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Hygrothermal models are important tool for assessing
durability of masonry envelopes. Damage mechanisms
caused by excessive moisture include freeze-thaw action,
leaching of mortar and corrosion of embedded metallic
elements. There are several sources of uncertainty when
modelling moisture transport in masonry related to the
material properties (eg. absorption curves), boundary
conditions (eg, amount of wind-driven rain), construction
quality (eg, open joints, imperfect contact) and twodimensional interactions between the mortar and unit.
These uncertainties can make calibration of hygrothermal
models difficult and reduces our confidence in the
model’s conclusions.
This paper examines two sources of uncertainty; the
imperfect nature of the mortar-unit interface and the twodimensional interactions caused by it. Imperfections can
be in the form of physical separations between mortar and
unit (from an open joint down to hairline crack) or an
imperfect contact between the two. Intuitively, we would
assume that there will be an increase in liquid water
penetration into the wall if cracks are present. A method
is outlined to model these imperfections by modelling
them explicitly as a fracture. The derivations of the
fracture material properties are explained and how to
insert this into commercial hygrothermal modelling
software is demonstrated. Different size fractures




    

(apertures) were modelled for a brick/cement mortar and
sandstone/lime mortar combination in wetting and drying
to see the change in moisture content over time when
compared to a baseline scenario without the fracture.

  
It is common procedure to make the following
assumptions for hygrothermal modelling:
1. Materials are homogeneous. There are no localized
variations in pore structure, physical properties or
chemical composition.
2. Adjacent materials are in perfect contact with each
other.
3. Materials are without imperfections.
For masonry walls, these assumptions are not always
valid. There are several examples of modelling both
fractured building materials and imperfect contact in the
academic literature.
Studies have demonstrated that there is an interface
resistance (RIF) between the mortar and unit which
inhibits liquid moisture transport across the interface. This
is caused by two reasons; first there is a gap between the
two materials and moisture needs to travel across the gap
via vapour diffusion instead of through quicker capillary
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where: ml = mass flow rate of liquid (kg/s), ρ = density (kg/m3),
h = aperture (m), Pc = capillary pressure gradient and μ =
dynamic viscosity (kg/m-s)

action. The second reason is migration of fine particles
toward the mortar joint during the curing stages (Brocken,
1998). The fine particles form smaller pores near the
interface and this reduces liquid flow.
Laboratory testing has measured the interface
resistance between 1.0E08 and 1.0E12 m/s [1]–[3].
Simulations have also demonstrated the effect that the
interface resistance has on moisture absorption [4], [5].
The interface resistance does not consider liquid water
absorption through the fracture.
Water absorption in fractured materials (brick and
concrete) has been studied by Roels and Rouchier in 2D
[6], [7] and by Li and Smyl in 3D [8], [9]. In all scenarios,
the water absorption was increased through the porous
media. These studies had a few procedural weaknesses in
their applicability to masonry. First the fractures required
detailed geometric analysis and discretization into a
finite-element grid. This will require increased time,
effort and computational costs and is difficult to
generalize for large sections of wall or the variety of crack
patterns which could be encountered. The second is that
the testing and simulations were done on homogenous
materials, meaning that the material was the same either
side of the fracture. In a masonry interface that is not true
as the material properties of the two adjacent materials
may be quite different. These studies also looked
primarily at water uptake and did not consider the drying
phase or realistic boundary conditions for a building
envelope. Considering this, a simplified model is
proposed where cracks at the mortar-unit interface are
explicitly modelled as fractures.

The first term of Equation 3 is the liquid conductivity
of the fracture and is similar in form to the HagenPoiseuille equation liquid flow through tubes. The
difference between the two is the denominator and that
aperture is used instead of the capillary radius.
For the Equation 3 to work, the aperture needs to be
determined. The aperture is the distance between the
upper and lower boundary surfaces. One assumption for
the Cubic Law is that the aperture is that the distance
between the two surfaces remains constant throughout the
fracture. This is not representative of fractures in
masonry. Fractures are non-uniform; the aperture widens
and contracts, changes direction, undergoes oscillations
and follows a tortuous path as fluid travels along its
length. In this scenario, the aperture is difficult to
quantify, and an alternative measure is required to
determine an “effective” aperture for the fracture.
Two methods are to use the average aperture height of
the fracture (h̅), or to use what is known as the hydraulic
aperture (hH). The hydraulic aperture is the value of h
which would make the cubic-law true for the bulk media
in question [10]. A literature review on the subject
provides numerous expressions to arrive at a value for hH
[10]. Models of fractures have been developed which
consider the micro-scale aberrations and tortuosity of the
flow path [11], [12].
Along with the change in aperture height, there are
what are known as asperities which effect the flow path.

