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Abstract

Among earthen construction techniques, cob might be an interesting solution to mitigate greenhouse gases emissions and 

energy consumption of the building industry. One main issue encountered is that the cob material shows large variability 

of hygrothermal properties, which could consequently have an impact on the reliability of the estimation of the energy con-

sumption of cob buildings. At the wall scale, the hygrothermal properties significantly influence the kinetics of moisture and 

heat transfers through the building shell, both being coupled. In order to measure the relative contribution of the variation 

of the hygrothermal properties, a sensitivity analysis of a coupled heat and moisture transfer model has been carried out on 

a cob wall. More specifically, a local sensitivity analysis has been performed (one model input wobbles around a reference 

value) and compared with a global sensitivity analysis, which may provide the potential interaction between model inputs. 

For the latter approach, the Morris method was used and allows to find the influence level of material properties and the 

relationships with model outputs. Two study cases have been performed: a static loading case, to find temperature and water 

vapour pressure profiles across the cob wall until the steady state and a dynamic loading case under a 2.5 years external 

dynamic loading (St-Nazaire meteorological data, France). As main results, the global approach showed in general a higher 

variability of properties, the sorption isotherms and the water vapour permeability were the most influential input parameters 

on humidity profiles while on temperature ones, the variability of both properties led up to 0.25 °C variation range. The 

influence of thermal properties was very sensitive to the daily-loading variation while that of the hygric properties was very 

sensitive to the seasonal-loading variation.

Nomenclature

BCs  Boundary conditions

SI  Sorption Isotherm

SL  Static loading

SA  Sensitivity Analysis

LA  Local Analysis

DL  Dynamic loading

C
m
 [kg/kg.Pa]  Moisture storage capacity

Cp
 [J/kg.K]  Specific heat capacity

jm [ kg∕m2
.s]  Moisture flux density

jv [ kg∕m2
.s]  Vapour flux density

k
m [kg/m.s.Pa]  Moisture permeability

k
l [kg/m.s.Pa]  Liquid water permeability

k
0
 [ m2]  Intrinsic permeability

k
T [kg/m.s.K]  Thermogradient coefficient

L
v
 [J/kg]  Evaporation latent heat

� [W/m.K]  Thermal conductivity

M
w
 [kg/mol]  Water molecule molar mass

T [K or ◦C]  Temperature
�

w [Pa.s]  Dynamic viscosity of water

P
v
 [Pa]  Water vapour pressure

P
vsat

 [Pa]  Water vapour pressure at 

saturation

R [J/mol.K]  Ideal gas constant (8.314)

RH [%]  Relative humidity
�

w [ kg∕m3]  Water density
�

s [ kg∕m3]  Material apparent density
�

0 [−]  Phase change coefficient

w[kg/kg]  Water content

T
int

 [K or ◦C], RH
int

 [%]  Interior Temperature and RH

T
init

 [K or ◦C], RH
init

 [%]  Set point temperature and RH
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1 Introduction

The French “Grenelle 1” act of 2009 considers transpor-

tation and construction as the most decisive action-levers 

for a fourfold reduction in the carbon balance by the year 

2050. According to the French Environment and Energy 

Management Agency (ADEME), the share of heating in 

the total energy consumption of buildings is approximately 

61% for residential buildings and 49% for tertiary build-

ings and all represent 19% of greenhouse gases emissions 

[1]. One engineering challenge remains to accurately esti-

mate the needs in energy, to ensure occupants comfort. 

This can be done either during the design step of new 

buildings to get more energy-efficient buildings or through 

energy retrofitting of the existing buildings using efficient 

insulation materials, i.e., materials adapted to the wall 

composition and taking into account the characteristics of 

the old building materials [2, 3].

Thus, earthen constructions appear to be an eco-

friendly solution. They have a low embodied energy and 

good hygrothermal properties, to provide indoor comfort-

able environment [4, 5]. Moreover, they are built using 

low-technology construction techniques, do not require 

any heavy processing and can be reused easily after decon-

struction [5]. Despite all these advantages, there is still a 

need for improving the characterization protocols of the 

hygrothermal properties for earthen composites, especially 

cob materials properties, which may vary considerably 

from one composite and local architecture to another [5]. 

Therefore, it becomes difficult to establish clear recom-

mendations on the various properties of the material to 

assist engineers during the design stage [5].

