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Abstract Well preserved mortars based on natural
hydraulic lime are widely spread in historical build-
ings throughout the alpine area of Tyrol, Austria.
These are frequently restored with mortars oriented on
historical models. Portland cement is also commonly
used to modify these materials on building sites to
speed up the setting time to improve the early frost-
thaw resistance, primarily when they are applied
around the winter season. Therefore, it was our
objective to specify the application potentials of those
materials, respecting the intended use and the atmo-
spheric conditions. Moreover, we tried to figure out
the possible benefits and risks when using NHL-based
materials, optionally modified by cement, yielding
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stable recommendations for the work with corre-
sponding mortars. Hence, we examined the develop-
ment of strength and water transport, also the frost-
thaw durability in a temporal context. The obtained
results were compared with findings of assessing both
materials under variable weather conditions around
the winter season. Accordingly, the use of pure NHL-
based lime mortars resulted as being critical mainly
until about two months before intense frost conditions.
Cement effectively contributes to the rapid hydraulic
setting reaction in NHL-based materials. Hence, we
recommend measured cement additions in areas where
strong frost is expected after a few weeks and
especially targeted in areas where carbonation is
hindered because of excess moisture. Nevertheless,
the potential use of Portland cement should be
properly controlled in historic building preservation.
A systematical approach that considers the framework
conditions and the corresponding application to an
area is essential to assure an appropriate conservation
outcome.
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1 Introduction

Tyrol is an alpine region in Austria rich in a variety of
historic buildings that are undergoing a great deal of
conservation work. Many prominent castles and
palaces are preserved as ruins nowadays, embedded
in a unique landscape. They are exceptional locations
and therefore important destinations for tourists and
excursion trips, which makes their preservation and
maintenance an important issue for authorities respon-
sible for historical building conservation. The useful
life of most parts of the mentioned monuments
corresponds to the medieval period, where natural
hydraulic lime was primarily used as binder for the
historical mortars in the alpine area [1]. Hence,
modern NHL lime mortar has become increasingly
used in recent restoration works for replacing and
rebuilding projects, especially for its beneficial work-
ability properties, long term durability and for its
compatibility with the structures [2].

The hardening of NHL-based mortars is character-
ized by a two-stage process consisting of the hydraulic
reaction of calciumsilicates and calciumaluminates
and the carbonation of the lime-component, present as
portlandite (Ca(OH),) in the binder. The development
of these two reactions is primarily dependent on the
moisture conditions in the mortar matrix and the pore
space. Thus, the focus point moves from hydraulic
reaction in early ages to carbonation in mature state
[3]. However, the steady reaction behavior of the main
hydraulic phase dicalciumsilicate (C,S), dependent
among other aspects on its crystal modification and the
framework conditions, has to be taken into consider-
ation when the general reaction performance of this
complex material shall be described [4]. Hence, the
special composition of NHL leads to a unique
hardening behavior that is even more complex when
the time factor and the real conditions have to be taken
into account [5, 6].

Consequently, several aspects should be respected
when working with NHL on the building site due to its
particular properties. Besides the consideration of
requirements regarding the adequate preparation of
the substrate, the treatment and the protection of
freshly applied mortar from atmospheric influences,
the applicability of the mortars in frosty environments
is an important and critical issue (e.g. [7]). Hence, the
main question in detail is concerning the duration of
the time period that has to be respected for a sufficient

hardening of the mortar before the occurrence of the
frost phase. The time limitations on building site
works in alpine environment leads to the fact that
repair works just before the occurrence of winter frost
were made, even though those generally should be
avoided. In addition to this, extreme weather events in
the spring can go along with temperatures below zero
degrees, which bears additional damaging load to the
masonry. Therefore, NHL-based mortars on building
sites become frequently enriched with minor admix-
tures of (white) Portland cement to improve their
hardening speed and their resistance to frost-thaw load
in early ages [8]. The topic has been investigated in a
broad, systematical research study [2]. It covers the
determination of several hardened mortar parameters
of similar materials, guiding to a general compatibility
assessment, but skipping the durability issue. Addi-
tionally, an applied study with focus on analogous
materials, but working with other weathering stresses
and differing time scales is available [9]. However, we
treated the issue using a practical approach by
comparing two NHL-based masonry mortar mixtures.
The first one contained pure NHL 5 (acc. to the
standard for building lime EN 459-1 [10]) as binder.
The second one was enriched with 5 wt% of white
Portland cement (referred to total mortar weight), to
improve the development of their resistance against
frost in the first weeks after application. The chosen
quantity is oriented on a typical “bucket forefront”
that is in widespread use by restorers for the described
reasons and oriented on the admixed amount men-
tioned in [9, 11] (see Sect. 3.1). Moreover, this
quantity has been assessed by the authors within
preliminary tests as effective for pushing strength
properties on M10-level after the standardized testing
date of 28 days [12].

The frost-thaw cycle resistance tests (oriented on
[13, 14]) were operated on standardized samples in the
laboratory. The compressive strength comparison was
assessed as suitable indicator to quantify the potential
internal deterioration of mortar structures within a
previous study by the authors [15, 16]. Moreover, it is
the most commonly used value for the representation
of mechanical strength in several publications (e.g.
[2, 6]) and the parameter on which the classification is
basically oriented [10, 12]. Therefore, each sample,
aged for a varying period, was assessed by measuring
the compressive strength value before (or without)
conducting the frost-thaw load and comparing it with
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the strengths obtained after running the durability
experiments.

Parallel to this, we worked with three-stone test
specimen as recommended by [17] as a “hybrid”
testing series between the lab study and in-the-field-
applications. These compound samples (mortar and
natural stones) were exposed to real weathering
conditions in the winter season. Hence, we combined
a standardized lab method with an applied testing
series to a comparative setting of differently aged
samples. The study was completed by the application
of the materials on the historic ruin of Thaur [18] a few
weeks before the first frost occurrence in order to
validate the results of the previous trials in a real
application field, taking into account the requirements
of specific parts of a building.

