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Abstract

In high-performance concrete (HPC) subjected to high temperature during tunnel fires,
the build-up of vapor pressure due to dehydration of the cement hydration products cannot
be re-lieved due to the very low porosity and permeability of this type of concrete, often
resulting in explosive spalling. Explosive spalling may cause devastating damage of the
tunnel structure, which threatens both, civilians and emergency response units.

This work suggests a potential application of silica aerogel in the protection of concrete linings,
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which consists in decorating the surface of HPC structures with a highly-insulating aerogel-
cement mortar layer, with the aim of delaying the heating of the HPC and extending the perfor-
mance of the main concrete structure of the tunnel under fire. The main aim of this study is
investigating the impact of the microstructure, with special focus on the pore structure, on the
thermal conductivity and the mechanical properties of the aerogel mortars. In particular, the
integrity of the aerogels in the mortars, both in the mixing process and the possible long-term
chemical degradation, was a main concern. Finally, a preliminary test of the performance
against fire spalling was performed. While aerogel-containing mortars were able to protect HPC
cubes from fire spalling under a specific thermal loading protocol, the thermal conductivity and
the mechanical properties obtained were similar to those of cellular concrete in the same range
of total porosity. A possible explanation of the lower-than-expected insulation performance is
the partial degradation of the aerogel filler by reaction with the alkaline pore solution of the
mortars. Implications of these new findings on aerogel-cement mixtures are also discussed.

Keywords: tunnel; fire spalling, aerogel cement mortar, high-performance concrete.

1. Introduction

The numerous catastrophic tunnel fire events that have occurred during the past decades, e.g.
the St. Gotthard fire (2001) in Switzerland and the Mont-Blanc Tunnel fire (1999) in France-
Italy [1, 2], have increased the interest in structural fire safety of large underground facilities
and have highlighted the importance of increasing the fire resistance in materials and structural
design of tunnels. Tunnel fires are characterized by high peak temperatures, rapid heating rates,
long durations and non-uniform temperature distributions within the tunnel. The temperature
gradient over the cross section of the tunnel linings induces large stresses due to differential
thermal expansion [3, 4]. At the same time, heating of the concrete causes evaporation of capil-
lary and gel water and, in particular starting at about 200-250 °C, dehydration of the cement

paste, which leads to shrinkage and progressive degradation of the matrix [3, 5]. The pressure



of the water vapor confined in the pores of the cement paste increases with the temperature.
While in conventional concrete the relatively high porosity of the matrix allows this pore pres-
sure to dissipate, this is not the case for high-performance concrete (HPC) with low water-to-
cement ratio (w/c) and very low porosity and permeability [6, 7]. As a consequence, HPC has
been shown to be prone to explosive spalling when combinations of thermal stresses, pore pres-
sure and external loads locally exceed the tensile strength of the concrete [3].

In recent years, intensive research has been dedicated to develop effective methods to limit
or even prevent concrete thermal spalling by material design. Steel-fiber reinforced concrete [§]
has been reported to have good resistance to high temperatures, possibly by limiting the prop-
agation of macroscopic cracks. The most successful strategy is based on the addition of syn-
thetic (mostly polypropylene, PP) fibers, alone or in combination with other admixtures such
as air-entraining agents or superabsorbent polymers [9-12]. This approach is based on the fact
that, upon melting of the PP-fibers, empty channels are created through which the water vapor
escapes before high pressures can build up. The combination of fibers of different nature (e.g.,
steel and PP-fibers [13]) was also effective.

However, while such strategies may delay or avoid fire spalling and improve the structural
behavior during fire, they lead to serious degradation of the main structure of the tunnel, which
needs often to be rebuilt even if the fire has been brought under control after a short period.

On the other hand, a protective layer that can efficiently insulate the structural concrete and
delay the temperature increase during fire may constitute a valid alternative to prevent explosive
spalling. This approach would also allow to maintain the structural performance of the main
concrete shield structure and to avoid or reduce costly repair, especially in the case when the
tunnel fire can be rapidly brought under control. Obviously, the material for the insulation layer
needs to possess high thermal resistance and stability at high temperatures, since in many ap-
plications it will need to be applied only in relatively thin layers (typically, a couple of cm at

most). Some studies describe the use of thermal barriers to protect the concrete. However, with
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the limited thickness (40-80 mm) that is compatible with clearances in a tunnel, the insulating
performance of some commercial products was found to be insufficient and the underlying con-
crete is protected only for about 40-130 mins under fire conditions.[14] On the other hand, in
Terrasi et al. [15] a 10-mm thick mineral fire protection coating (a commercial spray-coated
cement-bonded glimmer mortar) applied onto the whole fire-exposed concrete surface was ef-
fective in increasing the fire resistance of a 45 mm-thick HPC slab prestressed with tendons
made of carbon-fiber-reinforced polymer. Klingsch et al. [16] applied different thicknesses (10
to 50 mm) of two different commercial lightweight protective mortars to HPC slabs. Both pro-
tective mortars were effective in avoiding fire spalling for 120 minutes of exposure to an ISO
fire [17], except for one case with the minimum thickness of the mortar layer. Similar results
were obtained later also by Lu [18], in whose experiments with a mortar layer of 10 mm thick-
ness, spalling was only delayed and it was more violent and deeper reaching than for the un-
protected concrete. From these results, it is clear that there is scope for improving the properties
of insulating mortars used for fire protection.

