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Gypsum plaster could replace more energy-intensive building materials, especially considering the versatility of
traditional gypsum used for exterior/structural applications since ancient times. However, low weathering
resistance limits the exterior use of modern industrial gypsum and suitable additives are required to design
optimized plasters and renders. Here, ternary plasters containing 50-95 wt% gypsum and varying amounts of
lime and a commercial recycled pozzolanic additive (Metapor®) are compared with pure gypsum plaster to
verify whether pozzolanic reaction products are responsible for the often praised superior performance of
traditional gypsum. A detailed mineralogical, physico-mechanical, and hygric characterization shows that bas-
sanite hydration is delayed and calcium carbonate polymorphs are stabilized in the presence of additives, while
porosity and pore size distribution can be controlled by varying the additive content. Compressive and flexural
strength reveal a negative correlation with additive content and a high additive content is required to improve
weathering. However, a 25-40 % reduction in embodied energy can be achieved by replacing commonly used
metakaolin or Portland cement with Metapor®. Our findings contribute to a better understanding of underlying
reaction processes in gypsum-based materials and facilitate a wider use of modified gypsum formulations in

sustainable construction and rehabilitation/conservation interventions.

1. Introduction

For more than a decade, significant research efforts in civil engi-
neering and construction have focused on sustainable building materials
in order to reduce the industrys carbon footprint [1,2]. Considering the
relatively low calcination temperature of gypsum (i.e., calcination T of
industrial gypsum being 135-180°C and that of lime and cement being
~900°C and ~1400°C, respectively) and the fact that no COs is released
during its transformation into hemihydrate (i.e., hemihydrate, the
mineral bassanite, being the raw material for modern industrial plasters,
which forms upon partial dehydration of gypsum: CaSO4-2 H,O —
CaS04-0.5 Hy0 + 1.5 Hy0), gypsum would seem a valuable candidate
for the design of sustainable building materials and compatible
replacement materials for conservation and rehabilitation interventions
[2,3]. However, its low weathering resistance and wet-mechanical
strength limits exterior and structural applications and makes gypsum
the preferred material for interior plastering [4]. Even though differ-
entiation between lime- and gypsum-based materials for exterior and
interior applications existed since Roman times [5], traditional gypsum

was applied in a much more versatile manner (i.e., structural and
exterior applications for columns, load-bearing walls, slabs, structural
ribs, arches, vaults, cantilevered staircases, facades, and floors) as
compared to modern gypsum, especially in regions that were in close
proximity to gypsum deposits [6]. It has been suggested that the pres-
ence of pozzolanic phases could be responsible for the superior quality of
traditional gypsum [7,8]. Traditional gypsum is a multiphase product
containing uncalcined gypsum, bassanite, and anhydrite (CaSO4), and
quartz, calcite and clays are common accessory minerals in gypsum
stone [9]. During calcination in traditional kilns generally higher tem-
peratures are reached (possibly as high as ~1000°C) as compared to
those in modern industrial kilns [3,7]. Thus, accessory minerals can
undergo transformation as the conversion of calcite into CaO starts at
600°C [10] and the pozzolanic activity of clay minerals such as mont-
morillonite and kaolinite increases significantly due to dehydroxylation
and amorphization after thermal activation [11]. Even though, pozzo-
lanic phases (e.g., hydrated calcium aluminates or hydrated calcium
(alumino) silicates) can theoretically form during the hydration of bas-
sanite into gypsum (i.e., CaS04-0.5 H20 + 1.5 Hy0 — CaSO4-2 H,0)
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containing the aforementioned impurities, unambiguous proof for their
existence in traditional gypsum has not been provided so far. This is
likely due to the fact that the accessory mineral content is commonly
limited [6,8] and the resulting CSH phases are often of amorphous na-
ture, which makes detection with conventional analytical techniques
difficult. In order to determine whether pozzolanic phases could
improve the weathering resistance of gypsum and enable the design of
sustainable plasters and renders, artificial mixtures containing varying
amounts of bassanite, quicklime, and a recycled pozzolan (Metapor®)
were studied. Previous studies of ternary plasters and mortars mainly
used fly ash [12-14] and metakaolin [15-17] as pozzolanic additives
but also mixtures of Portland cement and natural pozzolan [18], often in
combination with phosphogypsum [19]. However, fly ash production
has been in stark decline due to environmental restriction and the
reduction in coal-based power generation, while metakaolin and Port-
land cement have the disadvantage of involving additional energy
consumption for the calcination at high T (i.e., 600-700°C for meta-
kaolin, [11]). Here, we evaluate Metapor®, a by-product of the
expanded glass industry, as a possible candidate to design optimized,
more sustainable gypsum plasters and renders for exterior applications.
So far, this recycled product has not been considered for ternary gypsum
plasters. In contrast to previous studies, which commonly focused on
mixtures with relatively low gypsum content, rarely exceeding 40 wt%
[12-14,17,20]), we evaluate the effect of quicklime and pozzolan ad-
ditions in mixtures with 50-95 wt% gypsum to fill the existing research
gap. This evaluation includes a comprehensive compositional and
textural characterization in relation to the weathering resistance and
mechanical performance of the set plaster, also considering the energy
consumption associated with the production of the different plaster
mixtures. The outcome of this research not only contributes to a better
understanding of the underlying reaction processes in gypsum-based
building materials and clarifies whether pozzolanic reaction products
are actually responsible for the superior performance of traditional
gypsum, but also opens up opportunities for a wider use of modified
gypsum formulations in sustainable construction and rehabil-
itation/conservation interventions (Fig. 1).