 

  

Liquid water transport in fractures is similar but distinct
to that of traditional capillary mechanics in porous media.
This has been studied in the field of geohydrology for
purposes such as natural gas extraction via fracking. Fluid
flow in fractures is bounded only on two sides, whereas in
capillaries it is bound in all directions. A fracture will also
have fewer obstructions than the bundle of capillaries
model and have less resistance to moisture flow.
The Cubic Law or Reynold’s Equation is used to
calculate fluid flow in fractures. This equation has its
origins in the Navier-Stokes equation and is based on the
assumption that the fracture be modelled as smooth
parallel plates.
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where: u = fluid velocity (m/s), ρ = density (kg/m3),
P = pressure (Pa), F = sum of external forces per unit mass (m/s2)

      

If external forces are neglected, and one-dimensional flow
and steady-state conditions are assumed, then Equation 1
can be transformed into the Cubic Law:
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Asperities are points where the upper and lower walls of
the fracture are in contact with another and the aperture
height effectively becomes zero. They can be visualised
as vertical obstructions placed in the path of the flow and
in the context of masonry, these are the points where
mortar and unit bond and transmit normal forces to one
another (See imperfect contact in 6 ). Each asperity
has a radius of aspersion which is the effective radius of
obstruction.
There have been many models and formulas
developed to calculate the effect of asperity that depend
on the size, shape and distribution of the asperities.
Kirkpatrick [13] developed a theory on how asperity
changes hydraulic aperture and therefore conductivity by
the use of effective medium theory. From this method, the
following equation predicts that:


      







   
Two-dimensional hygrothermal simulations were
performed using DELPHIN 6.0 [16]. The model is
geometrically simple, consisting only of three materials,
unit, interface and mortar as shown in 6. The interface
changes depending on the aperture chosen. Two sets of
geometry were created; a brick/cement mortar and
sandstone/lime mortar combination. The brick model was
based on standard North American sizes. The sandstone
model was much larger in thickness and height.
Adiabatic conditions were assumed on the top, bottom
and right-hand surfaces taking advantage of symmetry.
The interior and exterior boundary conditions were
changed depending on whether a water uptake or drying
scenario was being modelled.
Under wetting conditions, the exterior boundary
conditions were set to a capillary suction pressure of 250
Pa to mimic a water absorption experiment (Note that
lower suction pressures indicate higher wetting loads up
to 0 Pa where the transition to hydrostatic pressure
occurs). Ideally this would be set to 0 Pa, however some
numerical stability issues were encountered at very low
suction pressures. However, simulations below 250 Pa did
not provide substantially different outcomes. The initial
conditions of the materials were set to 50% RH.
Under drying conditions, the initial conditions were
set to 100% RH and exposed to a boundary condition of
30% on one side only. Simulation length was set until the
wetting front reached the other side. For simplification, no
temperature gradient, sources/sinks or other boundary
conditions such as solar radiation were considered.
Care was needed when defining the finite-element
grid. Because of the sub-millimetre height of the aperture
layer, individual grids in the y-direction are very small. A
smooth transition between neighbouring elements is
needed and a relatively large number of grids were
required. An expansion ration of 1.2 was used throughout
with grids clustered around the wetting boundary
condition and fracture. The mass balance absolute
tolerance was set to 5*10-6 kg at each timestep.
DELPHIN’s solver parameters were adjusted based on the
needs of each simulations.



where hH = hydraulic aperture(m), h0 = average aperture (m),
c= contact area or concentration of asperities (--)

The greater the number of asperities, the lower the
effective hydraulic aperture will be and therefore reduced
liquid water transport. More complex equations have been
proposed and it has been found that in some cases, using
the above equation with asperities considered, versus only
using only the mean aperture, resulted in differences in
hydraulic conductivity of more than an order of
magnitude [10]. The difference between mean aperture
and hydraulic aperture has been reported to be a factor of
between 1.1 and 1.7 [14]. Typical apertures in
subterranean rock are reported to be in the 1-100μm
magnitude range [15]. Fractures in building materials
range are in a similar range ([6], [7]. Anything much
smaller than this and liquid transport is greatly reduced.
The advantage of using hydraulic aperture over the
mean aperture is that it avoids investigating and
describing the complex geometry of the fractures. It is
also possible to account for any migration of fines toward
the interface. The disadvantage is that it requires testing
to determine its value accurately. For the rest of this paper,
when the term aperture is used, we are referring to the
hydraulic aperture.
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where kv(5  = moisture-dependent vapour permeability (s), δa =
Vapour diffusion coefficient for still air (s), μ = Vapour
Resistance Factor (--), Seff = Degree of Saturation (--), T =
Temperature (K), Rv = Ideal gas constant for vapour (461.5 J/kgK), Nk = Knudsen Number (--)

The fractures are assumed to be fully open and have a
vapour resistance factor of 1. It was thought that there may
be some enhanced drying through the fracture, even
considering its small cross-sectional area.