Aerogels are a class of materials with ideal thermal insulation properties. Due to their mes-
oporous network structure, the gas conductivity is strongly suppressed by the Knudsen effect,
leading to record-low total thermal conductivity values, typically in the range of 0.013 - 0.020
W-m!-K! at 25°C and atmospheric pressure [19]. Aerogels can be made from silica [20-25],
carbon [26-29], different organic materials [30-32] or organic-inorganic composites .[33, 34]
Among them, silica-based aerogels are characterized both by good temperature resistance [35-
37] and a straightforward fabrication process [38-40].

Aerogel-based cementitious composites have been the object of growing interest in the last
few years. Ratke [41] was the first to report a concrete composite loaded with 70 vol. % silica
aerogel granules that showed excellent fire resistance. In particular, an aerogel concrete plate
with 50-mm thickness was able to maintain a temperature below 60 °C on the cold side upon

exposure of the opposite side to a fire at 1000 °C for 2h [41]. Gao et al. [42] described an aerogel
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concrete with 60 vol. % aerogel granulate loading, displaying an average compressive strength
of 8.3 MPa and thermal conductivity of 0.36 W m™'K™!. In the same study, the authors further
observed that the air void content was close to zero in these aerogel containing mortars.

One main concern when incorporating silica-based aerogels into a Portland cement mortar
1s the possible chemical dissolution of the silica aerogels by the pore solution. The pore solution
has a pH > 13 and is well-known to dissolve all types of silica, for example in the alkali-silica
reaction that causes expansion of aggregates and cracking of concrete [43-45] or in the poz-
zolanic reaction of silica fume [46, 47]. In principle, silica aerogels, due to their very high sur-
face area, are expected to be particularly reactive and may be partially or totally dissolved upon
contact with the pore solution. However, according to Gao et al. [48], acrogels were found to
be stable in Portland cement composites when silica fume was added to the mixture, presumably
because the silica fume was acting as a sacrificial filler and was reacting before the hydrophobic
and thus somewhat better protected aerogel phase. However, if the internal structure of the aer-
ogels is degraded or partially dissolved by reaction with the pore solution, aerogel particles may
partially collapse, lose some of their insulating properties and allow further gas conduction
losses through the resulting gap between the cement matrix wall and the partially collapsed
aerogel particle. From the literature, different strategies are known to reduce the pH-value of
the pore solution, for example addition of silica fume [49] or utilization of less alkaline ce-
mentitious binder systems, for example calcium sulfoaluminate binders [50, 51]. However, it
remains still unclear what level of alkalinity is tolerated (both, short and long-term) by the aer-
ogel fillers under real application conditions. Aerogels composites with weakly alkaline binders
such as gypsum mortars have also been reported [52], however those are not suitable for direct
contact with HPC in the presently envisaged application (see, e.g., [53]).

In this work, we suggest a simple approach to avoid or limit explosive spalling of shield

concrete in a tunnel by decorating the surface of HPC structural elements with aerogel-cement



mortars. Aerogel mortars are a comparatively new class of materials, for which limited charac-
terization is available in the literature and many open questions remain, e.g. about the short
term (during mixing) and long-term (due to chemical stability in the pore solution) integrity of
the aerogels. To allow a systematic design of these mortars for the intended applications, the
microstructure, the pore structure, the thermal conductivity and mechanical properties of the
mortars were studied in depth. In addition, a preliminary assessment about the performance of
the aerogel mortars against fire spalling of HPC has been performed, covering only a limited
number of samples with one type of acrogel mortar. The aerogel mortars studied in this paper
are different from commercially-available lime-based renders,[54] which have higher aerogel

content and are characterized by reduced alkalinity and extensive carbonation.

2. Materials

2.1. Materials and aerogel-cement mortar preparation

Mortars were prepared by a two-step mixing. First, dry cement, sand, silica fume and aerogel
particles were mixed in a 1.75-1 barrel. Then, a solution of water and superplasticizer was added
and the mixture was further stirred until it became homogenous. The cement used in this study
was a CEM 1 52.5 R ordinary Portland cement (particle density: 3150 kg/m?, Blaine fineness).
Silica fume (particle density: 2200 kg/m?) was added to increase the strength of the matrix. A
superplasticizer (polycarboxylate ether, PCE) in liquid form was employed. An alluvial sand
(particle density: ~ 2680 kg/m?) was sieved to particle sizes 0.5-2 mm. Hydrophobic aerogel
granules (P300, particle size 1.2-4 mm, particle density: 125 kg/m?) were received from Cabot,
Germany. De-ionized water was used.

The water—binder ratio (w/b) was set to 0.40, where the binder is the sum of cement and silica
fume, whose content was 10 wt. % of the binder. The superplasticizer content was 1 % of the
binder phase. While the volume of aggregates (sand + aerogel) was 67 vol. % for all mortars,

the relative volume of sand and aerogel was varied systematically between the mixtures. In the
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calculation of the mix proportions, the air content was assumed to be 2 vol. % in the reference
mortar without aerogels. For the aerogel mortars, following the observation in [42] (see intro-
duction), the air content was assumed to be zero. The composition of the mortars (based on the

density of the constituents and on the assumed air content) is reported in Table 2.