One of the main issues raised by using earth in construc-

tions is the accurate modelling of heat and moisture trans-

fers through walls responding to temperature and relative 

humidity changes. A survey of the literature reveals that 

a considerable amount of efforts has been devoted to the 

development of coupled models [6–10]. These models are 

phenomenological-based on various assumptions at the 

micro-structure scale. Unlike heat transfer models, including 

three inputs (heat capacity, density and thermal conductiv-

ity), coupled heat and moisture transfer models have at least 

seven (heat and moisture coupled transfer) [8, 9] or ten (heat, 

moisture and air transfers) inputs (for two or three driving 

potentials, respectively) [7, 10]. Hence, a model is chosen 

according to compatibility among driving potentials, build-

ing structure and material properties. Unfortunately, numer-

ous model inputs are usually related material properties and 

could not be always determined by conventional experimen-

tal protocols, and if so, may be subjected to non-negligible 

measurement variability. For instance, the variation of cob 

material properties could be due to:

• the local source of the material, usually in a close envi-

ronment to the construction site like in Brittany and

Occitania (France) [11–13],

• the construction technique, that is related to the vernacu-

lar architecture [14, 15],

• the use of admixtures or binders [16–20],

• the use of plant fibres [21–25],

• the measurement techniques [26],

• the uncertainties of the technical ability and skill of the

operator during construction or material characteristic

assessment stages.

Baescher and Christian [27] ranged the variabilities into 

three main groups: 1) the knowledge uncertainty - 2) the 

decision model uncertainty, on which human decisions can 

influence and thus can be reduced/annihilate - 3) the natu-

ral variability which cannot be handled. The present work 

focuses on the latter variability, as being an intrinsic char-

acteristic to describe the cob material.

The Sensitivity Analysis (SA) is a statistical approach 

used to examine how a model inputs’ variability influences 

the model outputs. For instance, SA aims to: (i) rank model 

inputs according to their influence level on outputs, (ii) 

identify non-influential inputs for model reduction, (iii) cali-

brate input range using inverse analysis of actual output data 

(experimental) [28, 29]. In the building domain, the SA is 

usually carried out at the building scale to validate insulation 

design for energy-efficient housing (energy consumption) 

and to determine the influential characteristics [30–33], the 

assessment of the environmental impacts [30, 34] and the 

sustainability of structures [35, 36].

To assess the influence of the material properties scar-

city got from experimental characterization on coupled 

heat and moisture transfers, many authors generally per-

form a local SA (also called parametric study), which con-

sists in the valuation of the model response by varying 

each input around a reference value, like the mean value 

for instance.

Following this approach, Othmen et al. [37] have assessed 

the effects of the variations of limestone material properties 

(±5%) and heat convection coefficient (±10%) on Kunzel’s 

coupled hygrothermal transfer model. They have found a rel-

ative error of 2-5% depending on the model’s input. In addi-

tion, Le Tran et al. [38] have shown that combined effects 

may reduce output error range. They have provided details 

on hemp concrete characteristics (water content-dependency 

of properties) and the effect of ventilation on a transient 

hygrothermal transfer process. They have also demonstrated 

that even a 50% change in the thermo-diffusion coefficient 

did not affect moisture migration.

As an alternative to the local SA approach, the global 

SA is used to investigate the variations of model outputs 
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by varying inputs over the whole hyperspace of inputs, 

such that the potential interactions among inputs could 

be discovered. For instance, the RBD-FAST method 

(developed in [31]) was used as a global SA approach 

to determine the influence of rammed earth materials on 

the vapour pressure outputs of a coupled model, under a 

dynamic load over one year time modelling [39]. They 

have shown that the sorption curves broadly provide about 

80% of the variance on vapour pressure outputs. Issaadi 

[40] has established a correlation between 4 hygrothermal 

inputs of concrete(moisture diffusivity, density, specific 

heat capacity and thermal conductivity) through a frac-

tional factorial design method, that is a weaker version 

of the global sampling. He has found a relative error up 

to 64% on Relative Humidity (RH) outputs.

As outcome, the variability of transfers are function of 

the material, the variation ranges of material properties 

and the potential interactions among the latter. Physically, 

they are strongly related to the material micro-structure 

and behaviour. This makes the choice of the global SA 

approach as being suitable for performing SA of a cou-

pled heat and moisture transfers model in comparison with 

the local SA approach. In this way, this paper presents the 

results of the SA conducted on a coupled heat and moisture 

transfers model for cob materials using both local approach 

and the Morris method [41] as a global approach. The main 

objectives are to find:

• the influence level of cob material properties variation

ranges on a coupled hygrothermal model outputs by

using the Local Analysis (LA) and the Morris Method

(MM) in order to potentially reduce the model.

• the significance of cob properties’ influences during seasons

• the existing relationship between cob properties and the

model outputs.

