
decrease of 0.4% is observed from IEV1 to IEV2. When loading
between points D; and E; (30% of f;), the specimen exhibits a
32.9% lower E, . with respect to the initial value from A-B;. The
value of E. further decreases in branch D,-E,, indicating
ongoing microstructural damage processes. The dynamic
moduli measured after loading to point E; (IEV3) and after
loading to E; (IEV4), show a consistent 3.5-4.5% decrease. A
key observation from Fig. 6 is that the upper threshold of ~30
% f., commonly adopted for concrete and natural stone
samples to characterise elastic response, may not be
appropriate for hydraulic lime mortar due to damage
accumulation.

Conducting a secant calculation for branch Ds—Es, where the
sample is loaded from a level of 10% f. at D; to 30 % f. at E;
(Fig. 3), a higher Es. is obtained. It results from a bottom
threshold different from the previously adopted one (5% fc).
This is a commonly observed behaviour due to the stiff
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unloading-reloading response and associated higher modulus
(see Fig.1), which is distinct from the initial one due to damage
accumulation. A similar behaviour was noted in an earlier
study by [7] where changes in the loading and unloading
moduli were evaluated within the framework of hardening
plasticity [23].
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Figure 6. Stress-strain curve for specimen C1 up to point Es and values
of the static and dynamic moduli.

The evolution (from instance IEV1 to IEV6) of the dynamic
modulus of elasticity Eqev with further loading is reported in
Fig. 7a, where the values measured on specimens from Group
B are also plotted. The dynamic modulus is in the range of
5000-6000 MPa before loading, and consistent within each
batch. Like earlier observations on sample C1in Fig. 6, the first
loading cycles have little effect on Eq ey, while cycles at higher
stress levels result in progressive reduction of the measured
dynamic modulus. This change is attributed to the
accumulation of damage. Further circumstantial evidence of
this hypothesis can be obtained by inspecting the modal
damping ratios. This was done by fitting a single degree of
freedom impulse response spectra to the IEV flexural test
frequency response curves. This approach demonstrated
increasing damping ratios, likely due to damage
accumulation. For example, for sample C1, the damping ratios
were identified throughout the test as 0.96% (IEVO0), 1.03%
(IEV1), 1.25% (IEV2), 1.27% (IEV3), 1.42% (IEV4) and 1.47%
(IEV5).

The E. evolution is reported in Fig. 7b. This parameter refers
to the secant modulus between the highlighted loading
plateaus in Fig. 3, reported on the x-axis of the plot. Similarly
to Ey, static Es. values show a decreasing trend. However, the

static secant moduli are notably lower than their dynamic
counterparts and exhibit a more pronounced reduction. In
the same graph, red symbols are used to indicate the
maximum average strain reached by the specimen for a given
specific secant E;. calculation (i.e. the value reached on the
higher load plateau of the interval). It is worth clarifying that
the maximum strain observed in specimens C1, C2, and C3 for
the same load step (e.g. HI) varies due to differences in both
the applied stress levels (relative to their compressive
strengths) and material variability. For instance, at stage |, the
load applied to specimen C1 is 2.55 MPa, whereas specimen
C2 is subjected to 2.87 MPa. Despite the relatively small
difference in applied load, the maximum strain in C2 is nearly
twice that of C1.

The full list of identified material properties is reported in
Table 2, together with significant ratios of static and dynamic
moduli. As expected, E;sps is close to the initial value of the
dynamic modulus Egev. The Essps/Eqiev ratio obtained for
specimen Blis equal to 1.07. Since values greater than one are
not realistic, this is a result of inaccuracies in either E; or E4
calculation. The static modulus obtained from uniaxial
compression tests at low strains (Es.(AB,)) is, on average,
approximately 20% lower than the corresponding dynamic
values, resulting in E;(AB1)/Eq,ev ratios varying between 0.70
and 0.83. For higher strain levels (intervals D;E; and FG), the
static modulus decreases to about half of the initial dynamic
modulus. Notably, the coefficient of variation (CoV) of this
ratio also decreases as the influence of measurement noise
diminishes with increasing strain magnitudes.

The analysis of the results in Table 2 reveals that, for
comparable maximum strain levels in the range of
approximately 100-150ue, the modulus of elasticity
determined from bending tests (E;ps) is generally higher than
that obtained from compression tests (Esc(AB,)). This
discrepancy is likely attributable to the different distributions
of axial strain in the two loading configurations, as illustrated
in Fig. 4. In 3PB, strain varies quasi-linearly across the
specimen height, reaching peak values at the extreme fibres,
while the rest of the section experiences lower strain. In
contrast, axial compression produces more uniform strain
distributions across the cross-section, with minor variations
due to misalignment.
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different load cycles, as well as the corresponding strain levels.
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Table 1. Overview of the identified static and dynamic moduli and relevant ratios.