2 Research aim

In summary, we intend to find responses to the
following delicate questions:

e Is the use of Portland cement in NHL-based
masonry mortars required or/and reasonable for
the improvement of frost resistance?

e Until which period of time before the first occur-
rence of frost can the tested mortars be applied with
a marginal risk to be damaged due to frost
exposure?

e How is the interpretability of the lab study
compared with the conditions on the building sites
in the winter season? Are there any material

specific effects of NHL-based mortar constitution
that affect the resistance to frost load in early
ages?

The aim of the present case study is to give
recommendations for the using period of NHL-based
masonry mortars in cultural heritage near the winter
season and in cold and unpredictable climates, respec-
tively. Furthermore, we intended to assess the poten-
tial addition of Portland cement for improving the
early durability properties of the correspondent mate-
rials, in particular when inappropriate conditions like
soaked walls have to be considered. This should
provide findings that can be used to plan the applica-
tion of both materials systematically in the field of
restoration and cultural heritage, where the preserva-
tion of historical values and the long-term durability
are the most important aspects.

3 Materials and methods
3.1 Materials

In order to consider the objective of the comparison of
a pure NHL-based masonry mortar with a mixture
modified with a small content of cementitious binder,
we applied material E as base mixture, which was
already incorporated in a previous study with a similar
quality [16] (see Table 1). It contains NHL 5 (accord-
ing to ONORM EN 459-1 [10]), produced out of shell
limestone [19], its mineralogical constitution is given
in Table 2. Additionally, we designed a second base
mixture (material I, see Table 1) with an amount of

Table 1 (a) Gravimetric and (b) volumetric recipes (standardized on the NHL 5-amount) of the used mortar materials of the present

study
Material  (a) Raw material quantities [wt%] (b) Raw material volume fractions
NHL 5 CEMI525R Aggregate 0-6 mm Aggregate 4—16 mm NHL S5 CEMI525R Sum. Agg. 0-16 mm
E 11.5 - 88.5 - 1.0 - 2.8
I 11.5 5.0 83.5 - 1.0 0.2 2.7
E 16 mm 10.0 - 76.6 13.4 1.0 - 33
116 mm 10.0 4.3 72.3 13.4 1.0 0.2 3.1

Material E (already investigated within a former survey [16]) and material I have been used for the prismatic samples and the three-
stone specimen, the 16 mm versions for the testing areas at the ruin of Thaur. For the calculation of the volumetric ratios the
following bulk densities were used: NHL 5: 550 kg/m3, CEMI 52.5 R: 1000 kg/m3, Aggregate 0—-6 mm: 1500 kg/m3, Aggregate

4-16 mm: 1550 kg/m>
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Table 2 Mineralogical composition of the used NHL 5 and
white Portland cement determined by XRD, (data of NHL 5
already published in [15] and [16]; Amount of components:
*4+-++major, ++minor, +low, —traces

Phase NHL 5 CEM1525R
Portlandite +++ n.d
B-dicalciumsilicate ++ ++
Tricalciumsilicate n.d +++
Calcite + +
Katoite + n.d
Tricalcium aluminate (orthorh.) + +
Gebhlenite + n.d
Monocalcium aluminate + n.d
Magnesite - n.d
Periclase - n.d
Quartz - —
Rutile n.d n.d
Gypsum n.d

Anhydrite n.d -
Bassanite n.d -

5 wt% white Portland cement (CEM I 52.5 R acc. to
[20]) referred to total mortar weight (see Table 1),
whose constitution is listed in Table 2 too. The
selection of the cementitious binder and its addition
amount based on the following motivations:

e White Portland cement becomes frequently used
by craftsmen on building sites because it does not
significantly modify the color of (bright) mortars.
It is available in Austria as CEM I 52.5 R (acc. to
[20]), which implies that this type very effectively
improves the hydraulic hardening. Already quite
small admixture quantities are sufficient to reach
the desired effects.

e The chosen quantity of Portland cement admixture
is similar to the amount of cement-admixtures that
are used to improve the (early) mechanical prop-
erties of pure NHL-based mortars on building sites
[8]. Additionally, the amount is oriented on two
elder publications [9, 11] that aimed among others
to improve the general durability of lime-based
mortars with Portland cement additions. We used
the bulk densities of corresponding raw material
used within our project to calculate the gravimetric
mixing ratios out of the volumetric ones presented
in the primary literature. Accordingly, the quantity

of 5 wt% (or 0.48 times the volume of the main
binder NHL) is located slightly below the quanti-
ties assessed in the literature as suitable to improve
the durability ([11]: 5.8-8.9 wt%, [9]: 7.9 wt%),
where the specific cement type is not clearly stated.

e In fact, the cement admixture as realized within the
study affects the binder composition as the binder-
to-aggregate ratio, which could lead to a modifi-
cation of mortar workability. However, this pro-
cedure is similar to the building sites, where a
“bucket forefront” of cement becomes added on
top of a pre-mixture based on NHL, or a volumetric
NHL-aggregate mixture [8]. During preliminary
tests, it was ensured s that the amount used does not
have a negative effect on the working
performance.

The base mixtures contain natural sand as aggregate
that contains miscellaneous, carbonic and crystalline
components with a grading of -6 mm and an elevated
degree of roundness. Both base mixtures were homog-
enized in the production plant of the project partner
and were provided as 25 kg bagged cargo dry mortar.
The obtained fresh mortar properties of the base
mixtures material E and I are depicted in Table 3.