2  Materials and methods

2.1  Hygrothermal transfer model

The model used herein has been written by the Laboratory 

of Engineering Sciences for the Environment (LaSIE) of la 

Rochelle University. It has been validated for various bio-

based and earthen materials [7, 42–44]. As model assump-

tions, the cob material is assumed to be a porous medium 

with earthen grains as rigid solid phase, a pure capillary 

water as liquid phase and water vapour as gaseous phase 

(assumed to be an ideal gas). Radiation and convective heat 

transfer inside the material are neglected in comparison to 

conduction. Temperature (T) is used as heat driving potential 

while the water vapour pressure ( P
v
 ) is the moisture driving 

potential. The transport of liquids at the level of the capil-

lary pores and the transport of water vapour are described by 

Darcy’s law and Fick’s law, respectively. The sensible heat 

flux follows Fourier’s conduction law and the latent heat of 

evaporation/condensation is considered in the water phase 

change. The following coupled hygrothermal transfer model 

is obtained from the combination between the heat and 

moisture balance equations and the Kelvin-Laplace equa-

tion (assuming a local thermodynamic equilibrium between 

material phases):

The variables are described in the Table 1:

This model proves adequate for earthen materials because 

only two properties ( kT and �0 ) are difficult to be measured 

and the other inputs are material properties measured in 

(1)
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kl [kg∕(m.s.Pa)] liquid water conductivity k
0
[m2] intrinsic permeability

�w [kg∕m3] liquid water density �
w
(T) [Pa.s] dynamic viscosity of water

R = 8.3145 [J∕(mol.kg)] ideal gas constant Mw [kg∕mol] Water molar mass

P
vsat

[Pa] water vapour pressure at saturation w [kg∕kg] water content inside the material

RH [%] Relative Humidity hl [J∕kg] Enthalpy of the liquid water

Lv [J∕kg] Evaporation latent heat
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laboratory at material scale. Also, inputs are material prop-

erties and they can be directly measured without needing 

intermediate models. Hence, as model inputs, there are:

• the dry bulk density ( � [kg∕m3])

• the hygric capacity ( Cm [kg∕(kg.Pa)] ) which is a function

of the slope of the Sorption Isotherms (SI) of the material

• the moisture permeability ( km [kg∕(m.s.Pa)])

• the specific heat capacity ( Cp [J∕(kg.K)])

• the thermal conductivity ( � [W∕(m.K)]).

• the coupling inputs: kT [kg∕(m.s.K)] that represents the 

liquid infiltration under a temperature gradient and �0
[−] 

which is the phase-change coefficient of the cob mate-

rial. The latter is the ratio between the divergences of 

water vapour and moisture fluxes – the moisture flux is 

assumed as being the sum of the water vapour and the 

pure liquid water fluxes.

2.2  Characterization of the model inputs

The variation range of hygrothermal properties ( �
s
 , k

m
 , 

� , Cp and SI) of the unfibred cob material were collected 

from the literature [13, 24, 26, 45–50]. We proposed to 

find the effect of the reproducibility of materials proper-

ties. Indeed, the variabilities include the natural variabil-

ity, the inter-laboratory, the fabrication protocol, the test 

protocols and the soil texture variabilities. The variation 

ranges of the unfibred cob material properties are reported 

in Table 2. However, the significant discrepancy observed 

between data, cannot be attributed to natural variability 

given the small number of repetitions of the tests (3 - 12).

Data for the liquid permeability ( kl ) and the intrin-

sic water vapour permeability ( k
0
 ) of adobe/cob mate-

rial are lacking because of the measurement difficulty 

for earthen material without binder, due to their friable 

behaviour. However, Janssen [51], Fabbri et al. [52, 53] 

have assessed (k
0
) , using oedometer and using correla-

tion with water absorption (model + measurements) for 

rammed earth. They found a negative correlation with the 

dry bulk density for rammed earth materials and values 

ranging from 1.0 × 10
−17

m
2 ( 2.2g∕cm

3 ) to 4.0 × 10
−17

m
2 

( 1.7g∕cm
3 ). Because soil compaction reduces the porosity 

and increases the material tortuosity [54, 55], the liquid 

permeability of cob material (lower compaction but with 

high clay content) is assumed to be higher than rammed 

earth one.

For convenience in this analysis, the infiltration coeffi-

cient kT was assumed to be constant to ( 1.0 × 10
−6kg∕m.s.K ) 

as well as the phase-change coefficient �0 (0.8). As matter 

of fact, there is no literature data related to the coupling 

inputs on earthen materials. Moreover, Tchiotsop [56] has 

found through a numerical analysis of k
T
 expression that it 

fills a high range variation for cob material ( 10.10
−10–5.10−6 

kg/m.s.K). The higher are T and P
v
 , the higher is k

T
 . Hence, 

we assumed for the analysis that the water vapour transfer is 

mostly carried out by the thermo-diffusion effect. Concern-

ing the phase-change coefficient �0 , a parametric analysis 

has shown that � has a low influence on driving potentials 

[56]. Varying �0 from 0 to 1 has led to negligible variation 

of 0.20 deg C on T and 40Pa on Pv.

In the model, the moisture storage (C
m
) is related to the 

slope of sorption isotherms (SIs). As hysteresis between 

adsorption and desorption curves are low for unfibred 

earthen materials [26, 57], it was assumed to be negligible. 

Same for the temperature-dependency of sorption isotherms. 

The data collected are measured using Saturated Salt Solu-

tions (SSS) and Dynamic Vapour Sorption (DVS) methods 

(Fig. 1a). The water content at each RH of the latter were 

regularly-meshed between the lower and upper limits despite 

the great correlation between corresponding water contents. 