Specimen | Eqiev* | Esgps | Esc(AB1) | Esc(DiE1) | Esc(FG) | Est/Eqiev | Esc(AB1)/Ediev | Esc(DiE1)/Egjev | Esc(FG)/Eg,iev
B1 5368 | 5754 1.07
Cc1 5453 4550 3049 2477 0.83 0.56 0.45
B2 5087 | 4941 0.97
Cc2 5145 3881 2993 2043 0.75 0.58 0.40
B3 5706 | 5685 1.00
Cc3 6075 4247 3356 2573 0.70 0.55 0.42
mean 5472 | 5460 4226 3133 2364 1.01 0.76 0.56 0.42
CoV (%) 6.8 8.3 7.9 6.2 11.9 5.2 8.9 2.7 6.7
Note *: This is the initial Eq,ev before any static test is conducted.

4  Conclusions

This study systematically evaluates the influence of test
configuration (e.g. three-point bending or compression) and
strain levels during characterisation of the Young’s modulus
of hydraulic lime mortar. Dynamic moduli were obtained
using impulse excitation of vibration measurements
conducted prior to loading and at pre-determined intervals
throughout the compression loading path. From stereo DIC
measurements, static moduli were derived in the context of
three-point bending and uniaxial compression tests, using
displacements and strains measured directly on the specimen
surface.

The results reveal reasonable agreement between static and
dynamic modulus values at low strain levels. The ratio
between static and dynamic modulus is approximately equal
to 1 in bending tests (where maximum strain levels are
approximately equal to 100ug); this indicates that strain rate
effects may not have a significant influence. In contrast, the
ratio between static and dynamic modulus is 0.76 in
comparable uniaxial compression tests (referring to Eq(AB1)
where maximum average strain is approximately equal to
100ue). The lower Young's moduli obtained from
compression tests are attributed to the relative uniformity of
strain fields in this testing configuration. While bending-
induced strains concentrate in the extreme fibres of the
samples, compression tests distribute strains more evenly,
leading to the initiation of irreversible damage processes (i.e.
microcracking in the binder matrix or at the sand-matrix
interface). This aspect leads to more rapid reductions in the
measured static moduli when uniaxial compression is
adopted as the test configuration for characterisation.

In general, as characterisation strain levels are increased, the
static moduli of hydraulic lime mortar progressively decrease.
This was observed both for the bending and compression test
configurations. Here, the characterisation results for samples
placed under compression with loads corresponding to ~30%
of the compressive strength are of particular interest, since
this represents the load used to characterise elasticity in
concrete and natural stone materials. Experimental evidence
presented in this paper indicates that this level of loading
induces significant irreversible damage in the material,
leading to differences between stiffness estimates obtained
during different parts of the load cycling. The samples are

placed under ~500ue at this stage; for this strain level, the
secant static modulus of hydraulic lime mortar is 30% less
than its initial static value (characterised at ~100ue average
strain). A more significant reduction in static modulus (= -60%
from initial values) can be detected at maximum strains of
=1500ue. It is noteworthy that intermittent measurements of
dynamic moduli (carried out by unloading the sample, after
loading it to a specified stress/strain level) confirm the loss of
stiffness, with reduced Eq ey values. However, the decrease in
the dynamic moduli is more gradual. This is expected as Eqev
is influenced by the stiff unloading moduli of the material.

This study identifies the nonlinear small-strain behaviour of
hydraulic lime mortar as the key reason for the large
discrepancies between Young’'s moduli determined from
standard static and dynamic test procedures. This finding
emphasises the need to develop new testing protocols,
particularly for static characterisation. In these protocols, a
monotonic loading regime may be used instead of cycles to
simplify secant Young’s modulus calculations. In addition,
target strain levels for characterisation may be defined
depending on the strains that the material is likely to
experience in-situ. Alternatively, simple constitutive laws (e.g.
hardening plasticity type models in [23] can be calibrated
using 1D axial stress- strain monotonic loading curves
obtained from the tests. If this approach is taken, the secant
elastic modulus should be defined at the smallest possible
strain levels, dependent on the measurement noise. In this
paper, the smallest loads that could be considered for secant
calculations corresponded to between 5 and 10 % of
compressive strength. Calibration of hardening parameters
can then enable capturing the nonlinear reduction in stiffness
at increasing strain levels.
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