2. Materials and methods
2.1. Materials and sample preparation

Reagent grade gypsum (Merck Group, Germany) and local quicklime
calcined in traditional kilns at T >900°C for 15-20 hours (CaO, Gor-

dillos Cal de Mor6n S.L.U., Spain) were used for sample preparation.
Gypsum was calcined at 100°C for 24h to obtain bassanite
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(B-hemihydrate, CaSO4-0.5H20), and quicklime was calcined at 800°C
for 6 h to eliminate any CaCOs, which might have formed upon storage.
Calcination yielded pure bassanite (Fig. Sla and c) and lime that con-
tains a small amount of anhydrite (<5 wt%); both materials complying
with European standards UNE-EN 13279-1 [21] and UNE-EN 459-1
[22], respectively. A by-product of the expanded glass production
(Metapor®, Poraver GmbH, Germany) was used as the pozzolanic ad-
ditive. During the production process, kaolin is added to finely ground
bottle glass in order to avoid particle coagulation and partially trans-
formed into metakaolin. The by-product also contains 10 wt% expanded
glass (i.e., glass spheres of up to 50 um) and small amounts of quartz and
feldspars (Fig. S1b and d). Table 1 shows its chemical composition. Even
though, comparative studies have revealed that Metapor® might result
in ~35 % lower strength when mixed with slaked lime as compared to
industrially produced metakaolin [23], it was chosen as an environ-
mentally friendly alternative.

Considering that the water/solid ratio significantly influences the
porosity of the gypsum plaster and, subsequently, its mechanical
strength [24], tests were performed to determine the minimum amount
of water necessary to allow for (almost) complete hydration of the
mineral phases and adequate consistency for plaster sample preparation.
The water/solid mass ratio was 0.7 for pure bassanite and 2 for pure
lime. The water content was adjusted considering the bassanite/lime
mass ratio in the mix (Table 2). Small batches (10 g) of dry bassanite,
lime, and pozzolan were mixed prior to the addition of deionized water
to guarantee that a homogeneous mixture was obtained. Using either
plasticine or flexible rubber molds, prismatic (3x0.7x0.7 cm, for me-
chanical testing and porosity measurements) and cylindrical samples
(@=2.5x0.5 cm, for all other tests) of limited size were prepared to
achieve a high degree of carbonation in a reasonable amount of time.
Curing was performed at 85+3 % RH and 20+3°C for 28 days. High RH
was chosen in order to facilitate hydration and carbonation [25,26].
However, XRD analysis revealed that complete carbonation was not
achieved during this period. Curing was prolonged for another 28 days
involving daily nebulization of plaster samples with deionized water to
speed up carbonation and facilitate hydraulic reactions [26].

2.2. Analytical methods and testing

X-ray diffraction (XRD, X'Pert PRO diffractometer, Malvern Pan-
alytical Ltd., UK) was used to determine the mineralogical composition
of raw materials and plasters (powder samples) after 28- and 56-day
curing, using the following equipment settings: Cu-Ka radiation; Ni fil-
ter; 45 kV voltage; 40 mA intensity; exploration range of 3-60 °20 and
goniometer speed of 0.05 °20 s~ !. Mineral phase identification/

Fig. 1. Images of plasterwork at the Alhambra monument, showing fracturing as well as material loss and evidencing the need for compatible replacement mortars

and plasters/renders.
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Table 1
Chemical composition of Metapor® based on X-ray fluorescence (XRF) spectrometry (wt%).
$i0, Al,03 Fe,03 MgO Ca0O Na,O K0 TiO, P,05 LOI
51.55 31.21 0.34 0.30 2.47 9.48 1.73 0.22 0.19 2.18
samples cured for 56 days were placed on a metal grid and sprayed
Table 2, . . repeatedly on their circular faces with deionized water (300 mL/sam-
Composition of plaster mixes (Wt%). ple/day) at a distance of 20 cm. Samples were placed in a vertical po-
Sample Bassanite Quicklime Pozzolan Water/solid sition so that the water could run off to simulate the effect of rain on a
mass ratio building facade, mimicking mechanical (impact of water droplets) and
B100 100.0 0 0 0.70 chemical (dissolution) weathering. Spraying was repeated 14 times over
B95 95.0 3.3 L7 0.73 a 3-week period. Samples were dried at 30 °C for 24 h (i.e., until a
B0 90.0 6.7 3.3 0.76 constant weight was reached) in a ventilated oven between tests to
B8O 80.0 13.3 6.7 0.83
B50 50.0 33.3 16.7 1.02 determine weight loss. Tests were performed in duplicate. Weight loss
BO 0 50.0 50.0 1.00 was calculated considering phase change-related weight gain during

quantification (using experimental reference intensity ratio (RIR)
values) and the determination of the gypsum 020,121 Bragg peak in-
tensity ratios were performed using HighScore (Malvern Panalytical
Ltd., UK) and XPowder software [27]. For each plaster analysis a quarter
of a disc-shaped sample was ground in order to obtain a representative
bulk sample. Additional XRD analyses were performed to determine the
hydration kinetics of the pastes using small batches (i.e., 1 g solid and
the corresponding amount of water, Table 2). Immediately after mixing,
the pastes were filled into powder sample holders and analyzed. Patterns
were collected continuously over a 193.5-min period and an exploration
range of 7-45 °20, amounting to a total of 30 successive patterns of
6.45 min duration each (50 % RH, 20 °C). In order to determine
bassanite-gypsum conversion in ternary plasters, the initial bassanite
content was normalized to 100 % (irrespectively of its actual wt% in the
mix).

To evaluate the evolution of the carbonation process upon curing,
ethanolic phenolphthalein solution was applied by spraying immedi-
ately after the disc-shape plaster samples (cured for 28 and 56 days,
respectively) were split in half.

Textural and compositional characteristics of carbon-coated raw
materials and plasters after 28- and 56-day curing were studied using
field emission scanning electron microscopy (FESEM, AURIGA, Carl
Zeiss, Germany) coupled with X-ray energy dispersive spectroscopy
(EDS, INCA-200, Oxford Instruments, UK). Equipment settings: 10 %Pa
vacuum and 3 kV acceleration voltage in secondary electron imaging
mode and 20 kV acceleration voltage for EDS microanalysis.