During preliminary trials, both base mixtures
material E and I have been tested in order to be
complemented by the addition of a coarse, local gravel
(e.g. 4-8 or 4-16 mm) to adapt the aggregate selec-
tion to the requirements of specific building objects.
Those trials showed that the addition of 12.5 vol.-% of
coarse aggregate (equates about 5 L per 50 kg = 2
bags of pre-mixture) does not significantly modify the
relevant properties of the resulting hardened mortars.
Hence, the concept to adapt the base mixtures with
local gravel was executed when the masonry restoring
at the ruin of Thaur was performed. Consequently, the
craftsmen on the building site added an amount of 5 L
of a well-rounded, local gravel with a grading of
4-16 mm (p &~ 1.55 kg/dm”) per bag of base mixture,
which amounts 13.4 wt% or 0.48 volume fractions
compared to the implied NHL 5 content (see Table 1).
The components were mixed for at least 5 min with
the compulsory mixer to a fresh masonry mortar with
an adequate workability. The correspondent water
demands and fresh mortar consistencies are illustrated
in Table 3.
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Table 3 Fresh mortar properties of the used mortar materials of the present study

Material Fresh mortar properties
Water content [wt%]  Initial flow diameter [mm]  Fresh mortar raw density [kg/de] Air void content [vol.-%]
E 13.0 154 2.24 4.0
| 14.0 158 221 5.0
E16 mm 168 163 - -
116 mm 17.4 172 - -
3.2 Methods and compressive strength ONORM EN 1015-11 [24].

The experimental program of this study compares a
pure NHL-based masonry mortar (material E) to one
that has been enriched with Portland cement (material
I). Their relevant properties like the development of
mechanical strength, the water transport behavior and
the frost-thaw durability in early ages were studied in
the laboratory. For that, we used prisms according to
the testing standard for the determination of flexural
and compressive strength of hardened mortar
ONORM EN 1015-11 [21]. This also enables the
results to be confronted with references from the
literature, which are often based on the compressive
strength as guide value for the mechanical stability of
corresponding materials [12, 22]. The so-obtained
findings were compared with the results of parallel
outdoor exposure of three-stone specimen, built up
according to the sample arrangement presented in the
testing standard for masonry ONORM EN 1052-2 [14]
(for the parallel outdoor exposure). Moreover, the
mortars were used to build test walls near the historic
ruin of Thaur in Tyrol to estimate their usability in a
real application, a common technique that is often
used by restorers (described e.g. in [23]). An overview
of the conducted methods that are strongly interrelated
and support each other’s significance is given in
Fig. 1.

The fresh mortar mixtures, which have been used to
prepare the sample prisms and the three-stone spec-
imen, were produced in a laboratory mixer according
to actual cement standardization ONORM EN 196-1
[24], using a total mixing time of 1 min (see [15]). The
consolidation of the prisms was conducted by “jolt-
ing” oriented on the jolting table method, where the
removal of air bubbles out of the fresh mortar occurs
by beating the prism molds on a hard substrate as
described in the testing standard for mortar flexural

The consistency was measured by the flow table (initial
flow diameter) following the procedure of the corre-
sponding standard ONORM EN 1015-3 [25]. Addi-
tionally, the obtained fresh mortar raw density and air
void content according to the related standards for
mortar testing [26, 27] were determined. The produc-
tion of test samples (three prisms with the dimension-
s160 mm x 40 mm x 40 mm acc. to [21] and one
three-stone-specimen acc. to. [28] of each material and
testing date) was planned in order to provide samples
of 14, 28, 42 and 56 days of age. The sets of specimen
were produced at intervals of two weeks in order to
reach an overall testing date. So all mechanical
properties could be determined on this single date
and the testing series (the determination of the
porosity, water transport and frost-thaw tests) could
be started simultaneously. The mentioned samples
were cured for the first 7 days at high humidity
(relative humidity “RH” of > 95%) and 20 £ 2 °C,
whereat the prisms were demoulded after 5 days. The
further sample conditioning up to the testing date
occurred under 65 + 5% RH and 20 £ 2 °C, pro-
vided by a climatic chamber. Moreover, on the first
fabrication date, we produced an additional set of
samples (three prisms and one three-stone-specimen)
as fully carbonated set (“FC”-samples). After 28 days
of standardized curing, these samples were carbonated
in an accelerated setting by considering the findings
published in [3]. Hence, we worked with a CO,-
atmosphere of a concentration of 5% by volume, a
relative humidity of 65 + 5% and a temperature of
20 £ 2 °C (oriented on standard conditions, see
ONORM EN 1015-11 [21]). The mentioned param-
eters were kept constant for another 28 days, thus
reaching a total curing time of 56 days.

The first prismatic sample of each material and
testing date was used for the determination of the
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Material E
and |

mixing: 1 min. mixing: ca. 5 min.
acc. to [15, 24] with hand held
| mortar mixer on
[ | building site
prismatic three-stone-
samples acc. samples acc.
to [21] to [28]
[ I
testing dates: testing dates: application
of test areas
14d/28d/42d/ 0d/28d/42d/ .
56d/FC 56d ruin of Thaur
1 2% 2%
open porosity hardened cyclic durability outdoor outdoor
[29] water mortar testing: Re res testing acc. to exposure exposure
uptake /drying Rfand R, [21], DG [14] (material winter season winter season
behaviour [14], carbonation E) and acc. to 2020/21 2020/21
C, [33] depth [14], [13] (material 1)
residual
moisture
laboratory testing series hybrid trials in the field
€ - - - >
THEORY PRACTICE

