
An analysis on hygrothermal 
behaviour of traditional timber 
framed brick infill exterior wall

Abstract
The goal of this study is to analyze hygrothermal performance of traditional timber 
framed brick infill exterior wall in Turkey to investigate the physical conditions of 
these buildings as an input for conservation/restoration/reconstruction projects. 
In order to investigate hygrothermal performance of the wall assembly, numerical 
and experimental studies were adopted. The numerical study was examined by 
DELPHIN simulation tool and guarded hot box is used for the experimental 
study. Based on the results of literature review; the system, and layers of external 
wall of traditional timber framed brick infill houses in Sivrihisar were examined. 
Then, the wall assembly were designed for case study. The evaluation is based on 
laboratory measurements that are used for comparison of the numerical modelling 
by analysis of temperature and U-value. The results indicate that experimental 
study has crucial role for applicability of numerical modelling for hygrothermal 
performance evaluation. Notably, material variations create unexpected impacts 
on the wall layers. The simulated values have good agreements with measured 
values on the infill parts of the wall assembly. In contrast to that the differences 
between measured and simulated wooden parts of the wall assembly are needed 
to be examined. The intersection and interaction points of different materials are 
required to assess by experimental and numerical methods for further studies in 
detailed.
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Brick infill, DELPHIN, Hygrothermal performance, Guarded hot box, Traditional 
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1. Introduction
Hygrothermal performance 
concentrates on air, moisture, and 
heat movements through building 
elements. Hens (2002) states that heat, 
air, and moisture movement have imp 
acts on durability and thermal quality. 
Vapor permeability and thermal 
resistance are two major factors for 
building façade performance (Pihelo 
& Kalamees, 2016). These factors are 
fundamental considerations for the 
analysis of hygrothermal performance 
of a wall. User comfort, durability 
of material and energy efficiency of 
buildings are directly related with 
hygrothermal performance (Gasparin 
et al., 2019). Trechsel (2001) points 
out that to supply comfort conditions 
of users it is necessary to control the 
relative humidity of both the space and 
the surface at the recommended limit 
values. To design a well-performed 
building envelope of nearly zero energy 
buildings, hygrothermal design criteria 
considering material properties are 
needed to be assessed (Pihelo et al., 
2016). A problem about building 
envelope and/or its hygrothermal 
performance may be a reason of the 
undesirable biological structures, 
building material deterioration and 
energy usage increasement. Moisture 
accumulation in the building envelope 
causes physical, biological, and/
or chemical deterioration based on 
local conditions (Nofal et al., 2001). 
Chang and Kim (2015) explain that 
mould growth has serious impacts 
on buildings and also users’ health. 
Corrosion, biological growth, and 
freeze-thaw through a wall lead to 
damages of building and building 
materials as well in historic buildings 
(Gutland et al., 2021). 

Hygrothermal performance is ex-
plained as thermal and moisture 
properties of heat, air, and moisture 
movement by building physicists (Ku-
maran, 2001). Altun (1997) claims that 
while thermal performance requires 
minimum heat loss in heating season, 
minimum heat gain in cooling season, 
ability to keep the internal surface tem-
perature at the desired level, resistance 
to thermal deformation, heat storage 
feature, resistance to high and low tem-
peratures; moisture performance re-

quirements can be listed as no moisture 
accumulation and no physical, chem-
ical, biological related deterioration 
throughout the wall. Hygrothermal 
performance inquires heat flow by ra-
diation, conduction, and transport; va-
por flow by vapor diffusion and liquid 
convection; air flow formed by natural, 
external, and mechanical forces (Delga-
do et al., 2013). 

Hygrothermal performance analysis 
methods are main research questions of 
several studies. Specifically, hygrother-
mal simulation tools are examined in 
terms of their time and cost efficiency. 
Calculation methods are mostly applied 
methods comparing with laboratory 
and measurements depending on time 
and cost efficiency (Kalamees & Vinha, 
2003). There are numbers of hygrother-
mal simulation tools. In the literature 
most of the studies concentrated on 
applicability, reliability, and validity of 
these hygrothermal simulation tools 
(Pihelo and Kalamees, 2016; Kalamees 
and Kurnitski, 2010; Kalamees & Vinha 
2003; Zarr et al., 1995). Moreover, there 
are numerous research about hygro-
thermal simulation tools (Defo et al., 
2022; Hejazi et al., 2019; Barreira et al., 
2013; Delgado et al., 2013; Kalamees & 
Vinha, 2003). Besides, several studies 
cover hygrothermal performance of 
timber framed walls mostly concen-
trating on energy efficiency and mois-
ture-related issues (Schjøth Bunkholt 
et al. 2021; Fu et al. 2020; Cabrera et al 
2019; Liu et al. 2018; Martinez, 2017; 
Pihelo and Kalamees, 2016; Pihelo et al. 
2016; Kalamees and Vinha, 2003; Zarr 
et al. 1995). 