Color parameters of plasters after 56-day curing were determined
with a spectrophotometer (CM-700d, Konika Minolta, Japan) using the
CIE L*a*b* color space (i.e., L* is luminosity varying from black with a
value of 0 to white with a value of 100; a* varies from +a* (red) to —a*
(green) and b* from +b* (yellow) to —b* (blue)). Color changes (using
pure gypsum plaster as reference) were calculated using the following
formula: AE* = (AL*? + Aa*? + Ab*2)V/2, Average values are based on
10 measurements per plaster sample.

A modified version of the procedure described in UNE-EN 15803
[28] was used to determine the water vapor transmission rate (WVTR) of
cylindrical plaster samples. Cylindrical plastic containers (@ = 2.5 cm
and height = 7 cm, filled with 2 mL saturated KNOg solution to maintain
93 % RH inside the container) were used instead of the standard cuvette
to accommodate the small-sized samples. The seal between sample and
container was obtained using plasticine covered with parafilm®. The
test was performed in duplicate during 10 days in an environmental
chamber at 50 % RH and 23°C. Obtained results were corrected for
phase change-related weight gain during testing due to the formation of
calcium carbonate upon carbonation of portlandite (Ca(OH);), ettrin-
gite, and/or stratlingite using quantitative XRD analysis.

A non-standard accelerated weathering test was used to determine
plaster resistance to water impact by spraying. Cylindrical plaster

testing due to carbonation using quantitative XRD analysis.

Total pore volume and pore size distribution of cured plasters were
determined with mercury intrusion porosimetry (MIP) using an Auto-
pore III 9410 porosimeter (Micromeritics, Norcross, US). This instru-
ment measures pores with 0.003-360 um diameter. Samples (~1 g)
were dried in a ventilated oven for 48 h at 30 °C prior to analysis. Such
low T was chosen in order to avoid temperature-induced phase changes
[29].

An Instron 3345 (Instron Co., Canton, US) was used to determine the
flexural and compressive strength of plasters after 28 and 56 days of
curing using an adapted version of the procedure described in UNE-EN
1015-11 [30]. Prismatic samples (0.5x0.5x4 cm) were tested
applying a load of 500 N at 3 mm/min and 5000 N at 6 mm/min for
flexural and compressive strength, respectively. Samples were dried in a
ventilated oven for 48 h at 30 °C prior to testing. Reported results are
based on at least three tests per plaster sample type.

Surface hardness (Leeb hardness [31]) of the plasters cured for 56
days was measured using a durometer equipped with a D-type probe
(rebound hammer, PCE-2500N, PCE Instruments, Germany). Reported
values are based on a minimum of five tests per sample type.

3. Results
3.1. Mineralogical composition

The mineralogical evolution of plasters was determined using XRD
(Fig. 2a, Fig. S1, Table S1). Note that in sample BO and B50, gypsum-
and/or lime-based phases (gypsum, portlandite, and calcium carbonate
(CaCO3) polymorphs vaterite, aragonite, and calcite) are overestimated
due to the predominately amorphous character of the pozzolanic addi-
tive (i.e., Metapor® containing metakaolin and glass) and the likely
presence of some amorphous reaction products (e.g., CS(A)H) in the
hydrated plasters. Fig. 2b shows a representative FESEM image of
partially dissolved glass spheres with extensive (alkali-induced) corro-
sion and surface pitting after 56 days of curing. Bassanite hydration
kinetics is influenced by the additives, showing a negative correlation
with additive content (Fig. 3). Detailed XRD analyses reveal almost
complete hydration of the pure bassanite after ~40 min (i.e. 98 %
conversion), while 105 and 144 min are required to achieve 95 % hy-
dration in plasters originally containing 95 and 90 wt% bassanite,
respectively. Larger amounts of additives further delay hydration and
only 68 % conversion is obtained in samples with 50 wt% bassanite after
182 min. XRD analysis also revealed an increase in the intensity ratio of
the 020/121 gypsum Bragg peaks with increasing additive concentra-
tion (Table 3). This trend is more pronounced upon prolonged curing
involving water nebulization and has also been observed in samples only
containing gypsum and lime [32], indicating a predominantly plate-like
morphology due to a relative increase in the area corresponding to the
(010) faces of gypsum crystals [33].
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Fig. 2. Mineralogy and microtexture of gypsum-based plasters. a) Mineralogical composition of hydrated plasters after 28 and 56 days of curing based on XRD
analysis. Gp = gypsum, Por = portlandite, Bas = bassanite, KIn = kaolinite, Etr = ettringite, Vtr = vaterite, Arg = aragonite, Cal = calcite, Qz = quartz, Strd =
stratlingite, b) FESEM image of partially dissolved glass spheres in sample B80 after 56 days of curing, and ¢) FESEM image of partially dissolved hexagonal plate-like
kaolinite crystals (arrow) together with aggregated portlandite and/or calcium carbonate nanoparticles in sample BO after 28 days of curing.
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Fig. 3. Fractional conversion (a) of bassanite into gypsum versus time in
various plaster mixes based on quantitative XRD analysis.

Experimental results [32] have shown that the hydration of quick-
lime is fast and 80 % conversion into portlandite is achieved after
10 min. However, portlandite undergoes relatively slow carbonation
and after 28 days of curing at 85+3 % RH samples B50 and BO still

Table 3

Gypsum 020/121 Bragg peak intensity ratio of plasters cured for 28 and 56 days.
Samples B100 B95 B90 B80 B50
Curing 28 days 0.93 1.02 0.99 1.14 1.12
Curing 56 days 0.98 0.93 1.17 1.23 1.32

contain >20 wt% portlandite despite their reduced sample size.
Nevertheless, water nebulization proved effective in increasing the de-
gree of carbonation and only 4 and 13 wt% portlandite remain after 56
days in samples B50 and BO. In addition to calcite, vaterite, a metastable
calcium carbonate polymorph, is identified in all samples originally
containing >13.3 wt% quicklime. Furthermore, in samples B50 and BO
small amounts of aragonite, another calcium carbonate polymorph, are
detected. The content of both phases increases upon prolonged curing.

