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ABSTRACT: Strain hardening cement-based composites form a group of novel building materials with prom-
ising properties for more durable and sustainable construction. In normal cement concrete or mortar the strain 
capacity under tensile stress is very limited. The sum of thermal, hygral, and mechanical stresses is in most 
practical cases sufficient to create surface cracks. As cracks are known to be preferential paths for ingress of 
aggressive compounds such as chlorides or sulfates into concrete service life of reinforced concrete structures 
is often significantly reduced by crack formation. The ultimate strain capacity of SHCC is with more than 3% 
high enough to support most stresses induced by combined loads without macro-crack formation. The pene-
tration of water into SHCC before loading and after imposed strain has been measured by means of neutron 
radiography. It can be shown that multi-crack formation facilitates water penetration although micro-cracks 
are formed only. With respect to durability and service life a maximum allowable strain has to be determined. 
Micro-cracks formed in water repellent SHCC do not absorb liquid water; that means higher strain is admissi-
ble in this type of SHCC without reduction of service life of reinforced structural elements.  

1 INTRODUCTION  

SHCC, a strain hardening cement-based composite, 
is a modern material with promising properties for 
diverse applications. Due to multi-cracking of the 
cementitious matrix a stress-strain diagram is ob-
tained, which resembles in some respect stress-strain 
diagrams of metals with pronounced yielding such 
as steel. The marked difference, however, is that in 
SHCC cracks are formed in the strain hardening 
stage. In case a structural element made of SHCC 
has to carry mechanical load exclusively this may be 
admissible. In many cases, however, SHCC is ap-
plied to reach high durability or to increase durabil-
ity and service life of concrete structures in aggres-
sive environments. In this latter case it is of utmost 
importance to know the critical strain, which can be 
imposed without allowing aggressive agents to pene-
trate into the material or in the case of a protective 
layer to pass through the material. This critical strain 
with respect to durability may be significantly lower 
than the ultimate strain capacity of SHCC.  

In this contribution penetration of water into 
SHCC before loading and into SHCC after multi-
crack formation by imposed strain shall be investi-
gated by means of neutron radiography. This is an 
extremely sensitive method to investigate migration 
of water in porous materials (see for example Witt-
mann 2004, Pleinert 2001). Water ingress can be 

considered to be the most effective transport mecha-
nism for dissolved ions. In addition it shall be inves-
tigated to which extent water penetration can be re-
duced or prevented in a reliable way by water 
repellent treatment. If this goal can be reached it will 
be a decisive step to more durable and sustainable 
construction.  

2 EXPERIMENTAL 

2.1 Preparation of samples 

A cement mortar was produced with 715 kg/m
3
 Port-

land cement type 42.5, 306 kg/m
3
 fly ash, 26 kg/m

3

micro silica, 715 kg/m
3
 fine sand with a maximum 

grain size of 0.3 mm and 429 kg/m
3
 water. This cor-

responds to a water-cement ratio of 0.6 and a water-
binder ratio of 0.41. To this cement mortar 2 Vol. % 
of PVA fibres (Kuraray) have been added. To im-
prove workability 3.5 % of a super-plasticizer (naph-
thalene) has been added to the fresh mix. A number 
of specimens have been prepared with an addition of 
2 % silane emulsion in order to make integral water 
repellent SHCC.  

The fresh mix was cast into steel forms to pro-
duce dumbbell specimens for the direct tension test. 
The geometry and the dimensions of the dumbbell 
specimens are given in Figure 1. The thickness of 
the specimens was 30 mm. The form of the speci-
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mens was removed after two days and then the sam-
ples were allowed to harden in a wet curing room at 
T = 20 °C and RH > 95 % for 14 days before testing.  

Figure 1. Geometry of dumbbell specimens with a thickness of 
30 mm for direct tension tests.  

2.2 Capillary suction 

If the surface of a porous material is put in contact 
with a wetting liquid, absorption by capillary action 
will take place. The related amount of liquid W per 
unit of contact surface [kg/m

2
] absorbed as function 

of time t can be described within certain time limits 
with the following simple equation:  

( ) iW t A t
                            (1) 

where Ai is the initial coefficient of capillary suction 
[kg/(m

2
h

1/2
)]. Ai can be expressed by means of the 

following physical material properties:  

coseff

i

r
A                       (2) 

In Equation (2)  stands for the water capacity 
[m

3
/m

3
] this is the volume, which can be filled by 

capillary action, and  stands for the density of water 
or the salt solution [kg/m

3
], while  represents the 

surface tension of the liquid [J/m
2
],  is the wetting 

angle and  represents the viscosity of the absorbed 
liquid [(N s)/m

2
]. reff finally is an effective pore ra-

dius [m] characterizing the complex pore size distri-
bution of the material under investigation.  