Fig. 1 Overview over the testing program executed within this
study. 2*: Two prismatic samples of material E used for
repetition of durability testing (method according to [14]) due to

hardened mortar properties that were conducted
according to [21], thus through flexural (R;) and
compressive strength (R.) measurements. Between the
two tests, the carbonation depth (conversion of
portlandite (Ca(OH),) to calcite (CaCO3)) was deter-
mined by phenolphthalein staining [14]. The remain-
ing water content at the specific ages was measured by
drying the residual material under 105 °C and calcu-
lating the percental weight loss. A survey over the
applied fresh and hardened mortar testing methods,
symbols, terms and definitions is given in Table 4.
The second prismatic sample was used to determine
the open porosity (oriented on the hydrostatic weight-
ing method for the determination of the porosity of
natural stone [29]) and the water transport behavior.
Subsequently, the water uptake under atmospheric
pressure and the drying behavior were measured as
described in a standard work for mortars for cultural
heritage purposes [14]. Moreover, the capillary water
absorption was determined using the standardized
procedure [33]. Due to fast water uptake, the measur-
ing interval was set on 10 min each until saturation.
The capillary absorption coefficient C,, was calculated

integrated destruction when working with method according to
[13]. Abbreviation “FC” stands for “fully carbonated” samples

by using the time interval between 10 and 30 min. The
so-obtained data were used to calculate key parame-
ters (see Table 4), first reported in a previous study
[15], to prove their suitability for benchmarking the
durability. Thereby, possible correlations of charac-
teristic values describing the porosity and water
transport behavior were related to the results of cyclic
frost-thaw testing. The results of those measurements
were used to determine key parameters for durability
prediction according to a former publication of the
authors [15]. The calculated parameters are the open
porosity, the saturation coefficient S [30-32], the
residual water content after 72 h of standardized
drying RW,, and the capillary coefficient C,, [33].
They were used to interpret the results of durability
tests and to improve the reliability of the systematic
application of the materials in ruin restoration.

The third sample prism was used for the assessment
of frost-thaw durability of each sample age and recipe
by means of exposing them to a cyclic test program
(see Table 5 and Fig. 2). All samples were dried at
105 °C before the beginning of the durability testing
series. Taking into account the approach of a previous
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Table 4 List of sample

Operation/method for Description References
preparation and testing
program methofis Sample preparation Preparation of sample prisms [21]
ﬁ;ﬁgg;ﬂ?;%ffl:e??able 5) Mortar mixing Mixing method for preparation of the fresh mortar  [15, 24]
and corresponding Sample curing Curing conditions [21]
abbreviations, symbols and Fresh mortar properties WE, IFD [25]
(key) parameters and their Carbonation conditions Conditions in the carbonation box [3]
references. Modified after . .
[15, 16] Phenolphtalein test Test for the proof of carbonation progress [14]
Mechanical properties R¢ and R, determination [21]
Symbol Unit Description References
WF [wt%] Gauging water content (factor) [25]
IFD [mm] Initial flow diameter (spread, consistency) [25]
Pm [kg/dm3] Fresh mortar raw density [26]
L [vol.-%] Air void content [27]
p [kg/dm3] Raw density [-]
Cq [mm] Mean carbonation depth [15]
RM [wt%] Residual moisture content [15]
R [N/mm?] Bending tensile (flexural) strength [21]
R, [N/mmz] Compressive strength [21]
Rc RES [%] Residual compressive strength [15, 16]
DG [%] Deterioration grade [15, 16]
Key parameter  Unit Description References
OP [vol.-%] Open porosity: total open pore space [29]
S [%] Saturation coefficient [30-32]
RW,, [Wt%] Remaining water content after 72 h of drying [15]
Cy [kg/(mzlmino's)] Water absorption coefficient [33]

case study [16], we chose a dynamic testing setup and
the corresponding frost-thaw cycle presented by [13]
in reference to the dynamic application field at the
building site (see below). Due to the assumption that a
recently built up masonry part of a historical building
and its juvenile mortar becomes widely protected from
de-icing salt in early ages, we used pure tap water
instead of a NaCl-solution (as indicated in the
literature [13]) for the testing. The described method
led to good comparability of the data of material I, but
also to an extensive destruction of all not fully
carbonated samples (14d, 28d, 42d, 56d) of pure
NHL-based material E. Given that lack of possibility
to assess the impact of the operated method quanti-
tatively, we decided to repeat the sample production
for material E and the running of frost-thaw cycles
using a varying sample preparation method for the
durability testing cycles. According to this, the

samples were saturated in tap water and wrapped into
a plastic foil, forming a static setup/closed system
according to [14], instead of testing them directly in
the water according to [13] (dynamic setup/open
system) (see Fig. 2). The sample preparation method
by using sealed prisms was also used by other authors
for durability testing [34]. The corresponding hard-
ened mortar testing was repeated too. Therefore, the
prisms were wrapped into a LDPE (low density
polyethylene) plastic foil after saturating them with
tap water after the curing periods [14]. The operating
with this softer, static durability testing method
allowed the quantitative assessment of its influence
on sample deterioration. For both materials and their
according specific sample preparation method we used
the frost thaw cycle provided by [13] with a duration of
22 h, a temperature range of — 20 °C to 4+ 20 °C and
an iteration of 20 times (see Table 5b).
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(a)

Za o
] 0

A A

(b)

A A

Fig. 2 Schematic drawing of the used test setup in the course of this study. a sample prism in tap water according to [13]—dynamic
setup (open system), b saturated and sealed/wrapped sample prism according to [14]—static setup (closed system); modified after [16]

Table 5 (a) List of the used (a) Material

Test setup [16]/ reference

Frost-thaw cycle Solution

cyclic testing methods in
the present study; E
(b) Sequential arrangement

CT1, dynamic setup, [13]

Cy acc. to [13, 16] Pure tap water

of frost-thaw cycle Cx 1 CT3, static setup, [14] C, acc. to [13, 16] Pure tap water
according to [13] and [16] (b) Step no Time interval [h] Starting temperature [°C] Target temperature [°C]
1 0-5 +20.0* — 4.0
2 5-12 - 4.0 — 18.5
3 12-16 — 18.5 —20.0
. o 4 16-18 — 20.0 - 1.0
*Relative humidity of 30%
5 18-22 - 1.0 + 20.0%*

required according to [13]

The evaluation of the impact of the operated
durability testing series was characterized by testing
compressive strength after the cyclic tests R. cr.,
giving an estimation about the residual internal
stability of the sample prisms. It was referred to the
former compressive strength R, in order to calculate
the percentage of residual strength R. rgs [%]
(= R._c1r*100%/R.) and the deterioration grade DG
[%] (= 100%-R. rgs) (same method as used in [16];
see also Table 4).