Table 2. Mix proportions of the mortars (g).

Sample  Water Cement  Silica superplasti- Sand  Aerogel Aerogel
code fume cizer granule  fraction
(vol. %)
RefC 54.29 115.20 12.80 1.29 52444 0 0
AeroC 1 54.29 115.20 12.80 1.29 26222 12.24 33
AeroC2 54.29 115.20 12.80 1.29 196.66 15.30 42
AeroC3 54.29 115.20 12.80 1.29 131.11 18.63 50
AeroC4 54.29 115.20 12.80 1.29 65.55 21.43 58
AeroC5 54.29 115.20 12.80 1.29 0 24.49 67

Well-mixed slurries were poured into stainless steel prismatic molds (40 x 40 x 160 mm?) to
produce specimens for mechanical testing (bending strength and compressive strength) and a
cylindrical plastic mold (960 mm % 15 mm) for ambient thermal conductivity measurements.
As prepared samples were kept sealed in their steel molds in a controlled atmosphere at 20 +
0.3 °C and RH >95% before demolding. Subsequently, the samples were cured in the same
atmosphere for either 7 days or 28 days. For each composition, three identical samples were

prepared and characterized.

2.2 Preparation of high-performance concrete cubes coated with aerogel mortars

To allow a preliminary evaluation of the effect of aerogel mortars on the explosive thermal



spalling of HPC, five 150 x 150 x 150 mm? cubes were prepared for one-side thermal loading.
After casting, the HPC samples (see Table 3 for the mix composition) were kept at >95% RH
and 20+0.3 °C. This HPC composition was chosen because it systematically spalled in previous
studies with the same heating regime. At the age of 1 day, the samples were demolded and
stored in a >95% RH and 20+0.3 °C climatic room. At the age of 140 days, four HPC cubes
were coated with the AeroC 3 mortar (see Table 2 for the mix labels). Mortar layers of 13, 18,
42 and 48 mm thickness were applied onto one face of the concrete cubes; these layers corre-
spond to a layer of minimum thickness (which resulted on average 13 or 18 mm on two distinct
cubes) and a layer of about twice the minimum thickness (42 or 48 mm on average on two
cubes). Before performing the thermal spalling tests, the samples were cured in a >95% RH and
20 £ 0.3 °C climatic room for 7 days, then they were moved to a 70% RH and 20 + 0.3 °C

climatic room for 3 days.

Table 3. Mix composition of HPC [kg/m’]

Cement CEM 152.5R 488
Silica fume 122
Aggregate 0-4 mm 1582
Superplasticizer 8.54
Water 189.1
w/b 0.31

Before the one-side thermal loading, the samples were insulated with high-temperature resistant
aluminum tape (3M High Temperature Aluminum Foil Tape 433) from four sides and the top
surface to prevent vapor loss and facilitate explosive spalling. Due to the moisture sealing of
the lateral surfaces with high-temperature resistant aluminum tape, the cubes behave similarly
to samples with larger dimensions in the direction perpendicular to the heating direction. The
same HPC mix design and vapor insulation were used in a number of studies on moisture move-
ment in concrete due to one-side thermal loading [55-58]. The sides of the cubes were in addi-

tion thermally insulated with 20 mm-thick layers of foamed glass.



3. Methods

3.1 Measurements of density

The solid skeleton density was obtained from the skeleton volume, determined by helium pyc-
nometry (AccuPyc II 1340, Micromeritics, US). The bulk densities were determined from the
mass and volume measured by powder pycnometry (Micromeritics, GeoPyc 1360) with a low
confining force of 4 N (corresponding to ~35 kPa) to reduce excessive compression of the (weak)
aerogels during the measurement.

In addition, a second, independent estimation of the bulk density was obtained by measuring
the mass of the prismatic specimens (40 x 40 x 160 mm®) immediately before the strength

measurements (see section 3.5).

3.2 X-ray micro-tomography

X-ray micro-tomography was performed at the Center for X-ray Analytics at Empa with a cus-
tom-developed instrument consisting of a Perkin Elmer XRD 1621 CN2 ES® flat panel X-ray
detector (Perkin Elmer), with 2048 x 2048 pixels of physical size p =200 um and a VISCOM
XT9160 TXD X-ray source (Viscom AG), based upon a 6 um-thick tungsten target and a min-
imum focal spot size of a few um for the electron beam.

The X-ray source voltage and current were 90 kV and 110 pA, respectively. The tomographic
measurement consisted in acquiring 2401 radiographs at different sample orientation angles
between 0° and 360°. The geometrical magnification factor, M, of the micro-tomography meas-

urement depends upon the source-to-detector distance, dgp, and the source-to-specimen dis-

: . d
tance, dg,, according to the equation M = dSD

. In our case, dsp = 1017 mm, dg= 36.5 mm,
Ss

thus M=27.86, leading to an effective pixel size for the radiographs and effective voxel size for

the tomogram p = 557 .2 um (this value varied slightly among the different samples).