The time dependent penetration depth x(t) can 
also be described for many porous materials ap-
proximately as function of square root of time: 

( )x t B t                              (3) 

when A has been determined, B, the coefficient cap-
illary penetration [m/s

1/2
], can be obtained by the 

following equation: 

A
B                                (4) 

Any damage induced into the porous structure of 
a given material will be reflected by an increase of 
reff and  and hence by an increase of Ai or B. For 
this reason capillary suction can be used as a sensi-
tive method to investigate damage induced into po-
rous materials.  

For the capillary suction tests and for the neutron 
radiography the center part of the dumbbell speci-
mens with the following dimensions has been cut 
out: 120 x 60 x 30 mm. In order to obtain moisture 
movement in one direction all the surfaces were 
covered by aluminum foils with the exception of the 
two opposite surfaces measuring 100 × 30 mm

2
. On 

the remaining end blocks compressive strength 
could be determined.  

2.3 Neutron radiography 

Neutron radiography has proved to be a most sensi-
tive method to follow quantitatively moisture migra-
tion in porous materials such as bricks, mortar or 
concrete (Justnes et al. 1994, Pleinert 2001, Pleinert 
et al. 1997, Pleinert et al. 1998, Wittmann 2004, 
Zhang et al. 2010, Kamematsu et al. 2006). We did 
our experiments at the Swiss federal research centre 
PSI in Würenlingen, Switzerland. The experimental 
set-up is shown schematically in Figure 2. Neutrons 
coming from a spallation source are passing through 
a collimator before they hit the target. In our case the 
target is a preconditioned concrete sample which is 
allowed to absorb water during the test. Water has a 
particular big absorption coefficient for neutrons. 
The neutron image obtained behind the sample with 
a scintillation screen is registered with a CCD cam-
era. For quantitative evaluation the recorded data 
have to be further evaluated by specific software.  

Figure 2. Schematic representation of neutron radiography. 

3 RESULTS AND DISCUSSION 

3.1 Stress-strain diagrams 

Typical stress-strain diagrams as measured in a uni-
versal testing machine are shown in Figure 3. It can 
be seen that addition of 2 % silane emulsion reduces 
the maximum strain capacity slightly but higher 
stress can be supported. This behavior has already 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



been observed before on similar specimens (Marti-
nola et al. 2004).  

In this project capillary suction has been deter-
mined on unloaded, i.e. undamaged specimens and 
on specimens, which were stained up to 3% before 
the capillary suction test. 
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Figure 3. Characteristic stress-strain diagrams of neat SHCC 
and of SHCC containing 2 % of silane emulsion.  

3.2 Penetration of water into uncracked neat SHCC 

Mainly for comparison capillary suction of undam-
aged SHCC has been determined first. Direct obser-
vation of the rising water into SHCC after contact 
time of 60 min and 120 min is shown in Figure 4.  

The water front can hardly be seen by the naked 
eye. But after evaluation of the recorded data the 
moisture profile is obtained. The area marked with a 
rectangle in Figure 4 has been chosen for the quanti-
tative evaluation of the original data. The result is 
shown in Figure 5. The cementitious matrix of 
SHCC produced for these tests is very dense. After 2 
hours of contact with water the moisture content in 
the samples at a depth of 10 mm has reached a value 
of 0.006 g/cm

3
. In normal concrete at the same depth 

and after the same duration of contact the moisture 
content is 5 to 7 times higher (see for example 
Zhang et al. 2010). 

60 min 

120 min 

Figure 4. Direct visualization of penetrating water into undam-
aged SHCC. 
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Figure 5. Moisture profile as obtained by numerical evaluation 
of the radiographs shown in Figure 4. 

3.3 Penetration of water into SHCC after imposed 
strain 

Strain of 3 % has been imposed on dumbbell speci-
mens as shown in Figure 1 under uniaxial tensile 
stress in a universal testing machine. Then the centre 
part of the specimens has been cut out with a dia-
mond saw and exposed to the neutron beam while in 
contact with water. One side surface 100 × 30 mm

2

was put in contact with water only. The immediate 
result of rising water is shown in Figure 6. 

Already after one minute major cracks become 
visible by the contrast of the penetrating water. The 
height of the specimens is 60 mm that means that 
water has penetrated more than 30 mm into the ma-
terial after one minute. After 15 minutes water has 
migrated through the widest crack to the top of the 
sample, i.e. 60 mm. After 60 minutes water migrat-
ing through a number of finer cracks has also 
reached the top. It can also been seen that water 
from the water filled cracks gradually migrates hori-
zontally into the material. The pattern of micro-
cracking can be nicely visualized by neutron radiog-
raphy.  