Literature review points out that 
hygrothermal performance of walls 
are rarely searched in Turkey (Çiçek, 
2002; Engin, 2005; Yücel Dalkıran, 
2008; Alan, 2010; Kuş et al., 2010; Uma-
roğulları, 2011; Samancı, 2019; Turgut, 
2019). It is observed that many of these 
studies are comprised contemporary 
materials and constructions; hygro-
thermal performances of traditional 
timber framed houses in Turkey have 
not been analyzed yet. Beside it is seen 
that these studies mostly preferred to 
apply WUFI for hygrothermal model-
ling instead of DELPHIN. WUFI, as a 
hygrothermal simulation tool, was de-
veloped by Fraunhofer IBP (Institute 
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for Building Physics) in 1995. DEL-
PHIN is a hygrothermal simulation 
tool, which was developed by the Insti-
tute for Building Climatology at Dres-
den University of Technology (Faculty 
of Architecture) in 1997. These are the 
two leading hygrothermal simulation 
tools in the literature. Both of them are 
capable for 1D, 2D and 3D modelling 
by using real weather file. They have 
their own material library for hygro-
thermal performance analysis. While 
DELPHIN creates 2D grid for calcula-
tion and considers the gravity, WUFI 
creates 1D grid for calculation and does 
not consider the gravity for analysis. 

This research focuses on hygrother-
mal performance analysis of the tradi-
tional timber framed brick infill exte-
rior wall in Sivrihisar, Turkey adopting 
numerical modelling and laboratory 
study. It is aimed to examine firstly the 
accuracy of simulation tool results by 
comparing laboratory study, secondly 
the applicability of the laboratory and 
numerical methods of hygrothermal 
performance analysis for traditional 
timber framed exterior walls in long 
term and finally collecting data about 
the hygrothermal performance of the 
wall assembly as inputs for the improve-
ment of approaches and intervention 
strategies in conservation and preser-
vation research for energy efficiency of 
these buildings.

2. Materials and methodology
The method of this research is 
conducted on three main parts: (1) a 
comprehensive literature review, (2) 
experimental study and (3) numerical 
study. 

The first phase of the research is 
started with a comprehensive literature 
review. The purpose of this phase is to 
create theoretical data about the hygro-
thermal performance analysis and the 
wall specimen design. Literature review 
generates the theoretical knowledge 
about the hygrothermal performance 
analysis and inputs about wall assembly 
design criteria. 

Based on the results of literature re-
view; the system, and layers of external 
wall of traditional timber framed brick 
infill houses in Sivrihisar were exam-
ined. The ratio of wooden and infill ma-
terials of the selected façade examples 

in the literature are calculated to design 
the wall assembly as case study. 

Numerical method is the most pre-
ferred hygrothermal performance anal-
ysis methods considering cost and time 
efficiency. However, numerical method 
data requires comparison with experi-
mental method. Most of the research 
adopt numerical method with the ex-
perimental method by comparing data 
to prove the accuracy and reliability of 
the results.  Together with the numeri-
cal analysis data, experimental method 
application is necessary to validate the 
numerical analysis results (Asdruba-
li & Baldinelli, 2011). Consequently, 
this study adopts both numerical and 
experimental methods for the hygro-
thermal performance assessment of the 
wall assembly. 

DELPHIN was applied for the nu-
merical analysis of the wall assembly. 
It is a user-friendly simulation tool that 
has capability of examination of hygro-
thermal performance, moisture-based 
problem, insulation proposals, thermal 
performance improvement etc. Fur-
thermore, it makes analysis about the 
heat, moisture, air, and salt transport in 
building materials. Additionally, DEL-
PHIN is one of the mostly used hygro-
thermal simulation tools. A study about 
hygrothermal simulation tools, which 
includes searching on Google Scholar, 
Web of Science, Scopus and ScienceDi-
rect with the keyword “(program name 
+ hygrothermal)”, states that DELPHIN 
is the secondly most applied hygrother-
mal simulation tool (Yıldız, 2021). 