Any kind of tomographic imaging method produces 3D images, usually called tomograms. De-
pending on the type of physical radiation used for performing tomography, the tomogram is a
3D spatial distribution of a physical variable (in short, a scalar field). In the case of standard X-
ray tomography (also called X-ray attenuation-contrast tomography, used in this work), the sca-
lar field is the X-ray attenuation coefficient u of the specimen, which is directly proportional to
the volumetric mass density, p, and to a power of the effective atomic number, Z¢#, with n being
typically a number between 3 and 4 [59].

Any kind of tomogram is not a direct image, meaning the direct output of the measurement
process itself. It is rather the results of a mathematical reconstruction, obtained with a tomo-
graphic reconstruction algorithm, starting from a set of raw, direct images. Such images are 2D,
projection images, usually called radiographs and acquired at distinct angles, within 360°, of
orientation of the specimen around its vertical axis. From such set of projection at distinct an-
gles, Fourier transform of the scalar field can be estimated, thus the actual scalar field can be
finally sampled (or “reconstructed”) [59].

In our specific case, the tomographic reconstruction from the set of 2401 radiographs was per-
formed with the implementation of state-of-the-art cone beam filtered back-projection algo-
rithm [60] in the Octopus Reconstruction software by XRE (https://xre.be). Such algorithm was
run with standard settings, without special pre-processing of the radiographs, e.g., without need

of correction for beam hardening-induced artifacts.

3.3 Scanning Electron Microscopy

A sample of aerogel mortar AeroC 3 was dried in an oven for 3 days at 50 °C. Afterwards, it
was impregnated with epoxy resin in vacuum (without applying external pressure, to preserve
the structure of the aerogels), cut, polished and carbon coated. A ThermoFisher Scientific/FEI
Nova NanoSEM 230 in high vacuum mode was used for imaging (3.0-5.0 x 10 Torr) with an

acceleration voltage of 12 kV, a spot size of 4.5 and a beam current of 210-240 pA. A Qxford
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SSD detector (80 mm?) and INCA Energy software with ZAF correction were used for energy

dispersive X-ray spectroscopy (EDS) analysis.

3.4 Brunauer-Emmett-Teller (BET) specific surface area.

Nz-sorption BET analysis is commonly used to estimate the surface area and to characterize the
pore structure of porous materials. It probes the interaction between a gas, e.g., N2, and an
adsorbent and it can measure specific surface areas down to 0.01 m? g and pore diameters in
the range of 0.3 to 100 nm [61]. When applied to mortars with varying aerogel contents but
constant cement paste volume, the BET surface area is expected to correlate with the amount
of aerogels in the mortars. In addition, the BET surface area measurements are also employed
here to verify whether the pore structure of the aerogels in the mortars is intact. Nitrogen ad-
sorption and desorption isotherms at — 196°C were measured on an ASAP 2020c instrument
(Micromeritics, USA) with 10 s equilibration time. The specific surface area of the samples was
determined by using the Brunauer—Emmett—Teller (BET) theory employing the range between
0.0 and 0.3 relative equilibrium pressure p/po, p being the applied pressure and po the N2 con-

densation pressure at the measurement’s temperature.

3.5 Bending and compressive strength

Bending strength and compressive strength of the aerogel mortars were determined for 15 and
31 day aged specimens, except for AeroC 4 and AeroC 5, where, due to logistics, the first meas-
urement age was moved up in the schedule to 10 and 7 days, respectively.

While the bending strength was measured on three prismatic samples (40 x 40 x 160 mm?) at
each age, the compressive strength was measured on the six half-prisms that resulted from the
bending tests. The procedure for strength measurements was based on the European standard

EN 196-1.
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3.6 Thermal conductivity

The thermal conductivity was measured on 2 different devices: the smaller cylindrical aerogel-
cement mortar samples (@60 mm x 15 mm) were measured on a custom-built guarded hot plate
device (guarded zone: 50 x 50 mm?, measuring zone: 25 x25 mm?) with a 15 "C temperature
difference, which was originally designed for small samples of low thermal conductivity mate-
rials [54]. In order to be consistent with measurements according to the European Standards EN
12667, calibration measurements were carried out using conventional expanded polystyrene
samples measured once in a 500 x 500 mm? calibrated and validated testing equipment. The
small guarded hot plate measurement data was then calibrated using these known standards.
Note that a high measurement uncertainty (20%) is expected for the aerogel-cement mortar
samples with relatively high thermal conductivity in the range of 0.1-1.0 W/(m K).

The plain concrete sample (250 x 250 x 50 mm?) was recorded on a heat flow meter (HFM)
according to ISO 8301: 1991, with 3% uncertainty. In this case, the small uncertainty is due to
the precise surface temperature measurement of the attached thermocouples on the surface of

the sample.

3.7 Evaluation of explosive spalling

Thermal loading was performed from one side of the specimens (corresponding to the side
coated with aerogel mortar, except for the case of the reference, uncoated HPC) using a heating
plate [62]. The heating process started from room temperature and the temperature of the plate
was increased uniformly up to a maximum temperature of 600 °C within about 40 minutes. The
maximum temperature was kept for 2 hours, followed by free cooling down on the heating plate
in ambient air. The outcome of this test was evaluated only qualitatively, as either “spalling” or
“no spalling”.