$ %

  
The material properties for fractures can be calculated
using the equations for the bulk capillary media
(Equations 5-8). The main difference is that the capillary
radius (r) is substituted for hydraulic aperture (hH).
Another difference is that capillary materials have a pore
radius distribution, whereas for our purposes, the fractures
are being idealized as having a constant aperture (this is
not realistic, as mentioned before real fractures have
changing apertures). This will lead to problems when
defining the moisture retention curve for simulation as it
will essentially be a step function, instead of a smooth
curve. This will lead to numerical issues in the simulation
program as the transition from fully saturated to bone dry
is very abrupt. To counter this, the fractures were
modelled as a normally distributed curve with mean (h)
and a standard deviation of (h/2). This gives us an aperture
distribution (similar to a pore radius distribution, and
more realistic of an actual fracture) and allows us to
calculate the moisture-dependent, moisture retention
curve, liquid conductivity and vapour permeability
required for simulation.
Fractures with apertures in the range from 0.25μm to
10μm were modelled. On the moisture retention curve, the
larger apertures are located toward the left (low capillary
suction) while the smaller apertures are shifted toward the
right and resemble more traditional curves for porous
media. This means that it requires lower capillary suction

The median values of n and median values of α were
used to calculate the typical moisture retention curve for
each class of material.
The approach for liquid conductivity was to use the
theoretical Hagen-Poiseuille curve (Equation 5) to create
the moisture-dependent curve (kl(θl), integrated over the
range of active capillaries [18], [19] At low degrees of
saturation, only the small capillaries are filled and
available for liquid transport. As the media becomes more
saturated the liquid conductivity increases as the more
open and freer flowing pores become active.
  

 "  #



The vapour diffusion coefficients were calculated
using the following equation:

where Pc = capillary pressure (Pa), Seff = effective saturation (--),
n = material-specific fitting parameter (--), α = material-specific
fitting parameter (Pa-1).
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DELPHIN allows input of custom material properties
including direction-dependent properties, detailed
moisture retention curves, and moisture-dependent liquid
and vapour transfer coefficients.
The approach taken was to define what “typical”
material properties were for the material classes listed in
'0344 instead of using a material from the library. This
was done to simplify material property specification (eg.
avoid multimodal pore distributions) and to avoid using
materials with extreme characteristics. The hygrothermal
properties for the unit and mortar were determined by the
taking median values for all materials of its class in the
DELPHIN library. Each database material’s moisture
retention function was idealized using as a single-node
Van Genuchten curve where the n and α parameters were
calculated via least-squares regression [17].
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Dynamic viscosity (kg/m-s), n = number of capillaries of that
size.

This equation needs to be reduced by a tortuosity
factor (τ), which is similar to a vapour-diffusion
resistance factor (μ). Tortuosity was scaled based on the
measured liquid conductivities from the DELPHIN
library.
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pressure (RH > 99.9%) to fill and activate the fracture for
liquid flow. Smaller fractures can be activated at lower
and more common capillary suction pressures. Larger
apertures allow for higher liquid conductivity, but require
low capillary suction/high RH conditions to become
active. Otherwise the liquid conductivity is several orders
of magnitude lower when dry compared to when wet. At
high degrees of saturation, the liquid conductivity of the
fracture is several orders of magnitude greater than the
brick and mortar. It is less pronounced at drier levels.
Even though the exposed area of the fracture is small it
can contribute to an increase in overall moisture transport.

on the material combination and the location of the
monitoring position. At the centre of the brick (Brick Line
3 in 6), there was an increase in moisture content of
100% after 10 hours of simulation for a 10 μm aperture.
This increase in moisture content was reduced as aperture
height was reduced. The increase in moisture content was
most pronounced nearer the fracture interface (Fig. ). In
this region, near saturation moisture contents could be
achieved in as little as 25% of the time when compared to
the baseline. The centre of the cement mortar also showed
an increase in moisture content. The increase took longer
to develop because of the poorer liquid conductivity of the
cement mortar compared to the brick; but followed a
similar pattern to that of the brick.
The sandstone/lime cement combination also saw an
increased moisture. 6 shows a cross-section at a depth
of 100 mm into the assembly. The increase is not as
pronounced as the brick/cement mortar combination and
the relative difference between aperture is reduced. This
may be attributed to the relative similarity in water
absorption properties between the lime mortar and
sandstone compared to the brick/cement mortar