Ettringite is present in all samples containing gypsum and pozzolan
with the exception of B95, where the amount of ettringite is likely below
the XRD detection limit. This hydrous calcium aluminum sulfate mineral
(3Ca0-Al;03-3CaS04-32 Hy0) is a common phase in set Portland
cement. Ettringite-based binders are known to reach very high
compressive strength but may generate crystallization pressure and
cause crack formation upon delayed ettringite formation (70-80 MPa,
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[34]). Here, ettringite forms relatively rapidly upon reaction of lime
with kaolinite/metakaolin and gypsum and small amounts are already
identified after 7 days and its content increases during curing for 28
days, which is in line with findings by Aubert et al. [35]. In sample BO,
only containing portlandite and pozzolan, stratlingite (CagAly.
Si07-8 H»0) is the major reaction product besides calcium carbonate (i.
e., calcite, vaterite, and aragonite). This phase is well-known as a
cementing mineral in ancient Roman concrete, claimed to be largely
responsible for its extraordinary strength and durability [36]. Stratlin-
gite is a common product phase in metakaolin-lime mixtures [37] and
has also been reported together with ettringite for ternary mixtures
containing gypsum, lime, and metakaolin [17]. The FESEM image of a
plaster sample BO cured for 28 days (Fig. 2¢) shows partially dissolved
hexagonal-shaped plate-like kaolinite crystals surrounded by aggregated
lime nanoparticles, being the source materials for stratlingite formation.
Further curing involving water nebulization results in a significant
decrease in the ettringite content in samples containing gypsum.
Stratlingite seems slightly more stable, but a reduction in its content is
observed after subsequent water vapor permeability testing at high RH
(Table S1). This is surprising as significant amounts of unreacted por-
tlandite and kaolinite are still available at the beginning of the perme-
ability test, but no additional stratlingite precipitation is observed and
portlandite transforms into calcite (Table S1).

Importantly, harmful salts such as sodium carbonates, bicarbonates,

B90 B80
b \
. \
g |
B95 B90 B80

gypsum-rich bottom layer ¢}

—

\
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or sulfates are not detected, which seems reasonable considering the
high calcium content, facilitating the precipitation of less soluble cal-
cium carbonate or sulfate. The limited amount of sodium, liberated upon
dissolution of the expanded glass in Metapor® at high pH, could theo-
retically induce the formation of (precursor) zeolitic phases with
cementing properties, in particular in samples BO [38]. However, no
such phases are detected with XRD, likely because they are amorphous
or poorly crystalline.

3.2. Carbonation

The phenolphthalein test (Fig. 4a and b) confirms XRD data,
evidencing almost complete carbonation after 56 days in all samples,
with the exception of sample BO that only reached ~75 % carbonation of
portlandite. Samples with high gypsum content show the presence of
lime lumps, which have not carbonated and can be identified by their
pink color (Fig. 4b, arrows). Remarkably, these samples also suffer
bleeding, a process commonly reported for cement-based materials
associated with the formation of an aqueous surface layer during curing
and phase segregation driven by gravitational forces [39,40]. Conse-
quently, a lime-rich surface layer of ~1-1.5 mm thickness containing
mainly portlandite forms in samples B95 and B90. In the case of samples
containing larger amounts of additives (B80 and B50), a thick lime-rich
layer forms on top of a very thin gypsum-rich layer (0.5-1 mm thick) at

B50

Fig. 4. Carbonation and bleeding. a) and b) Plaster samples after 28 and 56 days of curing, respectively, and subsequent phenolphthalein application immediately
after samples were split in half, showing partial carbonation (the dark pink color indicates the presence of portlandite). Some samples contain uncarbonated lime
lumps (sample B80, arrows). The direction of the carbonation front is indicated; ¢) FESEM secondary electron image and d) corresponding elemental map of sample

B95 after 56 days of curing, showing phase segregation.
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the bottom. Samples containing only lime and pozzolan (BO) show no
phase segregation after 28 days of curing as indicated by the homoge-
neous pink color of the entire cross section. After 56 days, most of the
portlandite has undergone carbonation as indicated by the lighter pink
color, which is consistent with XRD results.

3.3. Color parameters

Color plays an important role in the case of rehabilitation and con-
servation interventions. Color measurements (Fig. 5, Table S2) reveal an
important change, showing a positive relationship with additive con-
tent. A prior study of binary systems containing only gypsum and lime in
different proportions revealed no important color variations (i.e., mix-
tures containing 50 % lime have AE* = 0.94 + 0.10, [32]), suggesting
that the color change observed here is caused by the addition of the
pozzolan, which results in a decrease in luminosity and a shift towards a
more yellowish color (i.e., increase in b*), while a* hardly changed. In
comparison with the pure gypsum plaster, all plasters containing
>20 wt% additive reveal a color change that is perceptible to the human
eye (AE* = 3) [41] and the sample BO has a AE* value above the
permissible limit (AE* = 5) for conservation interventions [42]. How-
ever, this could be of advantage to match the color of aged historic
plasters that commonly display darkening due to soiling over time.

3.4. Porosity and pore size distribution

Based on MIP data, a positive correlation between open porosity and
additive content can be established in plasters cured for 28 days
(Table 4). However, it has to be kept in mind that the water/solid ratio
also increases with additive content (Table 1), the former having a direct
influence on the creation of void space according to Yu and Brouwers
[24]. The effect seems to have been at play in the case of mixtures with
<20 wt% additives, where relatively small changes in water/solid ratio
caused substantial variations in porosity. However, water/solid ratio
seems less crucial in blends with higher additive content (i.e., sample
B50 and B80 have very similar porosity but the water/solid ratio is
substantially higher in the former). Consequently, both parameters (i.e.,
variations in mineralogical composition and water/solid ratio) have to
be considered in the analysis of the pore system. All plasters, with the
exception of sample B0, show a bimodal pore size distribution (Fig. 6).
The pore diameter of the primary maximum experiences a slight
decrease as the additive content increases and is smallest in the
gypsum-free sample, being between 1.5 and 2.9 ym. The secondary
maximum of the cured plasters is centered at 390 um, but no clear
relation between the volume of large pores (i.e., >150 um) and additive
content or water/solid ratio can be established. The gypsum-free sample
(BO) reveals an additional broad maximum for pores with 0.15-0.5 um
diameter. Overall, a clear correlation of pozzolan additive content and
volume of small pores (i.e., <0.5 um) seems to exist (Table 4), which

100 ~ r
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Fig. 5. Color parameter L*, b*, and E* of cured plasters with varying addi-
tive content.
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Table 4
Porosity and pore size distribution (pore diameter, um) of plasters with varying
amounts of additives cured for 28 days.