The found curves were fitted using a GAB model to be used 

as input for Morris algorithm (Fig. 1b) [58].

Because the present study focuses on the contributions 

of the material properties, other sources of variability such 

as the wall thickness, the indoor occupancy and the weather 

were not considered. Indeed, as found by Goffart [59] and 

Tzuc et al. [60], the effects of regional environment vari-

ability can reach up to 90% of the variability of the energy 

needs estimation of a building. For so, the study focuses on 

the evolution trends with external loading evolution. The 

indoor ambience is kept stable.

The simulations were conducted for a 300 mm thick-

ness cob wall (Fig. 2). the wall lower and upper faces are 

assumed to be perfectly insulated and water-tight (mois-

ture and vapour). The set-point conditions of the wall were 

Table 2  Variation ranges of 

the material properties and 

reference data

Input References Range Reference data

�s[kg∕m3] [13, 24, 26, 45–50] 1700 - 2000 1850

km[kg∕m.s.Pa] [13, 26, 48] 1.0 × 10
−11 - 7.0 × 10

−11
3.5 × 10−11

�[W∕m.K] [13, 26, 45–47, 49] 0.4 - 1.2 0.9

Cp[J∕kg.K] [13, 24, 26, 46, 47, 49, 50] 790 - 950 850

�
0
[−] - 0.8 0.8

kT [kg∕m.s.K] - 1.0 × 10
−6

1 × 10
−6
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assumed to be the initial conditions of the outer dynamic 

loading, as 8.1
◦
C for T and 86% for RH ( P

v
= 930 Pa ). The 

inner conditions were kept constant ( 20
◦
C and 60% for RH 

corresponding to a Pv of 1404 Pa ). Regarding the outdoor 

weather conditions, a Static Loading (SL) condition of 

10
◦
C and 80%RH (P

v
= 983 Pa) was firstly applied. Next, 

the Montoir-station climatic data of Saint-Nazaire (France) 

were provided for a Dynamic Loading (DL) case (Fig. 3). It 

represents data from the 1st January 2019 to the 31st August 

2021. Dirichlet boundary conditions were assumed for heat 

and moisture transfers to discard the effect of the uncertain-

ties of the heat transfer coefficient, which is not the aim of 

the present study.

Calculations were performed using the COMSOL Mul-

tiphysics PDE solver and its Matlab Livelink module to per-

form Morris method algorithm (Fig. 4). The simulations were 

carried out with a time-step of 2 h during two months for 

the SL case and during 973 days for DL. The time period of 

973 days for the DL was previously found to be the shortest 

period allowing to study the wall response by discarding the 

effect of the initial conditions of the wall, especially for the 

moisture transfer. Of course, as found by Bui et al. [39], a 

rammed earth wall reaches after one year some kind of steady 

behaviour with seasonal variations independent on the initial 

condition, as well for heat transfer as for moisture transfer.

2.3  Sensitivity analysis methods

2.3.1  Morris method

The model written in Eq. (1) can be represented as a con-

necting function of an outputs vector y with inputs vector 

x = (x1, x2 … x
k
) with k coordinates, assumed to be inde-

pendent. Each input xi is normalized and meshed in p regular 

Fig. 1  Meshed sorption isotherms (SIs)

Fig. 2  Wall geometry and 

boundary conditions
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steps within its variation range. A sequence of k + 1 points 

x
(0), x

(1) … x
(k) is randomly simulated so that two successive 

points differ by one coordinate, e.g. x(0) = (x1,… , xj,… , xk)

and x(1) = (x1,… , xj ± Δxj,… , xk) with Δxj a fixed step for

each input xj . This means that only one input varies between 

two successive points of a sequence (one-at-a-time method). 

The sequence of k + 1 points makes it possible to compute 

the so called "elementary effect" ee
i
 of the ith property 

obtained by the difference between the model evaluations 

at two successive points, namely:

A number r of random sequences of k + 1 points are gener-

ated and the following indices are computed for each input x
i
:

• the mean of elementary effects �i
=

1

r

∑r

i=1
(ee

k

i
),

• the standard deviation ( �i).

In order to get an unbiased effect of inputs, the mean of 

absolute values of elementary effects �
∗

i
=

1

r

∑r

k=1
�ee

k

i
� is

computed (see Morris [41] for more details). Meshing of 

sorption isotherms was carried out uniformly for each RH 

loading water contents, between the highest and lower ones 

(Fig. 1b) in order to adapt adsorption curves for the Mor-

ris method. All adsorption curves were fitted using a GAB 

model [58] and GAB model parameters groups were used 

as meshing input during sampling step.

For better understanding of the input influence, the fol-

lowing rules were stated [30]:

• The higher the �
∗

 of an input is, the higher the influence

on the output is.