  
Results for water absorption simulation for the
brick/cement mortar combination are shown in 6 and
the results for the sandstone/lime mortar combination are
shown in 6 .
The results show that there is a significant change in
moisture content depending on the aperture height
compared to baseline. The extent of the increase depends
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combination. The lime mortar has better transmission than
cement mortar, so the liquid accumulating in the fracture
can disperse in two directions, whereas the cement mortar
inhibits transfer and forces liquid water into the brick.
The stone near the mortar (Stone Line 1) wets quicker
than the other parts. As we move away from the fracture
into the centre of the stone, the effect of the fracture is
diminished, and the moisture absorption begins to
converge to the baseline case. The impact of the fracture
appears to be dependent on both the bulk material
properties, the linear length/area of interfaces and the
sizes of the units.
The simulations were run at 250 Pa of suction pressure
of which is approaching hydrostatic pressure and typical
of normal rain wetting. At higher suction pressures, the
smaller apertures, while having a lower maximum flow
rate and lower intake area, are easier to fully wet. The
larger apertures despite having much higher kl,eff and
intake area are unable to fully wet and allow liquid to
flow. This suggests that there may be ideal apertures for
moisture transport depending on the boundary conditions
applied to the fracture.
To examine if this phenomena is dependent on the
boundary condition, the simulations were re-run with a
new boundary conditions of 2500 Pa and 25000 Pa instead
of of 250 Pa. It was hypothesized that the maximum water
content may shift to a different aperture or perhaps flatten
out. This is because larger fractures would not be fully
active and have reduced liquid conductivity.
The results are shown in 6 . There are two
important things to note. First that the moisture contents
have decreased with changes to the boundary conditions.
This was expected because there is less water available for
transport. Second the maximum moisture content shifted
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toward smaller apertures as the boundary condition
changed. At 25000 Pa boundary condition, the maximum
occurs in the 2.5 -5.0 μm range. This indicates that larger
apertures are more effective at transporting liquid water
during heavy events and that smaller apertures are more
effective during lighter rain events.
Drying drying simulations were performed over the
course of one calendar year. The effect of the fracture was
found to be minimal with a reduction in RH of less than
1% at the centre of the brick over that period. It was
determined that any enhancement to vapour diffusion out
through the fracture was minimal. This is explained by the
relative difference in kv between the fracture and
neighbouring materials not being as pronounced as the
difference in kl.
The fracture model can thought of as being similar to
thermal bridges for heat transfer in building envelopes. It
may be difficult to consider that such a small feature could
cause a significant change in flow, however its effect is
comparable to a steel stud in an insulated wall assembly.
Future work will look at incorporating an anisotropic
model to the fracture interface which will account for the
interface resistance perpendicular to the fracture. Another
round of simulations will be performed using a typical
meteorological year as the boundary condition. This will
determine whether the effect of the fracture is still
significant under realistic weather conditions. This will
introduce cyclic wetting and drying to the model and light
and heavy rain conditions.
Future applications for this work are to determine
‘effective’ liquid absorption coefficients which can be
plugged into either 2D or 1D hygrothermal models to
better account for the increase in liquid transport due to
imperfections at the interface. Determining what the
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hydraulic aperture should be for an actual masonry wall is
another challenge that needs to be done. This would be
dependent on many things including the techniques and
skill of the mason (eg. do they wet the stone), level of
deterioration (good, fair, bad) and types of materials used
and specification of the mortar mix.

./

./


The results of the DELPHIN simulations show that
modelling imperfections at the masonry unit-mortar
interface as fractures can affect simulation results when
compared to the baseline which only used bulk material
properties. Simulations were performed for both
brick/cement mortar and sandstone/lime mortar
combinations with an explicitly modelled fracture
interface between them. Hygrothermal properties for the
bulk materials and fracture were built from fundamental
principles. The assemblies were simulated with boundary
conditions to mimic water absorption experiments.
The simulation results showed a measurable change in
moisture content compared to the baseline under high
moisture loads. This was less pronounced under lesser
moisture loads. The extent of the increase seems to
depend on numerous other factors, including aperture
size, bulk material properties, the linear length/area of
interfaces and the sizes of the units.
The speed of the wetting front increases significantly.
The material reaches target moisture contents quicker
than without the fracture modelled.
Simulations were performed under drying conditions.
The effect of the fracture in the model had minimal
influence on improving drying.
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