Sample  Porosity (%) Primary max. (um) >150 um (%) <0.5 pm (%)
B100 349 2.9 5.5 2.1
B95 41.3 2.9 10.6 3.2
B90 46.5 2.3 3.7 5.5
B80 51.7 2.3 6.9 7.8
B50 52.4 2.3 4.6 13.1
BO 49.2 1.5 6.0 62.7

Incremental pore volume (ml/g)

1000 100 10 1 0.1 0.01
Pore diameter (um)

Fig. 6. Pore size distribution (um) of plasters cured for 28 days.

does not seem to be related to the water/solid ratio (i.e., samples BO and
B50 were prepared using an almost identical water/solid ratio but the
former contains almost 5 times more pores with <0.5 pm diameter).

3.5. Mechanical strength and surface hardness

In samples cured for 28 and 56 days, compressive and flexural
strength of plaster samples show a negative correlation with additive
content (Fig. 7a and b), which has also been observed for binary plasters
only containing gypsum and lime [4,32]. None of the ternary plasters
containing additives achieves the strength of the pure gypsum plaster,
but all plasters fulfill the minimum requirements established for gypsum
plaster used for general construction purposes (i.e., compressive
strength >2 MPa according to AENOR [21] and >5.2 MPa according to
ASTM [43], respectively. The mechanical properties of samples B95
remain unchanged upon prolonged curing, which is consistent with the
fact that those plasters do not experience any further mineralogical
change detectable with XRD (Fig. 7a and b). For comparison, plaster
samples containing only lime and pozzolan are included (sample B0) in
Fig. 7, which show the highest compressive strength (i.e., 10 % higher
strength than the pure gypsum plaster), but comparatively low flexural
strength.

Compressive strength values cannot easily be compared with pub-
lished data for ternary plasters as the preparation parameters (i.e.,
composition, water/solid ratio, as well as curing conditions and dura-
tion) vary greatly, resulting in important data spread. Kumar [12]
determined a value of 7-11 MPa for plasters containing 30 wt% gypsum
and Marinkovic and Kostic-Pulek [13] reported 7.83 MPa compressive
strength for plasters with 40 wt% gypsum, respectively, and varying fly
ash/lime proportions. These values are close to those of samples con-
taining 50 wt% gypsum in this study (Fig. 7a). Dolezelova et al. [16]
found a compressive strength of 20-24 MPa in the case of ternary
plasters containing 77 wt% gypsum, while Vimmrova et al. [15] re-
ported 4.75-16.11 MPa for plasters containing 65-85 wt% gypsum and
varying lime/metakaolin proportions. The values of the former almost
double the compressive strength obtained in this study for samples
containing 80 wt% gypsum (Fig. 7a), which is likely related to the lower
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Fig. 7. Compressive strength (a), deformation (b), and flexural strength (c) of
plasters with varying lime-pozzolan additions after 28 and 56 days of curing in
comparison with pure gypsum plaster (B100), error bars showing stan-
dard deviation.

water/solid ratio (0.45-0.5) employed by Dolezelova et al. [16]. Murat
and Attari [44], in contrast, measured compressive strength values (i.e.,
7.4 —10.3 MPa) for ternary plasters containing metakaolin, lime and 85
— 97 wt% gypsum, which are similar to those of this study.

The mineralogical changes undergone upon prolonged curing for 56
days result in a more plastic behavior (i.e., showing higher level of
deformation, Fig. 7b) and lower flexural strength in all samples with
>10 wt% additive content (Fig. 7c). Pure gypsum samples also experi-
ence a reduction in flexural strength, being related to an embrittlement
upon prolonged curing as revealed by strain-stress curves. Only samples
containing <5 wt% additives comply with the minimum requirements
for building gypsum according to UNE-EN-13279-1 (flexural strength >
1 MPa [21]) after 56 days of curing, which is in line with findings of our
previous study involving gypsum plasters with varying lime content
between 5 — 95 wt% [32]. Unfortunately, only few studies include
flexural strength data and reported values show considerable spread.
Vimmrova et al. [15] reported 1.81-5.79 MPa for plasters containing
65-85 wt% gypsum and varying lime/metakaolin proportions, while
Murat and Attari [45] found flexural strengths of 3.8 — 4.3 MPa in the
case of ternary plasters with 85 — 97 wt% gypsum. Likely, lower flexural
strength values of prismatic samples tested here are at least in part
related to the small sample size, where small imperfections (i.e., air
voids) likely have a significant impact on strength measurements,
especially in the case of the flexural strength testing.

The comparison of compressive and flexural strength of ternary
plasters with gypsum-lime plasters (Fig. S3d and e) evidences a positive
effect of the pozzolanic additive on compressive strength, in particular
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in plasters containing 20-50 wt% additive. In the case of the plasters’
flexural strength no clear trend can be identified and a positive effect is
only observed in samples B95 and B50.

Surface hardness (Table 5) does not experience important variations
upon increase in additive content. It has to be kept in mind that a lime-
rich surface layer formed during setting (Fig. 4) in the case of all ternary
plasters, and that the Mohs hardness of calcite (Mohs hardness = 3) is
only slightly higher than that of gypsum (Mohs hardness = 2).
Remarkably, the gypsum-free samples show a 60 % higher surface
hardness than the pure gypsum plaster, which could be either the result
of the substantial stratlingite content [44] or the presence of the
unreacted glass portion in the pozzolan (Fig. 2b) with elevated hardness
(i.e., glass having a Mohs hardness of 6.5, while that of kaolinite is only
2-2.5).