Parallel to the prismatic samples, we built up three-
stone specimen out of Triassic alpine shell limestone
[35] and our fresh mortars. The related standard [28]
provides a sample arrangement of stones and mortar
primarily for flexural strength determination, which
can be also used as composite specimen (see Fig. 3a),
outlined as ideal configuration for an applied durabil-
ity assessment [17, 32]. Afterwards, we exposed them
to the cold temperatures of the winter season 2019/20
in a comparative setting. Three stones with natural,
miscellaneous shapes (dimensions of 20-30 cm x

10-20 cm x 5-15 cm) were used to construct one
specimen per mortar recipe and testing date with a
nearly constant joint thickness of about 10-20 mm.
Following a curing period of 14, 28, 42 and 56 days at

65 £ 5% RH and 20 + 2 °C the samples have been
exposed to winterly outdoor temperatures, covered by
aroof, in the Alpine region (Innsbruck, Tyrol, Austria,
574 m a.s.l.; see Fig. 4a [36]). For the testing series
with the three-stone specimen, we provided a freshly
built up sample too, which has been exposed to
weathering conditions directly after building it up on
30™ January 2020. It was not possible to provide a
fully carbonated sample because of the dimensions of
this specimen type and the carbonation box, respec-
tively. To simulate a periodical precipitation (or
general: water feeding) event, the specimen were
wetted by submerging them for 1015 s into a room
tempered water reservoir. That procedure has been
repeated periodically every two weeks.

The impact of weathering exposure has been
evaluated by observing potential damaging, cracks
and surface flaking by visual means. Additionally, the
flaked material of the mortar joints was comparatively
weighted after passing the frost period in May.

The final part of the present study was the
application of both mixtures to restore a small sector
of an ancient defence building, following the applica-
tion principles of natural ashlar masonry described in
[37] (see Fig. 3b,c). Today it is preserved as relicts of a
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Fig.3 a Three-stone specimen oriented on [28] of material E before the exposing (width of undermost stone: 26 cm. b N-exposed and
¢ E-exposed wall sector on the ruin of Thaur directly after the restoration (15th October 2020)
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Fig. 4 a Outdoor temperature (daily maxima and minima)
during the exposure period in the winter and spring season 2020,
wetting dates are depicted as dotted lines; b Outdoor temper-
ature (daily maxima and minima) and precipitation during the

side wall near the historic castle of Thaur (Tyrol,
Austria; ca. 7 km east of Innsbruck; ca. 800 m a.s.l.),
which was constructed from around 1200 and is
preserved in a ruinous state nowadays [38]. The
refurbished sectors have a width of 3.4 m and 3.8 m, a
height of about 2.0-2.5 m in direction of their
exposure to North and East. The diameter of the wall
is about 0.8 m, the volume behind the walls is filled up
with ground earth up to about 0.5 m below the upper
edge (see Fig. 5). According to these framework
conditions a high rising damp load inside the wall, a

first months after the build-up of the sample areas at the ruin of
Thaur (winter season 2020/21). Data provided by [36] and [39]

hindered CO,-intrusion and therefore an elevated risk
of frost-thaw-processes especially at the East-exposed
wall is supposable as inconvenient factor for the
durability of the used mortars. We applied the base
mixture with Portland cement (material I) at the base
of the wall to block additional rising damp and to
provide a general stability. The material was used in
addition on the crown of the wall to protect it from
precipitation. In between, the pure NHL 5-mixture
material E was used to allow an ample dewatering of
the wall and of the backfilling material. For the



10 Page 10 of 18

Materials and Structures (2022) 55:10

/

/

Fig.5 Schematic drawing of the conceptual arrangement of the
two mixtures during the restoration of the wall at the historic
ruin of Thaur. The approach should facilitate the dewatering of
the backfilling material and the remnant of the historic wall. The

construction process, which took place from 5 to 15th
October 2020 (see Fig. 4b [39]), local natural Triassic
carbonate quarrystones and pinnings of the surround-
ing areas (formerly part of the castle masonry) were
used. The mortars were designed as masonry mortar
with specific admixtures of a local, coarse gravel
(grain size 4-16 mm) and were mixed by a hand-held
mixer (Type Collomix, paddle type WK; mixing for
ca. 5 min). The specific composition and water
content is given in Tables 1 and 3. The ashlars were
placed and jointed in one work process, thus with the
same mortar for both work steps. After one day, the
joints were scratched with a wire brush and washed
with a soft water jet to open the surface. That removal
of the upper layer uncovered the aggregates and
adumbrates an apparent weathering stage.

The application occurred only a few weeks before
the first frost in order to assure a distinct frost load
within the first months after bricking up the wall.
Therefore, the straining affected the almost fresh and
presumably only superficially carbonated mortars.
The assessment of the test areas has already been made
about three months after the construction and after five
and a half months, thus after the winter period. Analog

: ancient masonry

ca.2.5m

restored with material E

restored with material |

backfill material/soil

facilitated water
transport/intrusion

hindered water
transport/intrusion

intrusion of precipitation water and capillary rising damp is
prevented by the use of the denser material I at the crown and at
the bottom of the wall

to the three-stone specimen we evaluated the areas by
observing potential damaging, cracks and surface
flaking of the mortar joints.