The aim of the high-temperature spalling tests was to give a preliminary assessment of the

potential of these aerogel mortars to protect concrete from spalling during high temperature
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exposure. While both the maximum temperature reached and the heating rate are lower than
might be encountered at the surface of concrete directly exposed to tunnel fires, at a certain
distance from the fire there will be locations where the surface will heat up at slower rate and

reach lower final temperatures.

4. Results and discussion

4.1. Distribution of aerogel granules and macroporosity of mortars

The aerogel granules could be easily mixed with cement before and after adding water, which
is consistent with reports in the literature (e.g., [42]). To assess whether the aerogel particles
remained intact during mortar mixing and whether they were homogenously distributed in the

hardened mortars, X-ray micro-tomography was employed (results shown in Figs. 1 and 2).
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Figure 1. 2D digital cross-sections (ortho-slices) from the X-ray tomogram (3D image) of each
aerogel mortar specimen. a) reference mortar, without aerogel granules,; b) AeroC I, c¢) AeroC
2; d) AeroC 3; e) AeroC 4. Voxel size = 6.7 um, 7.8 um, 6.9 um, 7.3 um and 6.2 um for the

respective specimens.
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Figure 2. Mutually orthogonal 2D digital cross-sections (slices) of the X-ray tomogram of the

AeroC3 specimen.

Figure 1, parts a to e, shows 2D digital cross-sections (slices) of the X-ray tomograms of aerogel
mortar specimens with different amounts of aerogels (see Table 2 for the mixture compositions).
The voxel value in such tomograms (3D images) is positively correlated with the X-ray linear
attenuation coefficient, which itself is directly proportional to the electron density n, and to a
power of the atomic number Z. Brighter voxel values in the images in Fig. 1 mean higher X-
ray attenuation due either to higher local density or to the presence of higher Z elements or to
a combination of the two.

The increasing volume of aerogels incorporated into the mortars is clearly visible already in the
tomographic slices. Figure 2 shows three mutually-orthogonal slices of the X-ray tomogram of
an AeroC3 specimen, the same from which the slice in Fig. 1D was obtained. In this 3D view,
the spatial distribution of pores, large and small, is even more evident, pointing to a cellular-
/foam-like structure of the specimen at that particular aerogel loading. While the porosity varied

considerably over the different regions within the examined samples, the global macroporosity
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(comprising aerogel particles and air voids), as estimated from the 3D image analysis of the X-
ray tomograms, was found to be in most cases in good agreement with the theoretical values
calculated on the basis of the mixture compositions of the mortars (see Table 4). The differences,
never larger than 5% absolute porosity, may be due to the observed inhomogenous distribution
of the aerogel particles within the small mortar volumes that were measured by X-ray micro-
tomography. A better agreement, albeit at the cost of spatial resolution, may have been obtained
by imaging larger mortar samples.

While the good agreement between the porosity of the mortars measured by X-ray micro-to-
mography and the calculated values shown in Table 4 indicates that no major crushing of the
aerogels during mixing took place, some degree of fragmentation of the original aerogel gran-

ules cannot be excluded based on volumetric considerations alone.

Table 4. Calculated and measured macroporosities (including aerogel particles) of the aerogel

mortars in % by volume of the whole mortar.

Sample  Calculated Tomography

RefC 2.0 2.6

AeroC1 333 33.6
AeroC2 41.7 36.7
AeroC3 504 43.7
AeroC4 583 57.5
AeroC5 66.7 N.A.

12 vol. % of air voids was assumed only for RefC

4.2. Density of the aerogel mortars
The density of the mortars, measured both by pycnometry and by mass and volume measure-

ments on macroscopic samples (see Section 3.1), is shown together with calculations based on
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the mixture compositions of the mortars. The density values obtained from the bulk samples
are within 1.5% of the densities calculated based on the mixture compositions, except for AeroC
5 where the calculated density is about 4% lower. The calculations assume that the mortars with
aerogels contained no large air voids (see [42]) and they do not take into account that the mortars
were cured in a room at high RH and may have experienced limited mass (i.e. moisture) uptake
during curing. The results from pycnometry were almost always higher and generally suffered

from higher scatter, possibly due to the small sample sizes that were examined.

Table 5. Calculated (based on mix composition, see Table 1) and measured densities of the
aerogel mortars in kg/m>. The values between brackets are the standard deviations (when ap-

plicable).