3.6. Water vapor permeability

Water vapor permeability results show no clear relation with addi-
tive content, the addition of lime and pozzolan leading to variations of
5-13 % as compared to pure gypsum (Table 6). It is also not possible to
establish any correlation with the plasters’ open porosity (Table 4).
Indeed, the mixture containing only lime and pozzolan (sample B0) has
a similar porosity to that of sample B50 and B80 but shows a substan-
tially lower WVTR, being 21-37 % lower than that of the remaining
plasters containing gypsum. In this case, the difference in pore size
distribution and the large volume of pores with <0.5 um diameter have
to be taken into account as it is well established that pore size as well as
pore tortuosity and ambient conditions (i.e., different RH levels in the
case of dry- and wet-cup measurements) will influence permeability [46,
471.

3.7. Weathering behavior

Accelerated weathering involving water spraying reveals that a high
additive content (i.e., 50 wt%) is required to improve the weathering
resistance of ternary plasters and reduce weight loss by ~50 %
(Table 7). For comparison, samples only containing lime and pozzolan
are included, which experienced the smallest weight loss and no surface
alteration (Table 7, Figs. 8 and 9a). Samples containing <20 wt% ad-
ditives all suffer similar weight loss after correction for weight gain
undergone by the samples due to phase changes based on XRD quanti-
fication (i.e., hydration of bassanite and carbonation of portlandite,
ettringite, and/or stratlingite; see discussion section below). Remark-
ably, the formation of a lime-rich surface layer (Fig. 4) does not improve
the weathering resistance of these ternary plasters, and surface pitting
and material loss can be observed (Fig. 8a). Samples B90, B80, and B50
show surface roughening and the presence of small grains, which were
identified as lime lumps using XRD. In the case of the pure gypsum
plaster, material loss seems more homogeneous and only some surface
pitting is observed (Fig. 8a). The FESEM image (Fig. 9b) provides further
insight in the dissolution and recrystallization process undergone by
gypsum crystals upon weathering, showing rounded tips and severe
corrosion (arrows).

4. Discussion
4.1. Mineralogical and textural evolution

The results of this study reveal a delay in bassanite hydration in the

Table 5
Surface hardness (Leeb hardness) of gypsum-lime-pozzolan plasters after 56
days of curing, including standard deviation.

B100 B95 B90O B8O B50 BO

241+ 9 242 4+ 10 240 + 28 261 + 16 245 4+ 22 384 + 14
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Table 6

Water vapor transmission rate (WVTR), permeance (W), permeability (),
resistance factor (u), and water vapor diffusion-equivalent air layer thickness
(Sq) of plasters with varying amounts of additives after 56-day curing, including
standard deviation.

Sample WVTR w o [ Sa
g/m*/day (x10~° kg/ (x107"" kg/ e m
m?.s-Pa) m-s-Pa)
B100 243.88 2.33 1.17 17.13 0.086
+1.44 +0.01 +0.01 +0.10 +0.001
B95 222.45 2.13 1.06 18.81 0.094
+11.54 +0.11 +0.06 +0.98 +0.005
B90 257.14 2.46 1.23 16.25 0.081
+5.77 +0.06 +0.03 +0.36 +0.002
B80 276.67 2.65 1.32 15.10 0.076
+2.89 +0.03 +0.01 +0.16 +0.001
B50 256.94 2.46 1.23 16.27 0.081
+10.10 +0.10 +0.05 +0.64 +0.003
BO 174.01 1.67 0.83 24.03 0.120
+5.77 +0.06 +0.03 +0.75 +0.004
Table 7

Weight loss* (wt%) upon accelerated weathering involving water spraying of
plasters cured for 56 days, including standard deviation.

B100 B9S B90 B8O B50 BO
19.72 20.81 19.63 19.93 9.22 5.60
+3.12 +2.12 +2.13 + 2.81 + 0.95 +0.03

" The weight gain (based on quantitative XRD) due to carbonation of por-
tlandite, ettringite, and/or stratlingite, as well as hydration of bassanite is
considered.

100 1 o—o e
_ 95 1
B>
:
= -e- B100
= 90 A
= -e- B95
H
-e- B90
2 85 4
E -e- B80
? e ] -850
-e- BO
75 +—

01 2 3 4 5 6 7 8 9 10 11 12 13 14
Weathering cycles

Fig. 8. Evolution of the sample weight during accelerated weathering of
plasters cured for 56 days.

presence of lime and the pozzolan additive. This is in line with findings
by Karni and Karni [48], suggesting the possible retardation action of
lime on bassanite hydration that might be explained by the “com-
mon-ion effect” (i.e., quicklime and bassanite share Ca®" as a common
cation) [49]. Following Le Chatelier’s principle, the addition of a com-
mon ion results in a shift in the chemical equilibrium that is balanced by
a reduction in the solubility of salts and other weak electrolytes in the
system. Reduced bassanite solubility might, thus, be responsible for the
delayed gypsum precipitation in the presence of quicklime [50,51].
However, several other (competing) reactions take place during the
hydration setting of ternary plasters and other factors such as pH [52],
the presence of magnesium [51,53], as well as the possible formation of
a passivation layer could have also played a role in delaying gypsum
formation. It is also possible that a small amount of CaSOy4 is incorpo-
rated into amorphous (ettringite-type) cementing phases at an early
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setting stage, which are not detected with XRD but could have resulted
in a slightly reduced gypsum content. Further studies, singling out each
potential factor (e.g., titration experiments) are required to determine
their effect on gypsum precipitation.