4 Results and discussion
4.1 Prismatic samples (laboratory testing)

The testing of the mechanical properties, conducted on
the prismatic samples, reveals an overview about the
strength development within the first weeks of both
materials in relation to their composition and age
(Fig. 6 and Table 6). NHL-based mortars have a dual
hardening process that is affected by hydraulic reac-
tion and the carbonation of portlandite to calcite. Both
are triggered by the moisture content [3], which itself
depends from the mixing conditions and the time
period. Hence, the obtained results are linked to the
curing conditions and have to be reconsidered in
regards to variable conditions on the building sites
(e.g. at the sample areas in the ruins of Thaur castle).

Observing the standarized prismatic samples,
material E shows a nearly constant compressive
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Fig. 6 Chronological compressive strength R. development for
both materials E and I (left y-axis) and residual compressive
strength R s (right y-axis) in course of time for the prismatic,
standardized cured samples

strength of ca. 2 N/mm? from 14 days on to 56 days of
curing, which is attributed supposably to hydraulic
reaction and to first carbonation onset. The consider-
able contribution of carbonation to hardening of the

Table 6 (a) Hardened mortar properties and results of the
cyclic testing methods (*R¢ s and DG: material E tested
according to [14], material I according to [13]) of the different

pure NHL-mortar is apparent when the compressive
strength of the fully carbonated samples is observed: it
reaches ca. 3.6 N/mm? and therefore almost two times
the value before broad carbonation occurrs. In con-
trast, the strength properties of material I are highly
affected by the reaction of tricalciumsilicate as main
component of the Portland cement that leads to a
compressive strength of about 13 N/mm? already after
14 days of curing. A compressive strength of ca. 5 N/
mm? is assessed to be an approximate value for a
sufficient frost-thaw durability of young concrete [40].
The proportional fraction of the carbonation to
strength enhancement is explicitly lower for material
I compared to material E. It amounts about 1.3 times
the strength before integrated carbonation, while the
fully carbonated sample exhibits a compressive
strength of ca. 17.4 N/mm”. Both materials show a
slight but noticeable decrease of strength after 28 days
(42 and 56 days values). If this observation is an
artifact of sample measurement scattering or a contri-
bution of carbonation accompanied by transformation
processes of CSH phases could not be fully

aged samples. (b) Gravimetric material loss (ML) of 3-stone
specimen after the winter season

(a) Material E Material 1
14d 28d 42d 56d FC 14d 28d 42d 56d FC
p [kg/dm?] 2.08 2.04 2.05 2.08 2.13 2.10 2.03 2.08 2.08 2.12
Cq [mm] 2.5 33 4.0 53 20 0.8 1.8 2.8 3.8 20
(100%) (100%)
RM [wt%] 0.68 0.61 0.59 0.57 0.59 2.61 2.07 1.96 1.81 1.13
R¢ [N/mm?] 0.6 0.7 0.9 1.0 1.0 2.9 3.7 34 32 4.1
R. [N/mm?] 1.8 2.2 1.9 1.8 3.6 13.0 13.7 12.9 12.2 17.4
(SD) (0.04) 0.17) (0.23) (0.07) (0.03) (0.22) (0.06) (0.04) (0.35) (0.09)
Rc rEes [%]* 80.6 91.8 58.2 88.5 88.0 81.8 80.6 58.1 91.5 105.8
DG [%]* 19.4 8.2 41.8 11.5 12.0 18.2 19.4 41.9 8.5 -5.8
OP [vol.-%] 25.3 25.1 25.3 25.7 24.0 27.3 26.3 26.5 26.2 23.2
S [%] 89.7 89.6 89.0 87.6 87.8 87.7 86.5 86.6 86.6 85.3
RW, [wt%] 31.3 29.7 23.3 13.8 6.1 37.0 32.7 24.7 32.0 29.3
C,, [kg/(m?%/ 2.1 2.0 1.8 2.2 2.0 0.7 0.6 0.9 0.9 0.8
min®3)]
(b) Material E Material 1
0d 14d 28d 24d 56d 0d 14d 28d 42d 56d
ML [g] 34.1 6.0 4.1 4.7 4.3 11.4 4.9 1.6 1.6 3.6
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investigated. However, indications for the latter theory
of the transformation of the products of hydraulic
reaction by carbonation can be found in [3, 6, 41] for
comparable materials, thus with a moderate content of
hydraulic components cured in similar conditions.

The impact of the frost-thaw durability tests,
represented as residual (compressive) strength R, rgs
in Table 6 and Fig. 6, indicates an interesting effect
observed for both materials: the relative impact of
cyclic frost stress on the samples is most distinctive for
the sample aged for 42 days. The effect can be
explained by taking into account the curing conditions
and the hydraulic components of the mortars. The
young specimen (14 and 28 d) show a moderate
decrease of compressive strength through frost-thaw
impact, but the remaining strength is still higher than
for the sample aged for 42 days. In our opinion, this
observation is explainable by two effects, which
probably overlie and may both contribute to a minor
damaging of those younger specimen:

(a) A reactivation of still unreacted, hydraulically
active phases (primary C,S due to slow reaction
rate [42]) through the contact with water during
the frost-thaw testing within the open pore
structure, resulting in a “healing effect”, which
is also suggested in [43].

(b) We hypothesize a generally lower vulnerability
to damaging through expansive ice crystalliza-
tion due to a poor carbonation grade and
therefore a softer, more flexible structure (de-
ducible from results published in [41]).

The sample aged for 42 days instead reveals the
highest deterioration grade and achieves a R. grgs of
about 58% for both mortars. Therefore, it can be
supposed that the hardened mortar structure is not yet
developed as much as it can widely resist to stress
induced through frost-thaw cycles. Additionally, the
content of reactive hydraulic phases (or their acces-
sibility by water) doesn’t seem to be enough to heal the
structure more substantially.