Sample  Calculated Bulk samples Pycnometry

RefC 2315 2288(7) 2317(32)
AeroC 1 1559 1555(11) 1638(44)
AeroC?2 1347 1339(17) 1512(25)
AeroC3 1126 1140(20) 1086(3)

AeroC4 920 926(30) 945(49)
AeroC5 707 737(26) 768(50)

1'2% of air was assumed only for RefC

4.3. SEM investigation

The microstructure of the aerogel mortar was investigated by SEM analysis. A typical sample
(AeroC 3) clearly shows aerogel particles embedded in the cement paste matrix (Fig. 3). The
individual aerogel particles are clearly distinguishable from both, the cement paste and the cav-
ities (filled with epoxy after impregnation), which appear between the aerogel particles and the

cementitious paste. Along the walls of the voids, single or multiple layers of reaction product
17



material are recognizable. Typically, different layers at the interface between aerogel particle
and cement matrix are clearly identified and show some variation in the backscatter intensity in
SEM (which is related to atomic number and density). The backscatter intensity is higher in
direct contact to the cement paste and on the inner side of the wall, suggesting at least a partial
dissolution of the original silica aerogel (Fig. 4). This is further supported by the presence of
dark voids (filled with epoxy), where presumably the silica aerogel has been completely dis-
solved. EDX analysis performed on the interfacial region indeed shows that the silica of the
aerogel particle reacted with the pore solution of the mortar, forming a low Ca/Si-ratio calcium-
silicate-hydrate (C-S-H) interfacial layer, with aluminum and alkalis as minor constituents. The
increased backscattering intensity is the result of an increased atomic Ca/Si-ratio (Fig. 5).

Fig. 6 shows a zoom on a different reactive interface where two distinct morphologies are vis-
ible, in particular a dense C-S-H gel layer and a rather porous structure. This latter structure
may stem from a partially collapsed aerogel layer, which may have delaminated from its parent
particle or the rest of the parent particle may have been lost during SEM sample preparation.
By examining the preserved structure of this porous reaction product layer, the ubiquitous pres-
ence of calcium confirms the reaction between the original silica aerogel and the mortar's pore
solution (Fig. 7). However, the extent of the reaction varies from particle to particle and also

locally and hence cannot be quantified in this work.
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det HV mag| WD |spot
BSED | 12.0 kV |[400 x| 8.5 mm | 4.0

Figure 3. Microstructure of the AeroC 3 sample imaged by BSE-SEM, in which the aerogel
particles are recognizable as darker gray inclusions embedded in the cement paste (lighter

shade of gray, with unhydrated cement in white).

det HV N WD |spot
BSED | 12.0kV[10000x| 6.1 mm| 4.0

Figure 4. Interface between aerogel particle and cement paste observed in the AeroC 3 sample.
The marked EDX line scan marks the thickness of the reacted product phase. The data are

presented in Figure 5.
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Figure 5. Ca/Si-ratio across a reacted product phase in the AeroC 3 sample representing the
interface between the aerogel particle and the cement paste, as indicated in Figure 4. Contact

to the cement paste is at a distance of zero.
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Figure 6. SEM image in the AeroC 3 sample showing a multilayer C-S-H reaction product phase
stemming from the partial dissolution of an aerogel particle with dense and porous layers. The

marked EDX line scan is presented in Figure 7.
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Figure 7. Ca/Si-ratio from the cement paste (left up to a distance of 2 um) across the multilayer
reaction product phase in the AeroC 3 sample. The location of the scan is indicated in Figure

6.

The results presented in Figures 3-7 suggest that the silica aerogel particles are partially dis-
solving in the alkaline environment provided by the hydration of the cement clinker in the mor-
tar. The reaction between the pore solution and the aerogel particles leads to the formation of
C-S-H with a generally low Ca/Si-ratio, ranging from 0.3 to 1.6. Higher Ca/Si-ratios in the
reaction product layer (Figure 6) were observed in direct contact with the cement paste. How-
ever, calcium was also present in the porous reaction product layer further away from the inter-
face. As a result of the chemical reaction between silica and pore solution, part of the mesopo-

rous silica aerogel phase seems to convert to Ca/Si gel.

4.4 BET specific surface area

The specific surface area obtained from BET is displayed in Figure 8, in which the average
values and the standard deviation of two measurements are shown. While the scatter of the
measurements is high, it is remarked that the highest values for both volume and surface area

were found in the mortars with the highest amounts of aerogel. If one supposes that the acrogel
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phase and with it the surface area of the aerogels (measured separately as 720 m*/g) were to
remain completely intact in the mortar samples (neglecting the reaction with the pore solution
that was discussed above) and that the sand has negligible contribution to the BET surface, one
can estimate the BET surface area of the mortars as a weighted average of the surface area of
the aerogel and the cement paste, respectively (see dashed line in Figure 8). For this calculation,
the contribution of the cement paste was obtained based on the experimental results of the ref-
erence mortar without aerogels as 15 m*/g, which is within the range of values reported for
Portland cement pastes [63, 64]. Albeit the BET surface area has been shown to vary widely
depending on the porosity of cement pastes [65], the drying conditions and the measurement
protocol [66, 67], in this case the aerogel phase is the main contributor to the measured surface
area (compare the blue and the red line in Figure 8), despite the relatively small mass loadings.
As evident from Figure 8, the calculated BET surface (dashed red line) matches the measured
ones within the experimental error. Although the formation of a Ca/Si gel of high surface area
[68] along the aerogel/cement paste interface could affect the results, its contribution to the
surface area is expected to be minor. Indeed, the BET results confirm that the majority of the

aerogel phase remains intact within the aerogel mortars examined in this study.
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Figure 8. BET specific surface area of aerogel mortars with different amounts of silica aerogels,
plotted against their calculated porosity (see Table 2). The data points show experiments with
standard deviation from two repetitions, while the dashed red line shows calculations according
to a mixture rule (see text for details). The lower blue line shows the contribution of the cement

paste only.