(2)

eei =
f
(

x1, x2,⋯ , xi + Δxi,⋯ , xn

)

− f
(

x1, x2,⋯ , xi,⋯ , xn

)

Δxi

.

• �∕�∗ ≤ 0.1 indicates a linear relationship between inputs

and outputs.

• 0.1 < 𝜎∕𝜇∗ ≤ 0.5 indicates a monotonic relationship

between inputs and outputs.

• 𝜎∕𝜇∗ > 0.5 indicates a non-linear relationship between

inputs and outputs and/or an interaction between inputs.

Moreover, the sign (positive or negative) of �i indi-

cates the sense of the effects of an input on the output, for 

instance, 𝜇i
> 0 suggests a positive correlation with the 

model output, and vice versa.

The following values for the Morris method were consid-

ered: p = 10 for the discretization levels with a fixed step 

Δ = 0.56 and r = 30 repetitions of the sequence, which gives 

r(k + 1) = 240 model evaluations with k = 7 model inputs.

The influence of inputs on outputs was also examined 

using local analysis (LA) after data were divided using five 

values within their variation range, for comparison with the 

Morris method results.

Figure 4 describes the computation algorithm with Mor-

ris method:

However, the Morris method itself does not always provide 

repeatable quantitative sensitivity indices to measure the con-

tribution of the model inputs variability of outputs’ ones. It pro-

vides only a preview of the parameters’ influence level as well as 

a classification for model reduction. That is relative to the rand-

omized sampling, especially the numbers of levels (repetitions), 

the meshing of the hyperspace, the inputs distribution, etc.

2.3.2  Descriptive statistic tools

The coefficient of variation of the outputs with respect to 

inputs variation are used to assess the uncertainty obtained 

from the local analysis (LA) and the Morris method (MM).

Fig. 3  Montoir l’Ormois station climatic data from 1st January 2019 to the 31
st August 2021 (Saint-Nazaire, France)
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The 5th and the 95th percentiles were also used to rank 

the relationship between inputs and outputs as they were 

continuous series (over time). The lower is the 95th per-

centile, the more linear is the relationship between the 

considered input and output. Moreover, we used the dif-

ference between the two latter percentiles of �i
∕�∗

i
 ratio

(named as �i ) as the noise indicator of each input with 

respect to each output. The higher is �i , the noisier is the 

input with respect to the output and therefore, the prob-

ability of the property to be interactive is high.

Finally histograms of model results were plotted in 

order to analyse the decay between deterministic (handled 

by the basis set of inputs), the LA and the MM approaches.

Fig. 4  Morris sensitivity analy-

sis algorithm applied to the 

chosen HT transfer model
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3  Results and discussions

3.1  Effects on transfer kinetics

3.1.1  Static loading case

Figure 5a and c display the variability of temperature and 

water vapour profiles, for the static loading case, at the 

mid-depth of the wall. The Local Approach (LA) results 

is represented by yellow curves and Morris method (MM) 

ones by the other coloured curves. The mid-depth have been 

chosen as it undergoes the effects of outer and inner loadings 

in a balanced manner. The mid-depth is highly dependent 

on the gap between outer and inner loadings, as shown on 

Fig. 7a–d, highlighting the profiles variability according to 

the wall depth.

The transient stage of the static loading cases showed that 

the speed of transfer (time to the steady state) of the cob wall 

response is lower for heat than moisture transfer, for any set 

of input data. It was found to be approximately 10-12 times 

higher: Philip and De Vries have estimated the ratio to be 

around 8 [8]. In addition, the Morris method (MM) showed 

that some particular sets of inputs tend to slow down the 

transfer kinetic inside the cob wall. Indeed, the wall did not 

reach a perfect equilibrium until 973 days.

A higher variability on both driving potentials was found 

during transient phases and a quite null variation of profiles 

at steady states. In regards to the sampling approach, Morris 

method showed an increasing moisture buffering activity 

inside the wall, leading to a steady state time around 700 

days instead of 365 for Local analysis of inputs.

3.1.2  Dynamic loading

Figure 5f and e display the temperature and the water vapour 

pressure profiles, respectively, computed at the wall mid-

depth (150 mm) for the Dynamic Loading (DL) case.

Profiles show a transient phase during the first year, dur-

ing which the water vapour pressure strongly evolves from 

the set point conditions (1000Pa) to a higher value (up to 

2500Pa). After 1 year, there was a global fluctuation of pro-

files whatever the cob wall depth, sign of an equilibrium 

state of moisture transfer inside the material (No more effect 

of set point conditions). There was a positive and variable 

time gap according to the set of inputs. Indeed, the first load-

ing peak of water vapour pressure was observed around the 

day 200 while at 50 mm depth, it was found around the day 

300 and up to the day 360 at 100 mm position (Fig. 13). 

These results were more reliable as no hysteresis on sorp-

tion isotherms is assumed. Indeed, a higher hysteresis could 

reduce the time decay, because the residual moisture inside 

the wall increases at the end of each daily moisture desorp-

tion. Most of profiles were not sensitive to the outer daily 

P
v loading variability, for both local and global approaches. 