Now we will have a look into the quantitative 
evaluation of the fields marked with horizontal rec-
tangles first. Results are also shown in Figure 6. The 
lower rectangle corresponds to the moisture distribu-
tions shown in the right column of Figure 6. In the 
centre column the moisture distribution in the upper 
rectangle is shown after different contact times. Near 
the peaks the measured width of the corresponding 
cracks is indicated. After one minute the lower part 
of cracks with a width between 80 and 140 µm is 
water filled, while the water front just reaches the 
field marked with the upper rectangle. But after 15 
minutes already the dominating crack pattern is 
completely water filled. Then horizontal moisture 
movement is observed. This movement, however, is 
very slow as observed in undamaged SHCC (see 
Fig. 4 and Fig. 5).  
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
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relation, evaporable water vs relative humidity, must 
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relativity humidity. The shape of the sorption 
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especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



The moisture distribution in the fields marked 
with vertical rectangles has also been quantified. Re-
sults obtained in the two fields are very similar and 
therefore we will present results of the right rectan-
gle only because of space limits.  

The moisture distribution as determined after dif-
ferent capillary suction times in the field marked 
with the right vertical rectangle is shown in Figure 7. 
The left side in Figure 7 corresponds to the surface 
in contact with water. It can be clearly seen that the 
moisture distribution as function of the penetration 
depth is not uniform. After one minute of contact 
with water, entering water is observed in the lower 
part only. After 15 minutes the lower half is more or 
less saturated, while the moisture content in the up-
per part still increases. There is obviously a strong 
border effect. This may be due to drying of the sur-
face near zone before the test started. It may partly 
also be due to a certain degree of orientation of fi-
bres close to the boundaries. 
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Figure 7. Moisture distribution in the right vertical field 
marked in Figure 6. Contact time is indicated as a parameter. 

3.4 Penetration of water into water repellent SHCC 
after imposed strain of 3 % 

As mentioned above some SHCC specimens have 
been prepared with addition of 2 % silane emulsion. 
The silane emulsion reacts in the pore space of the 
cement-based material and finally a network of sili-

Figure 6. Neutron radiography of SHCC after imposed strain of 3 %. The lower surface is in contact with water. The fields 
marked with rectangles will be evaluated quantitatively. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
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especially those that influence extent and rate of the 
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ratio, cement chemical composition, SF content, 
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etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
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paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  

 

( )
1

1
10

1
10

1
1

22.0188.0
0

,
1

−
⎟
⎠

⎞
⎜
⎝

⎛
−∞

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
−∞

−−+−

=

h
cc

g
e

h
cc

g
eGs

s
s
c

w

sc
K

αα

αα

αα

αα

 

(6)

 
 
The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



con resin is formed on the surface of the hydration 
products. This process renders the material water re-
pellent. In Figure 8 neutron radiographies taken 60 
minutes and 120 minutes after contact of one surface 
with water are shown. In this case again the bottom 
surface was in contact with water. Visually no water 
penetration can be observed. The fields marked with 
a rectangle shall be further evaluated.  

Figure 8. Neutron radiographies taken 60 and 120 minutes after 
contact with water.  

The result of the quantitative evaluation of the 
rectangle marked in Figure 8 is shown in Figure 9. 
Traces of water have penetrated within two hours of 
contact with liquid water only. As the pores remain 
open after water repellent treatment it is assumed 
that a small amount of water vapour enters the pore 
space by diffusion.  

Figure 9. water absorbed after 60 and 120 minutes of contact 
with water by water repellent and strained SHCC. 

4 CONCLUSIONS 

It has been shown that the cementitious matrix of 
SHCC is a very dense porous material. Water up-
take by capillary suction is significantly less than in 
ordinary concrete. In the unstrained state it can be 
considered to be quite durable.  

If SHCC is strained up to 3 % a characteristic 
crack pattern is formed with cracks ranging between 
20 and 140 µm. The wider cracks are quickly water 
filled whenever the surface is in contact with water.  

As penetrating water is one of the most efficient 
mechanisms for transportation of aggressive agents 
dissolved in water into porous materials service life 
of concrete structures, which should be protected by 
SHCC, can be significantly shortened. For this rea-
son a strain limit with a realistic safety margin must 
be introduced with respect to durability.  

If the cement-based matrix of SHCC is made wa-
ter repellent a wider range of ductility can be used in 
practice.  
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 

 

nsc
w

s

e
w

c

e
w

h
h

D
t

h

h

e
w

&&& ++
∂

∂

∂

∂

=∇•∇+
∂

∂

∂

∂

− αα

αα

)(

    

(3)

 
 

where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 

 

( ) ( )
( )

( ) ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−

−
∞

+

−
∞

−=

11
10

,
1

                            

1
10

1
1,

1
,,

h
cc

g
e

sc
K

h
cc

g
e

sc
G

sc
h

e
w

αα

αα

αα

αααα

 (4) 

 
where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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