4.5. Mechanical properties of the aerogel mortars

All the flexural and compressive strength results, including the respective different curing ages,
are reported in Table 6. While some strength increase between 15 and 31 days was measured in
the reference mortar, the effect of curing age becomes lower as the strength declines and the

scatter increases with aerogel amount.

Figure 9 shows plots of the bending and compressive strength after 31 days curing as functions
of the porosity (i.e., the sum of the air voids and the aerogel volume calculated from the mixture

composition, see first column in Table 4). A good fit of both the flexural and the compressive
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strength (R2 of 0.985 and 0.994, respectively) can be obtained with the following simple rela-
tionship (originally by Balshin [69]), often applied for cementitious materials and in particular

for cellular concrete (see e.g., [70-73]):

f@=f-A-p)" (1)

where f [MPa] is the strength, fo [MPa] is the strength at zero porosity (usually estimated by
regression), p [-] is the porosity and »n [-] is an exponent that is usually between 3 and 5 for
cementitious materials. In this specific case, the best fit was found with n» = 3.2 for the flexural

strength and n. = 4.5 for the compressive strength.

It is noted that the compressive strength of the aerogel mortars appears to be lower than that of
cellular concretes of comparable density. For example, for a dry density of about 700 kg/m?,
comparable to that of AeroC 5, compressive strengths of 3.9-8.5 MPa are reported in [74]. At
the other end, for a density of about 1550 kg/m?®, comparable to that of AeroC 1, compressive
strengths around 23-24 MPa were measured in [75]. Bing et al. [76] achieved compressive
strengths of 30 MPa and higher with foam volumes of at least 30% and densities between 1300
and 1500 kg/m? (which corresponds to the density range covering AeroC 2 and AeroC 1 in the

present study).

Despite their very low strength compared to the reference concrete, and also lower strength than
cellular concrete of similar density, the aecrogel mortars show much better mechanical properties
compared with the extremely brittle pure silica aerogel [77]. In the application targeted in this
study, the mechanical properties of these mortars are considered to be sufficient for brushing or
spraying applications of thermal insulation layers, while the stiffness and the strength of the

shield tunnel structure is still guaranteed by the underlying HPC elements.
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Table 6. Mechanical properties of the aerogel mortars tested at different curing ages. The values

between brackets are the standard deviations.

Sample  Age (d) Bending strength Compressive
(MPa) strength (MPa)

RefC 15 10.7(0.6) 91.9(1.6)

31 11.2(0.5) 97.7(1.9)
AeroC1 15 2.8(0.2) 11.1(0.3)

31 3.0(0.1) 13.0(1.3)
AeroC2 15 1.7(0.1) 6.3(0.4)

31 1.9(0.3) 8.0(0.5)
AeroC3 15 1.1(0.5) 4.0(0.3)

31 1.5(0.5) 6.0(0.3)
AeroC4 10 0.8(0.1) 1.6(0.2)

31 0.9(0.1) 1.7(0.3)
AeroC5 7 0.7(0.1) 1.5(0.1)

31 0.6(0.2) 1.4(0.3)
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Figure 9. Flexural strength and compressive strength of the aerogel mortars after 31 days cur-

ing, plotted against porosity. Average values and standard deviations are shown.

4.6. Thermal properties of the aerogel mortars

Considering the suggested application for the developed mortars, namely avoiding or delaying
spalling of HPC tunnel linings by delaying the temperature increase during exposure to fire, the
thermal conductivity of the aerogel mortars is the essential parameter to control. RefC, without
aerogels, had a thermal conductivity of 1.7 W/(m K), measured with a heat-flow meter. With
the addition of 33 vol. % silica aerogels (Aero C1), the thermal conductivity shows a remarkable
decrease to 0.4 W/(m K) (see Figure 10), which was separately measured with smaller speci-
mens on a custom-built guarded hot plate device. With increasing amounts of aerogels in the
mortar, a further, proportionally smaller decrease of thermal conductivity is observed. The aer-
ogel mortar with 66.7 vol. % aerogel displays a thermal conductivity of 0.17 W/(m K). The
thermal conductivity of the mortars was substantially reduced with increasing silica aerogel
volume fractions in the mixture, but the value obtained at the highest volume fraction of aerogel
is still very much higher than the thermal conductivity of the aerogel, ~ 0.012 W/(m K) [78].
This is clearly understandable considering that, especially at high aerogel loading, heat conduc-

tion will be dominated by the most conducting phase — the cement paste [79]. One convenient
26



approach to calculate the thermal conductivity of cementitious materials based on their compo-
sition 1s by applying a Mori-Tanaka scheme [80], which homogenizes the thermal conductivi-

ties of the components (cement paste and aggregates):

3f wad aste(’{af 4 aste’)
— agg”P 88 P
lg}j’_/lpaste+ 31 (2)

-paste +f;m ste (Aq gg'}“pasw)

where Aeis the thermal conductivity of the cementitious material, Apasee and Adagg are the thermal
conductivity of the cement paste and of the aggregates, respectively and fpasee and fagg are their
volume fractions. The Mori-Tanaka scheme in this form considers the mortar as a macro-iso-
tropic composite with a continuous matrix (cement paste) that embeds isotropic spherical in-
clusions distributed homogeneously in the matrix.