Taking into consideration the time decay, profiles were 

always slightly lower than the corresponding water vapour 

saturation during a long period (Fig. 13). From that moment, 

a quite steady adsorption and desorption slopes with respect 

to time were found. Approximately the same time of transfer 

equilibrium state is found for rammed earth [39].

P
v profiles showed a large gap of profiles unlike T pro-

files. The latter profiles were hidden by the basis set of 

inputs response (blue-weighed curve). Moreover, there was 

a decreasing variability during desorption phases (days 

300–440 for instance) in contrast to adsorption phases (day 

440–600 for instance). Unlike the water vapour profiles, 

there was a negligible variability of temperature profiles. 

The latter was very sensitive to the external loading variabil-

ity: as far as the depth is closer to the inner side of the wall, 

temperature profiles daily-fluctuation decreased.

The Fig. 6 displays the variation ranges (CV) of the model 

outputs (T and Pv ) at the mid-depth of the wall at the day 

680, using the Local Analysis (LA) and the Morris Method 

(MM). That day was chosen as the variability of P
v
 profiles 

is close to the highest one. The Morris sampling significantly 

increased the variability of P
v
 profiles. A quite null CV was 

found with LA for both models inputs on P
v
 output, except 

for hygric properties. Coefficient of variations (CVs) of 16%, 

33% and 28% were found due to the variability of � , � and Cp 

inputs, respectively. Whilst, k
m
 and SI values showed quite 

the same CV for both approaches. Indeed, CVs of 30-31% 

and 28-26% were found using MM-LA sampling. These 

results seemed to be logical as for the global sampling, even 

the hygric properties changes when varying thermal inputs. 

Thus, the real effect of inputs will be found using Morris 

indices computation (Section 3.2). This gap in variation 

between the two approaches for P
v
 model output was found 

for 4 seasons in the mid-depth of the wall and showed vari-

ability of profiles always under 40% (Figs. 14 and 15).

In winter, spring and autumn seasons, when there is neg-

ligible gap of P
v
 loading, the effect was found quite sym-

metrical with a middle close to 150 mm depth whilst in 

summer, a P
v
 gap of about 1700 Pa shifted the maximum 

effect (and variability) near the outer wall surface. LA and 

GA curves highlight the high moisture buffering in earthen 

materials and showed that a local analysis could be sufficient 

to describe the variability of model responses. Moreover, 

Fig. 7e and f display the distribution of the Pv response at 

day 680 in the wall mid-depth for LA and MM respectively. 

It also describes with a blue line the P
v
 response for the 

reference set of model inputs. The latter displays also that a 

Fig. 5  Wall responses. Yellow curves are the wall responses beam to 

properties variation using LA (55 input data sets) and coloured curves 

using MM (180 inputs data sets). Blue-weighted curves are the responses 

corresponding to the basis set of input

◂
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deterministic simulation leads to a closer P
v
 mean response 

than modal response, for the unfibred cob wall.

The variability on temperature profiles was found to be 

negligible, except for the thermal conductivity, for which 

the influences were quite the same whatever the method. 

That means the latter property is responsible for the minor 

differences between the transfer profiles displayed in 

Fig. 5a. On T output, a CV lower than 2% was always found 

for each model input and whatever the sampling approach. 

For MM, CVs were slightly higher for each property: there 

could be either a sampling effect as P
v
 and/or a potential 

interaction between properties that will be handled by �

-index of Morris algorithm.

3.2  Influence of inputs using Morris indexes

As a reminder, the �
∗

-index of an input represents the mean 

variability of the model’s outputs due to the inputs variability 

with numerous sets of co-input values. Figure 8a and b dis-

play the unbiased effects ( �∗ ) of the material properties on 

P
v
 and T outputs, at the mid-depth of the wall with respect to 

time. On P
v
 , until one year, the effects increases quite linearly 

until a moment when profiles are noisy. The corresponding 

time increased as closer as the depth is to the inner surface 

of the wall – it was found up to 2 years at 200 mm depth. It 

corresponds also to an equilibrium state of moisture transfer, 

as the wall is at an equilibrium state of transfers and there is 

no more effect of initial set conditions of the wall. The noisy 

effect means the material moisture is close to saturation and 

the liquid water transfer becomes predominant.

The sorption isotherm (SI) was the most influential 

input, with a �∗ , up to 1500 Pa. A value up to 2000 Pa was 

achieved, according to the wall depth (Fig. 13). The gap 

with other material properties effects increased with time. 

Next comes the water vapour permeability ( km ), showing a 

�
∗ up to 1000 Pa, whereas the other inputs effects exhibited 

comparable values on the wall behaviour (up to 200 Pa). As 

global trend at the equilibrium state of transfer, �∗ for every 

model inputs increased from the beginning of the summer to 

the end of winter. The moisture migration time gap is there-

fore found,as the outer loading increase from the winter to 

summer. A seasonal influence on the effect of the SI appears 

clearly from these calculations.