X-ray diffraction also evidenced the stabilization of various calcium
carbonate polymorphs in the presence and absence of calcium sulphate.
Fernandez-Diaz et al. [54] have described the stabilizing effect of sul-
fates in the case of vaterite, while their stabilizing influence on aragonite
is not well established. In a previous work [55], the authors found that
aragonite crystallization in 0.05 M NazCO3 aqueous solution was pro-
moted by a high SO3~/CO3 ratio and its transformation into calcite was
delayed in the presence of SO~ ions. The pozzolanic additive also seems
to exert a stabilizing effect on both metastable calcium carbonate
polymorphs, especially evident in the absence of calcium sulfate phases
(sample BO). This can be attributed to the small amount of magnesium in
this additive according to XRF analysis, being known to favor vaterite
and aragonite formation and inhibit calcite crystallization [56,57].
Alternatively, it could be argued that silica released upon
alkali-promoted dissolution of the glass phase in Metapor® as well as the
formation of CSH might have played a role in the stabilization of
metastable calcium carbonate polymorphs [58,59].

Prolonged curing or exposure to water vapor during WVTR testing
resulted in a decrease in ettringite and stratlingite. This is consistent
with the fact that almost complete portlandite carbonation has occurred
at this point, leading to a decrease in pH (i.e., the equilibrium pH of
portlandite and calcium carbonate being 12.4 and ~9, respectively).
Both hydrous phases are known to undergo carbonation (i.e., suffering
decalcification) as the pH of the system decreases, giving way to calcium
carbonate and/or alumina/silica gel and gypsum [25]. According to
Ghorab and Kishar [60] and McCague et al. [61], ettringite and
stratlingite are unstable at pH <11. These results cast doubts about the
role played by stratlingite on the durability of Roman concrete [62].
However, they also prove that deleterious delayed ettringite formation
does not take place in the studied ternary plasters. Various studies [25,
and references herein] show that not only calcite, but also vaterite and
aragonite (together with amorphous calcium carbonate as a precursor)
are often formed upon carbonation of hydrated calcium silicate phases,
which would explain the significant increase in vaterite and aragonite
during prolonged curing. However, metastable phases (vaterite and
aragonite) will eventually transform into the thermodinamically stable
calcite phase as evidenced by the decrease in vaterite during water vapor
permeability testing, vaterite being the least stable calcium carbonate
polymorph. The transformation process is accompanied by volume and
morphology changes, which could theoretically influence strength and
durability of ternary plasters and renders. Here, however, such effects
have not been observed.

The observed phase segregation might depend on several factors
such as the plaster’s drying kinetics influenced by environmental con-
ditions, the mix proportion, and the properties of constituents [63].
Indeed, hydration is much faster in the case of CaO and ~80 % hydra-
tion is obtained after only 10 min, while bassanite takes 44 min to reach
the same degree of hydration [32]. Moreover, the resulting portlandite
crystals are generally much smaller (i.e., < 1-2 pm in size), while gyp-
sum crystals often exceed 10 um in length, the density of portlandite
being slightly lower than that of gypsum (i.e., 2.23 and 2.36 g/cm?,
respectively). All these characteristics will have an influence on the
observed phase segregation and explain the formation of a lime-rich
surface layer.

Findings of this study show that porosity and pore size distribution
can be effectively controlled by varying the additive content. Consid-
ering the relatively wide range of (open) porosity values reported for
historic renders in plasters (i.e., 34 % — 52 % [9,64]), it appears feasible
to design plasters that fulfil compatibility requirements for replacement
materials for conservation and rehabilitation interventions. However, a
high additive content results in an increase in small pores (<0.5 pm
diameter), which might negatively influence durability as demonstrated
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Fig. 9. Weathering test. a) Aspect of disc-shaped plaster samples (cured for 56 days) after weathering involving water spraying. Grains visible in B95, B90, B80, and
B50 correspond to lime-rich particles according to XRD analysis. b) FESEM image of sample B95 showing partial dissolution and corrosion (arrows) of gypsum

crystals upon accelerated weathering.

by Rodriguez-Navarro and Doehne [65] for other porous substrates. This
could be an issue of concern, particularly in the case of the gypsum-free
plaster. It could, however, also be of advantage for certain con-
servation/rehabilitation interventions as these plasters could act as a
sacrificial layer (e.g., by selecting plasters with high open porosity and a
large volume of small pores to promote salt crystallization in replace-
ment plasters and prevent salt damage to original building materials).

4.2. Strength evolution and water vapor permeability

Pure gypsum samples show higher compressive strength than ternary
plasters and experience a 20 % strength increase upon prolonged curing
for 56 days that, according to Middendorf [4], could be related to a
densification of the plaster matrix due to dissolution-precipitation pro-
cesses. SEM images of a previous study [32] evidenced surface rough-
ening and crystal aggregation after prolonged curing involving water

nebulization, which could explain the observed improvement in me-
chanical strength.

The reason for lower strength of ternary plasters seems twofold: i) an
increase in additive content requires a higher water/solid ratio during
sample preparation (Table 2), which is known to have a negative effect
on mechanical properties as it controls the porosity and ultimately the
strength of the cured plasters [24], and ii) variations and changes in
crystal morphology and mineralogy also seem to affect strength, in
particular, upon prolonged curing involving water nebulization.
Strength evolution of ternary plasters shows, however, no clear ten-
dency upon curing because various (competing) chemical reactions are
at play, leading to mineralogical changes that can have opposing effects
on the compressive strength development. Overall, values show rela-
tively high standard deviation, complicating a comprehensive data
analysis. Bassanite hydration is generally associated with the formation
of a matrix of well interlocked elongated prismatic gypsum crystals,
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leading to high strength. However, the presence of additives influences
the crystal habit as evidenced by an increase in the 020/121 gypsum
Bragg peak intensity ratio (Table 3), suggesting the formation of more
plate-like, blocky crystals with less capacity to form a well interlocked
matrix as reflected by the decrease in compressive strength in plasters
with additives. Nevertheless, this strength reduction is probably in part
counteracted by the formation of ettringite, the positive effect on the
mechanical properties of these needle-shaped crystals being long known
[18, and references herein]. Upon further curing, ettringite decompo-
sition is observed, which, nevertheless, does not necessarily lead to a
decrease in compressive strength. Indeed, samples containing 50 wt%
additive (B50) reveal a small strength gain after 56 days of curing, likely
related to the formation of additional gypsum upon ettringite decom-
position (Table S1). In the absence of gypsum (BO0), the formation of
stratlingite seems to be essential to obtain high compressive strength
(~20 MPa) as such high mechanical resistance is commonly not ach-
ieved in plasters containing mainly calcium-carbonate polymorphs (see
below).