Since Eq. 2 can be applied directly only to cases where the mortars contain one type of inclu-
sions, it is used here for REF (containing only sand as inclusion) and AeroC 5 (containing only
aerogel as inclusion). By assuming Apase = 0.9 — 1.0 W/(m K) (following [81], where it is shown
that there is only a limited dependence on the w/c and the moisture content), Aagg,sanda =2.7 W/(m
K) (value for quartz aggregates in [82]) and Aagg aeroger = 0.012 W/(m K)), one obtains Aesr= 1.88
- 1.95 W/(m K) for REF and Aer=0.23 - 0.26 W/(m K)) for AeroC 5. Considering the uncertain-
ties in the experimentally determined thermal conductivity of the components, these calculated
values are rather close to the measured ones for the two mortars. In particular, the calculated
value for AeroC 5 is in fact overestimating the experimentally measured one of 0.17 W/(m K)

by 35-52%.
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Figure 9. Thermal conductivity of the aerogel mortars with various concentrations of silica

aerogels, both as function of total porosity (a) and of density (b).

4.6 High-temperature spalling tests
This preliminary series of experiments was carried out on five samples, each consisting of a
HPC cube with different thicknesses of the same AeroC 3 aerogel mortar applied to the heated
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side (including one cube without mortar lining). The HPC cube without mortar protection
spalled after 25 minutes of thermal loading, confirming the susceptibility of this particular HPC
to explosive spalling when exposed to high temperatures.[62, 83] In the case of the HPC sam-
ples protected by a mortar layer, explosive spalling occurred later on samples with 13 and 18
mm-thick layers (thinner mortar layer), at 68 and 148 minutes after the start of loading, respec-
tively. On samples with thicker layers, namely 42 and 48 mm, spalling did not occur during the
testing period (see Figure 10). It must be remarked here that these results are only preliminary,
since they are based on only a limited number of experiments (two repetitions of the thinner

layer and two repetitions of the thicker layer) with one type of acrogel mortar.

Figure 10. View of the heated surface of concrete cubes after the high-temperature spalling test.
Left: sample without aerogel mortar, showing deep spalling. Right: sample with 48-mm thick

aerogel mortar layer, without spalling.

Thermal insulation of constructions against fire is common practice but, in the case of existing
tunnels and other structures where the space for thermal insulation is limited and effective ther-

mal insulation is required, coating with an aerogel mortar may be able to delay heating of the
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HPC and retard or avoid spalling. On the other hand, it has to be taken into account that for
HPC samples with thinner mortar coating (on average either 13 or 18 mm), spalling was delayed
but occurred deeper in the samples, with a correspondingly larger volume of spalled material.
Similar results were reported with high temperature coatings (not containing aerogels) by
Klingsch et al. [16] and by Lu [18].

While this preliminary spalling test showed that coating of HPC with an insulating mortar may
be a promising route for delaying/avoiding spalling in HPC subjected to fire, these results need
to be verified by studying a broader range of aerogel mortars and thicknesses of the coating
layers. Furthermore, investigations are needed to assess the influence of different heating rates
on the spalling behavior, in particular of higher heating rates and higher maximum temperatures
that are typical for characteristic of surfaces directly exposed to fire. In addition, the issue of
the integrity of the aerogels in the mortars should be first solved, to obtain mortars with lower

thermal conductivity that can be applied in conveniently thin layers.

5. Conclusions

In this paper, a strategy for protecting tunnel shield high performance concrete (HPC) from
explosive spalling was suggested, consisting in decorating the surface of HPC with aerogel-
cement mortars of low thermal conductivity. While the aerogel granules appear homogeneously
distributed in the cementitious matrix, their pore structure is altered at the cement/aerogel in-
terface by the chemical reaction with the alkaline pore solution. For the different aerogel vol-
ume fractions in the mortars, the thermal conductivity was close to the range of expected values
but also close to that of cellular concrete of comparable density. On the other hand, the com-
pressive and bending strength of the aerogel mortars was lower than what is reported for cellular
concretes of similar density. In a series of preliminary tests, layers of 40-50 mm of such aerogel

mortars were able to prevent fire spalling of high-performance concrete cubes. It is remarked
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that further spalling tests need to be performed to cover a wider range of samples, materials and
heating regimes.

Despite these preliminary encouraging results, the issue of partial reactive dissolution of hydro-
phobic silica aerogels and its impact on the long-term performance of these materials remains
open. Although microscopy and BET results suggest that the majority of the aerogel phase re-
mains intact, there is clear evidence of this reaction especially at the interface between cement
paste and aerogels. Cementitious materials with lower pH, such as calcium sulfoaluminate ce-
ment, or binders that rapidly carbonate are expected to reduce the extent of aerogel dissolution.
In principle, more robust aerogel chemistries could also show improved resistance against al-
kaline attack (e.g., methylsilane-based aerogels[84] etc.), although their practical use may be

hindered by even higher cost and lack of commercial suppliers.
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