The samples aged for 56 days and the fully
carbonated (“FC”) samples just show a minor or no
decrease of mechanical strength due to frost-thaw
impact. Consequently, the correspondent curing time
of at least 56 days is adequate to achieve a sufficient
carbonation under the prevailing curing conditions,
resulting in an ample stability and resistance against
frost-thaw stresses. Also in the literature [41] the

attaining of a certain equilibrium state after
56-90 days is mentioned in regard to the relevant
properties of similar materials.

The key factors basically support the observed
relationships and help to interpret the above men-
tioned findings (see Table 6a and [15]): the fully
carbonated sample of material I shows, as well due to
its Portland cement content, smaller capillary pores
with a higher grade of complexity [44] and a slightly
lower open porosity compared to material E. The
smaller open porosity is related to the described higher
compressive strength. The not fully carbonated sam-
ples instead don’t follow this trend, probably because
the pore space of material I is more voluminous (due to
a higher primary water content), but even more
affected by products of hydraulic reaction and there-
fore more stable than material E.

The saturation coefficient S shows a slight decrease
for both materials with the proceeding of the aging
process. This assumes a better durability for older
samples that show smaller values for S and therefore a
higher empty pore space as a reserve for the expanding
volume and stress of ice formation. Moreover, S is also
following the general strength enhancement, but does
not indicate the minor vulnerability of young speci-
men (14 and 28 days). This is explainable by the above
mentioned processes, the healing effect and the softer
structure in young samples. Those contribute over the
whole frost-thaw stress to a lesser damaging grade,
whereas the determination of S is a single measure-
ment. Therefore, the functionality of S as key param-
etery for durability prediction is given under the
constraint, when an adequate equlibrium state in
regard to the hardening process is reached. Thus, a
sufficient progress of hydraulic reaction and carbon-
ation is necessary.

The residual water content RW, as specific value
for the drying behavior (see Table 6a) instead requires
a differentiation between the two recipes: Observing
material E reveals a constant decrease of residual
water content, hence a faster dewatering with increas-
ing age and carbonation grade. For the younger
samples that are not yet fully carbonated the slower
drying can possibly be explained by an effect
described by [45]. The author states a certain transition
resistance when water becomes transported over
boundaries of two materials that both reveal a high
capillary water transport, for example from the non-
carbonated core of the samples to the already
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carbonated exterior. However, the drying behavior
follows, comparable to the saturation coefficient S, the
key parameters model for the samples of higher age
(42 days and older). Those feature a certain equilib-
rium state regarding the hardening process (hydraulic
reaction and carbonation). Generally, the drying rate
of material I is slower in relation to material E, which
is a common observation when comparing NHL-based
with Portland cement bearing materials [2, 16]. Nev-
ertheless, the 42 days-sample of material I exhibits the
fastest drying rate (lowest residual water content
RW;,) and is also the one that shows the highest
relative grade of deterioration during frost-thaw
cycles. For the younger samples that presumably also
show a higher relative durability, a certain reactivation
of hydraulic phases, leading to a healing of the
structure, can be assumed. The slower drying of the
longer cured samples is possibly affected by the
reaction products of hydraulic reaction and carbona-
tion. Those are possibly forming a rigid sample body
with a reduced porosity, where the water release is
integratedly hindered. Thus, material I can be critical
in regard to its drying function, especially when the
exposure of the masonry allows high moisture release
rates and a broad carbonation. Therefore, the enrich-
ment of NHL-based mortars with Portland cement
should be planned as carefully as the combination of
different mortar recipes and their arrangement in
regard to their application field.

The capillary absorption coefficient C,, clearly
reveals a higher capillary transport ability for the pure
NHL-based mortar material E compared to the Port-
land cement bearing material I. This has already been
observed by the authors [16] and is reported in the
literature too [2]. However, we did not ascertain a
significant variation or a systematic trend for the C,, of
differently aged samples. Nevertheless, former studies
of the authors on similar, pure NHL-based materials
revealed a tendency of higher C,, values for younger,
less carbonated samples (28 days aged) in relation to
the fully carbonated ones [15, 46].

4.2 Three-stone specimen

The three-stone specimen of different ages (0, 14, 28,
42 and 56 days) that have been exposed to outdoor
conditions should reveal the behavior of both mate-
rials under average weathering conditions. The peri-
odical wetting of the specimen of different ages

simulates repetitive precipitation events, which
becomes overlaid by real natural influences like windy
conditions, insolation and periods of natural frost
occurrence (see Fig. 4a). Assessing the specimen after
the frost period in May 2020 by visual means and by
the gravimetric determination of material loss
revealed unessential damaging induced through
weathering for the samples older than 14 days (see
Table 6b). The sample aged for 14 days of material I
shows less damaging than the one of material E. That
effect is even more pronounced for the fresh samples,
where both materials showed a particular grade of
damaging (still material E more than material I).
Hence, the three-stone specimen can be correlated to
the findings of the prismatic samples, where material |
shows less susceptibility to damaging compared to
material E at young ages. However, the effect of
minimal durability after about 42 days could not be
observed, probably because of the natural conditions
leading to a time shift and a lower intensity of frost
stresses at varying saturation grades and so forth.

