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Table |: Scientific Questions Concerning Important Damage Mechanisms.

Phenomenon
Salt damage

Frost damage

Thermal stress

Wetling/drying
damage

Consolidation

Scientific Issue
Origin of supersaturation

Site of nucleation

Effect of pore size distribulion
on stress
Role of interfacial energies

Temperature of nucleation; degree
of pore saluration

Relative importance of hydraulic
pressure and crystallization pressure

Magnitude of stress

Crack initiation and growth
Effect of salts

Effect of consolidants

Role of clay inclusions

Utility of passivation
Ulility of consolidation

Adhesion to mineral surface; effect
of weathering, salt deposits

Distribution of consolidant in pores;
control of cracking during drying

Resistance to weathering; utility of
hydrophobicity; utility of nonsilicate

Approach

Calculate driving force for nucleation
and growth.

Model evaporation, flow, diffusion,
and precipitation.

Model solute distribution in
pore network.

Molecular-dynamics study of
salt/water/mineral interface;
direct measurement of
crystallization pressure.

Field data (instrumentation of
monuments).

Modeling of growth in pores;
effect of saturation and pore size
distribution.

Field data on temperature
distribution in monuments;
finite-element analysis of stresses
in stone and masonry.

Thermal-fatigue measurements.

Measure and model salt-containing
samples.

Measure and model consolidated
samples.

Relate measured dilatation to type
and amount of clay; measure
swelling potential of clays.

Develop passivants for intercalation.

Measure effect of hydrophilic and
hydrophobic consolidants on
dilatation.

Measure adhesion to single crystals
before and alter weathering.

Model transport of consolidant,
stress development during drying.

Test consolidants with particulate
inclusions, nonsilicate matrices,

matrices

hydrophobic, and/or biocidal
surfaces.

from the free surface, as illustrated in Fig-
ure 2. Near the bottom of the wall (i.e., the
source of the water), the flow through the
pores is likely to be able to keep up with
the rate of evaporation, so the liquid/
vapor interface remains at the exterior sur-
face. In that region, if the solution becomes
supersaturated with salt, crystals will
precipitate at the surface; this is called
efflorescence (outward flowering),” and is
responsible for the whitish stain often
seen on new brick walls. Higher up the
wall, the rate of capillary rise is slower, so
that evaporation may dry out the surface
and drive the liquid/vapor interface into
the body. In that case, supersaturation
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leads to precipitation inside the pores, or
subflorescence, which can cause damage.
These internal crystals exert stress on the
pore wall, as explained in detail in the sec-
tion on “The Mechanics of Salt Crystalli-
zation Damage”; if the supersaturation of
the solution is high, the stresses can ex-
ceed the tensile strength of stone (which is
only a few megapascals).

Salt crystallization is one of the greatest
threats to monuments in the Mediterra-
nean basin. In that region, most of the salt
is generated as an aerosol by the sea, then
the particles are deposited on monuments
by the wind. Rain dissolves the salt and al-
lows it to wick into the stone; crystalliza-

tion pressure is created when the water
subsequently evaporates. Another sort of
dry deposition mechanism is particularly
important in polluted urban areas: oxides
of sulfur react with calcium-bearing stone
or cement to make gypsum (CaSO, - 2H,0).
This salt is responsible for the black crust
commonly seen on urban buildings. The
black color comes from carbon particles
generated from the bumning of fossil fuels,
which become incorporated into the gyp-
sum. The crust may be smooth and hard,
but it is not protective. A weakened zone
of stone lies below it and will eventually
lead to exfoliation.

Freeze/Thaw Cycles

Freezing and thawing cycles contribute
to the formation of potholes in highways
as well as cracking and spalling of artwork
made of stone and masonry. Although it is
widely thought that the damage results
from the volume change as water converts
to ice, a more important effect is the pres-
sure exerted directly on the stone by the
growing crystals. In fact, it has been shown
that when water in a saturated porous
glass is replaced by “normal” liquids
(i.e., for which the solid phase is denser
than the liquid), freezing causes similar
expansion of the porous body.! The mecha-
nism is the same as that by which salts
do damage.

Thermal Stresses

Thermal stresses arise in a variety of
ways and can contribute significantly to
deterioration. Calcite, the form of calcium
carbonate in marble and limestone, has an
extremely anisotropic coefficient of thermal
expansion (CTE) (-+25 ppm/°C along the
c axis and —6 ppm/°C along the n axis), so
that polycrystalline bodies suffer internal
stresses whenever the temperature changes;
over a long period of time, that can lead to
weakening of the body through develop-
ment of microcracks.” If the pores of a
stone become filled with salt, the mis-
match in CTE, a, can be destructive; for
example, o = 42 ppm/°C for sodium chlo-
ride'® and from 4 ppm to 12 ppm/°C for
most kinds of stone." Given that the ther-
mal stress is roughly equal to the product
EAaAT, where the elastic modulus is
E = 35 GPa, and the thermal-expansion
mismatch between stone and salt is
Aa = 30 ppm/°C, the stress is about
1 MPa per degree change in temperature.
Thus, the change in temperature from day
to night could generate stresses exceeding
the tensile strength of stone (<10 MPa),”
if the pores were full of salt.

Mismatch in o between stone and mor-
tar can also be problematic, particularly
when the mortar is used to fill a crack in a


