Portlandite carbonation does not appear to play an important role in
improving mechanical properties. Indeed, samples containing 20 wt%
additive (B80) show no improvement in compressive strength despite
the formation of additional calcite upon prolonged curing. To this
respect the comparatively low compressive strength of lime plaster
(<10 MPa) as compared to gypsum plaster has to be considered [4,32,
66]. However, possible (limited) strength gain will depend on the
polymorph formed upon carbonation. In some samples a significant
amount of vaterite forms upon carbonation that will likely not
contribute to a significant increase in strength considering the spherical
habit of this phase [67]. Aragonite, in contrast, having a needle-shape
habit, is known to improve strength in cement [68] and could be
responsible for the slight strength increase in samples containing 50 wt
% additive (B50). It might also have compensated the potential strength
loss due to limited stratlingite carbonation upon prolonged curing in
samples containing only lime and pozzolan (B0O) (Table S1).

Water vapor permeability of ternary plaster does not vary greatly
and is close to that of pure gypsum. Their diffusion resistance factor
value (u, representing the ratio of the diffusion coefficients of water
vapor in air and in the building material) is close to that reported by
Dolezelova et al. [16] for ternary plasters with 77 wt% gypsum (i.e.,
18.85). In order to facilitate water transport (in liquid or vapor form)
and avoid the creation of a barrier that could accelerate damage due to
scaling, restoration renders and plasters should have similar water vapor
permeability to the original material [9,69]. Suitable rendering and
plastering mortars should have a resistance factor (u) <15 according to
UNE-EN 998-1a [70]. Note that this standard refers to lime-rich mate-
rials but no such standard is available for plasters with high gypsum
content. With the exception of sample B0, all ternary plasters reveal
resistance factor close to the specified value. The vapor permeability (Sq)
values of all ternary plasters, with the exception of samples BO, fall also
within the range reported for historic gypsum plasters by Freire et al. [9]
(i.e., 0.050-0.094 m), suggesting that compatible materials for reha-
bilitation and conservation interventions could be designed by varying
the gypsum/additive ratio as shown here.

4.3. Energy consumption

Calculations related to energy consumptions were performed taking
into account published data of the embodied energy of the various
building materials, which were compared to the estimated embodied
energy of Metapor®. Considering published embodied energy values for
metakaolin (Table 8), it is evident that energy consumption could be
reduced by 25 % by replacing this pozzolanic additive with Metapor® in
ternary plasters and renders. The results of this study reveal that up to
50 wt% of the lime-pozzolan mixture can be replaced with gypsum to
produce ternary plasters with improved weathering resistance and
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Table 8

Embodied energy (MJ/kg) of building materials and plaster mixtures.
Material Embodied energy (MJ/kg) Ref.
Cement 6.2% [71-73]
Metakaolin 2.7% [74]
Lime 5.3* [72,75,76]
Gypsum (plaster) 2.9* [72,77]
Metapor® 2.0%*
B100 2.9
B95 3.0
B90 3.0
B80 3.2
B50 3.6
BO 3.7

" average values
" to estimate MJ/kg of Metapor®, the embodied energy of metakaolin
without the energy consumption for calcination (i.e., 0.7 MJ/kg [73]) has been

considered.

reasonable strength. These ternary plasters (B50) as well as binary
plasters (BO) containing lime and Metapor® have the potential to sub-
stitute cement-based plasters and renders, facilitating a reduction in
energy consumption of ~40 % and, thus, offering a more sustainable
alternative to conventional building materials.

5. Conclusion

Findings of this study show that only a high additive content (50 wt
% lime and pozzolan) is able to significantly improve weathering
resistance of ternary plasters. Furthermore, cementing phases such as
ettringite and stratlingite formed upon curing undergo decomposition
due to carbonation over time if exposed to high RH environments. Thus,
it seems not very likely that the formation of pozzolanic reaction
products is responsible for the often reported superior performance of
traditional gypsum. However, the additive content has been proven to
control bassanite hydration according to our hydration kinetics study. It
thus appears feasible to design ternary plasters for specific application
by selecting an adequate additive content to adjust their setting behavior
and physico-mechanical properties (e.g., open porosity, pore size dis-
tribution, and compressive strength). In the context of practical plaster
application, the phase segregation phenomenon and inhomogeneous
additive distribution (lime lumps) have to be studied further, especially
in relation to surface roughening upon weathering to avoid these
aesthetic deficiencies.

In comparison with pure gypsum plaster, strength loss has to be
expected in the case of ternary plasters, even though, all fulfill common
compressive strength requirements. Both, increased water/solid ratio as
well as changes in the mineralogical composition, seem to contribute to
the strength decrease. Thus, further studies involving plaster mixtures
with varying additive content and constant water/solid ratio would be
necessary to unambiguously identify the key parameter for strength
development (i.e., variations in water/solid ratio or mineral composi-
tion). Strength testing also reveals significant variations due to phase
changes or embrittlement upon long-term curing, suggesting that the
commonly accepted standard curing period of 28 days might not be
sufficient to adequately characterize mechanical properties. Impor-
tantly, the precipitation of harmful, soluble alkali carbonates and sul-
fates or deleterious delayed ettringite formation is not detected in
ternary plasters. Nonetheless, additional salt leaching tests should be
performed to guarantee the innocuousness of the ternary plasters,
particularly when applied for built heritage conservation.

Finally, the commercial recycled pozzolanic additive Metapor®
proves to be a suitable replacement for industrially produced meta-
kaolin. Binary plasters and ternary plasters with high additive content,
prepared using gypsum and/or Metapor® and lime, show improved
weathering resistance and reasonable compressive strength (9-20 MPa),
with the advantage of utilizing an industrial by-product that, as
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compared to industrially produced metakaolin, does not require addi-
tional energy for its calcination.
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