4.3 Application areas in the field

The testing areas at the ruin of Thaur castle were
passing through several intense frost periods, starting
about four weeks after build-up and continuing after
5-6 weeks with decreasing temperature levels and
fluctuating amplitudes over the whole winter season.
The frost-thaw load expresses itself through substan-
tial damaging of the pure NHL-based mortar material
E (material loss in mortar joints of 1-2 cm; maximum
up to 5 cm) after an observation period of five and a
half months (see Fig. 7b, c¢). The highest damaging
grade is observable at the East-exposed wall, where an
elevated intensity of frost-thaw load is expectable due
to a higher thawing probability in winter season.
Material I instead, reveals a sufficient resistance to
frost-thaw impact. This is indicated through a slight
sanding effect on the surface, but generally an
adequate durability within the period under review
can be observed (see Fig. 7b). Therefore, the results of
the laboratory frost-thaw testing series on the pris-
matic samples appear as plausible under the consid-
eration of the observed damaging at the test areas.
They are indicating both a poor durability for material
E before 56 days previous to the first intense frost-

thaw load.
nilem
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Fig. 7 Wall sector at the ruin of Thaur during and after the
winter season. a N-exposed wall with total height after
reconstruction of about 2.5 m (see 2 m scale on the left) on
25th March. b detailed photo of material transition at the

5 Conclusion

Our study combined a laboratory testing series and
applied approaches to obtain findings on the impact of
Portland cement enrichements in NHL-based mortars
on the early durability of the correspondent mortars.
The use of standardized testing series and the work
with applied test areas on the real surfaces allowed to
relate theoretical, fundamental aspects to the practical
behavior of the mortars.

Remarkably, we noted the potential of both mortars
to anneal the structure if it becomes damaged within
the first month, referred to standard-oriented curing
conditions. Moreover, we observed the highest vul-
nerability, if first (intense) frost-thaw occurs after
about 6 weeks, when a curing process comparable to

g
5
B

1551

47 148 1491, (151 152 153 154

E-exposed wall reveals strong flaking in the joints of material E
and non-significant deterioration for material I below (Foto: 21st
January). ¢ Intense surface flaking for material E on 25th March

the standarized one can be assumed. Therefore, we
assess the use of the tested materials shortly before the
winter season as highly risky for their durability and
therefore it should generally be avoided. Instead, the
occurrence of frosty nights within the first weeks after
the application in spring, which cannot ultimately be
excluded in alpine zones, is less risky due to the
healing potential of the materials. The entirety of the
related findings is illustrated in Fig. 8.

The study reveals in addition that the use of cement
generally appears as convenient in regard to the
obtained observations of cyclic testing in the labora-
tory and exposing the materials to real weathering
conditions. An amount of about 5 wt% of Portland
cement, which ranges in the lower region compared to
the literature [9, 11], is definitely a sufficient quantity
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Fig. 8 General schematic drawing of the occurring time-
dependent reaction behavior in NHL-based mortar materials
with and without (white) Portland cement, leading to a specific
development of mechanical properties and parallel (healing)

to obtain an appropriate early durability. Nevertheless,
it affects other important properties, e.g. the porosity
and water transport behavior too. Therefore, it is
necessary to consider the surrounding conditions and
requirements of the building object to achieve favor-
able restoration outcomes.The targeted and systematic
use of Portland cement is arguable under the following
preconditions:

e NHL frequently does not provide the hardening
that is considered within the standard ONORM EN
459—-1 [10] because the (moisture) conditions on
building sites differ from the standardized ones.
Additionally, its hardening continues over much
longer than the standardized 28 days. This implies
the justification and the need to consider longer
time scales [5]. In this case, the use of Portland
cement can help to improve the hardening perfor-
mance and assures a certain setting speed that can
not be provided by the used NHL in some
situations. This regards especially zones where
the CO,-circulation is hindered through rising
damp and when intense frost-thaw loads are
expectable shortly (days-weeks) after application.

e Portland cement additions form denser NHL-based
mortars that can help to protect the masonry from
direct weathering influences like precipitation and

time scale

effects based on their mineralogical phase transitions. Addi-
tionally, we tried to depict a certain damaging risk assessment in
regard to the (first) frost-thaw load

moisture. Hence, the use of it is arguable at the
crown of the masonry to protect the underlying
(historical) substrate from rain and snow, associ-
ated with frost-thaw load in the winter. Addition-
ally, it can be used to form a denser area at the
bottom of a wall, that will avoid the rising damp
uplift and hinder the entry of moisture in the
perimeter and socle zone, where potentially
dammed-up water occurs.

e Portland cement can help to reinforce unstable parts
of a masonry that are statically relevant for the
overall construction an require a fast setting. For
instance, this is relevant when restoring wall
corners that provide stability to the whole wall.

Nevertheless, improving the early frost-thaw dura-
bility of NHL-based mortars with Portland cement is a
critical issue. It counteracts the water transport ability
and drying behavior of the hardened mortars, which is
clearly important for several application fields. Addi-
tionally, the mentioned material can lead to the
displacement of (water, salt) transport processes to
adjacent areas, which might react critically [47, 48].
Hence, cement additions should not be used where not
necessary or in zones where a high permeability is
needed [49]. However, it is difficult to indicate general
values for the indication that a material is too dense
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without considering the compatibility with the sub-
strate [2, 50]. Therefore, the consideration of material
characteristics and its function, the application field
and the properties of the ancient mortar is necessary to
assure a systematic use of pure NHL-based mortars
beside Portland cement bearing ones [51].

Therefore, a combination of both material types,
namely material E and I, is also appropriate for
cultural heriage applications under certain conditions
(see Fig. 5). A case-related assessment of material
selection and arrangement is required to anticipate
how the cement affects the overall behavior of the
masonry. The targeted use of material I is important to
assure that a sufficient permeability is given where
needed. Additionally, statical advisement and the
differentiation between original and rebuilt parts of
the masonry is recommended. In these cases, the use of
cement in cultural heritage is justifiable and can help
to protect the historical sections from being damaged.

Consequently, it would be reasonable for further
research to investigate the applied properties of
mortars that are based on the binder system of NHL
plus Portland cement in more detail. This should be
done in consideration of the properties relevant for the
real applications in order to better show the limitations
of using the presented system.
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