A daily-fluctuation of the effects was found, related to the 

climatic loading and substantiated by the profiles through 

the thickness. SI showed therefore highest amplitudes 

around 1000 Pa, mostly visible during autumn, winter and 

partially during spring seasons. At 50 mm position (Fig. 13), 

the wall has undergone the effect of the outer loading and 

thus, showed a fluctuation of effects slightly higher than the 

loading one. This increased up to 100 – 150 mm and then 

decreased due to static inner loading. The increasing fluctua-

tion effect is related to the time gap of transfers.

The Fig. 9 ranks the influence of material properties on Pv 

output, through the wall depth. The rank was clearly identi-

fied: the SI was the most influential model input, next came 

successively km , � , Cp and � . Near walls boundaries (0–0.1L 

and 0.9L–L), some misclassification of the effects were 

found, mostly at outer face. This is explained by the non-

smoothness of the loading assumption. Indeed, an obvious 

null effect was found at boundaries because of the prescribed 

Dirichlet boundary conditions. In addition, the wall inertia 

was not sufficient to counteract the outer loading.

The effect on the temperature output (T) were negli-

gible (Fig. 10). As the wall was sensitive to the thermal 

response, the values of the effect rapidly reach a repre-

sentative �
∗

 index. No seasonal effect was observed unlike 

for the moisture transfer. This could be interpreted as each 

input has the same influential level on T output, around 

0.25 ◦
C by mean. However, a slightly decreasing effect 

of inputs was noticed during autumn and winter seasons. 

Fig. 6  Coefficient of variation of profiles at the wall mid-depth, hour 680
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Fig. 7  Transversal profiles. Blue-weighted curves are the responses corresponding to the basis set of inputs
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Observed peaks occurred when significant change in 

temperature gradient loading was found (near days 160 

and 780 for instance). As Pv profiles, a linear decrease of 

�
∗ was found through the wall thickness for each param-

eter. Once again, the closer to the outer surface the depth 

was, the higher was the influence of the parameters on 

the wall response as well as their variability (noise). No 

clear influential classification was established. Thus, the 

wall response was sensitive to both the material properties 

and the dynamic conditions applied at the outer boundary 

which was already emphasized by the seasonal variations 

of the effects on the vapour pressure.

The Fig. 11 displays the evolution of the �-index of 

inputs with respect to time t (in day), for both model inputs 

and outputs, at the mid-depth of the cob wall. As one could 

expect, given the values of �∗ , the effects of properties 

variation on temperature output were found centred to the 

null value, and depends on the seasonal variations. Indeed, 

the effects variability (noise) were greater during spring 

and summer and lower in autumn and winter. A high noise 

was found for SI, � and Cp properties.

SI and k
m

 showed negative values of � , with a seasonal 

amplitude effect. That means the higher were these prop-

erties, the lower was the P
v
 . This matches with the physi-

cal phenomenon of moisture transfers. Indeed, a higher km 

means a high pore connectivity and a lack of capillary suc-

tion whereas a high moisture adsorption (SI) means a high 

formation of bound water, for instance. Thermal properties 

( � and Cp ) showed a low positive effect on P
v
 output. The 

material density � showed a fluctuating negligible effect 

Fig. 8  �∗ indices of inputs with respect to time at 150 mm position (mid-depth), for P
v
 and T outputs

Fig. 9  Ranking of the influence of material properties through the wall depth for Pv output
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around the null value, with a very low amplitude (usually 

lower than 100 Pa).

3.3  Relationship between material properties 
and model outputs

In accordance with the input meshing step, the Morris 

method makes possible to understand the relation between 

outputs and inputs through the �∕�∗ ratios. Figure 12 dis-

plays the evolution of �∕�∗ of the inputs for T and P
v
 out-

puts, at the mid-depth of the wall. A first overview led to 

the initial observation that there is a monotonic relationship 

between the material properties and the outputs as more than 

90% of the �∕�∗-ratio values were between 0.1 and 0.5, for 

both outputs (Section 2.3.1). A nearly constant ratio of 0.1−

0.3 for T output was found for all inputs and of 0.2−0.3 for 

P
v output, for all inputs except SI. Indeed, the latter showed 

a quite linear relationship with Pv as �∕�∗ ratio oscillate 

around 0.1. As a matter of fact on Pv output, a seasonal effect 

was highlighted and related to the property. For instance, 

non-linear effects were mostly found during summer and 

spring seasons for Cp . For Hemp concrete, Benkhaled et al 

has found a monotonic quadratic relationship of � and Cp 

with T output, SI and k
m
 with Pv output, using a LA method 

[61]. SI showed quite linear relationship with P
v
 output at 

high temperature gradients (summers) and the same level of 

monotony as other inputs during winter.

�∕�∗ ratio as well as its seasonal influence did not 

changed whatever the position trough the wall depth. The 

determinant parameter is the time necessary to reach steady 

state inside the wall (Fig. 17).

Table 3 ranks the noise of inputs on each output from the 

highest to the lowest one, according to the �i indicator. The 

noise produced by a property indicates the relationship’s 

Fig. 10  Ranking of the influence of material properties through the wall depth for T output

Fig. 11  Evolution of � indices of inputs with respect to time at 150 mm position (mid-depth)
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level with the output. As a reminder, the higher �
i
 is, the 

noisier the input is and hence, there is a high probability 

that material property i interacts with others properties. The 

ranking is almost identical for both seasons and thickness 

inside the wall, except at the start of transfers. On the tem-

perature output, a quite steady inputs � ’s (the same noisy 

level) was calculated for properties (0.025−0.16) unlike the 

vapour pressure output (0.09−0.25). For the latter, Cp was 

the noisiest property ( �
i
= 0.25 ), followed by � ( �

i
= 0.16 ). 

� and k
m

 showed the same noise level ( �
i
= 0.13 ) and SI 

was the more stable property ( �
i
= 0.09 ). Indeed, the latter 

property showed a linear trend with P
v
.

4  Conclusion

A sensitivity analysis of the influence of the cob material 

properties variability on a coupled thermal and moisture 

transfers model response through a cob wall has been con-

ducted and showed that:

• the water vapour pressure ( Pv ) was very sensitive to the

variation range of cob materials, unlike temperature (T).

The static loading condition highlighted the large vari-

ability of Pv profiles during steady state, unlike the tem-

perature profiles. Dynamic loading generates a continu-

ous water vapour adsorption until an established dynamic

transfers regime.

• The local analysis showed lower CVs of T and Pv pro-

files: for hygric properties variation on temperature output

and for thermal properties on vapour pressure, unlike the

global Analysis (Morris method). However a set of local

analyses for all properties led to quite same results on Pv

profiles as the Morris method. According to the �∗

i
 Mor-

ris index, the effect on temperature profiles was globally 

negligible (up to 0.5 ◦C variation range by mean in all 

the cob depth), whereas great variation ranges on P
v
 pro-

files were found with sorption isotherm (up to 2000 Pa). 

Moreover, by using profiles through the wall depth, from 

high to low influential inputs, the following classification 

was identified: SI, k
m
 , � , Cp and �.

Fig. 12  �∕�∗-ratio of the inputs at the wall mid-depth. Black-dashed horizontal lower and upper lines indicates �∕�∗ = 0.1 and �∕�∗ = 0.5 , 

respectively, as defined in Section 2.3.1

Table 3  �
i
 ratio at the mid-

depth of the wall. The 95th 

percentile represents the value, 

for which 95% of the ratios are 

lower, during the 2.5 years time 

modelling. The higher is �
i
 , 

the noisier is the property with 

respect to the considered output

Temperature output Vapor pressure output

Input 5th perc 95th perc �
i

rank 5th perc 95th perc �
i rank

� 0.13 0.34 0.22 3 0.20 0.36 0.16 2

k
m 0.20 0.35 0.16 5 0.17 0.30 0.13 4

� 0.05 0.29 0.25 1 0.23 0.36 0.13 3

Cp 0.12 0.34 0.23 2 0.20 0.45 0.25 1

SI 0.18 0.34 0.16 4 0.09 0.18 0.09 5
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• According to the �-index, thermal properties showed

positive correlation with Pv inside the material whereas

hygric properties were negatively correlated with P
v
 out-

put. Hence, the coupling of heat and moisture transfers

is highlighted.

• According to the �∕�∗ index, the material properties

showed a monotonic behaviour with the Pv outputs,

except for the SI input. As a matter of fact, the latter input

index was fairly changeable depending on the seasonal

loading and the loading gradient. Thus, they were ranked

according to the noise level provided. Thermal proper-

ties produced higher daily-noises. They were ranked as

follows from the most to the least influential: Cp , � , � , k
m

and finally SI.

As a further work, a global sensitivity analysis based on 

the variance decomposition of the model’s outputs vari-

abilities could be conducted with quantitative indices to 

measure the relative contribution of inputs as well as their 

interactions. Moreover, this study could also be powered 

up by finding how the variability changes according to the 

boundary conditions, by finding the effect of lower thermo-

diffusion transfers assumption, by including hysteresis of 

sorption isotherms and their temperature-dependency.

Appendix 1 Effect of the variability 
of properties on profiles

See Figs. 13, 14 and 15.

Fig. 13  Variability of P
v
 profiles
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Fig. 14  CV of T profiles at wall mid-depth, for various seasons

Fig. 15  CV of Pv profiles at wall mid-depth, for various seasons
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 Appendix 2 �‑indexes

See Figs. 16.

Fig. 16 �-indices of Pv profiles
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Appendix 3 �∕�‑indices

See Fig. 17.
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