The experimental study has two 
phases: (1) material properties anal-
ysis and (2) guarded hot box analysis. 
Material properties analysis were con-
ducted on Istanbul Technical Universi-
ty Faculty of Architecture Construction 
Materials Lab. Thermal conductivities 
of brick and timber specimens were 
measured by Düzce Üniversitesi Bilim-
sel ve Teknolojik Araştırmalar Uygula-
ma ve Araştırma Merkezi. Guarded hot 
box analysis was realized in the Turkish 
Standards Institution Construction Ma-
terials Fire and Acoustic Laboratory. In 
the hot box setup, the sample to be test-
ed is placed in the designated area be-
tween the hot and cold chambers with 
known ambient temperatures, and it is 
carried out while powering the part on 
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the hot chamber side at steady-state air 
and surface temperatures. According to 
these measurements, the properties of 
the test sample about heat conduction 
can be calculated. Heat exchange on 
the surfaces of the test sample includes 
transport and radiation components 
(Turkish Standards Institution, 2002). 

The research steps are visualized on 
Figure 1.

3. Description of wall assembly 
Within the scope of the experimental 
study, the major phase is to design wall 
specimen. To investig  ate the system 
and the layers of the traditional timber 
framed brick infill exterior wall in 
Sivrihisar, a comprehensive literature 
review was conducted. Specific 
exterior wall examples are selected to 
calculate the system configuration and 
the ratio of wooden and infill material. 
Afterwards, depending on this data the 
wall specimen is designed as 150 cm x 
150 cm. 

The dissertations in the preservation 
and restoration area were primarily ex-
amined in the analysis of the traditional 
timber framed brick infill exterior wall 
in Sivrihisar, Eskişehir. Due to the lim-
ited data in the other sources, the two 
resources were applied to analyze ratio 
of wooden and infill areas for calcula-
tion. These resources supplied required 
data for wall layers and drawings of 
façades. These drawings were re-drawn 
to determine wooden elements sizes 
and façade design.

Demberel (2012) worked on a resto-
ration proposal in the thesis titled “The 
Proposal for The Restoration of Sivri-
hisar İbrahim Bulgurcu House”. The 
three different parts from southeast, 
southwest, and northwest façades of 
the building, which was built with tim-
ber framed brick infill technique, were 
selected to make calculation for wall 
specimen design. The ratio of wooden 
area was approximately determined as 
39.46% and the infill area was 60.54% 
on the southeast, the wooden area on 
the southwest was 50.99% and the infill 
area was 49.01%, the wooden area was 
28.57% and the infill area was 71.43% 
on the northwest façade. While outer 
surfaces of the façades are not plas-
tered, the inner surfaces are plastered 
(Demberel, 2012).

Uslu (2003) studied about the resto-
ration project of a mansion within the 
scope of the thesis titled “The Resto-
ration Project of Zaimoğlu Konağı in 
Sivrihisar”. A selected part from south-
east façade of the building, which was 
built with timber framed brick infill 
technique, was examined.  The wood 
area ratio was calculated as 40.89% 
and the infill area as 59.11%. While 
the outer surface of the façades are not 
plastered, the inner surface was fin-
ished with approximately 1 cm of lime 

Figure 2. İbrahim Bulgurcu House, 
Southeast façade (Demberel, 2012).

Figure 1. The research steps.

Figure 3. Zaimoğlu Konağı, Southeast 
façade (Uslu, 2003).
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plaster application on nearly 3 cm of 
mud plaster (Uslu, 2003).  

The studied examples are explained 
above. The data showing results of the 
approximate ratios of wooden area and 
infill area of the selected examples are 
expressed in Table 1.

The results of these analysis express-
ing in Table1 are applied as input for 
wall assembly design. Even the direc-
tions of the façades are not same, these 
data are aimed to use to generalize the 
wall type for specimen design. The ra-
tio of wooden and infill area of the wall 
assembly are presented on Table 2. The 
materials and details were determined 
based on the most constructed timber 
framed brick infill exterior wall types in 
Turkey in size of 150 cm x 150 cm. The 
layers of the wall specimen from out-
side to inside; timber frame brick infill 
12 cm and lime plaster 2 cm. 

The measurements of the wall as-
sembly were provided with 18 thermo-
couples (9 thermocouples are located 
in cold side and 9 thermocouples are 
symmetrically located in warm side) 

placed at critical points to evaluate the 
intersections and interactions of differ-
ent materials both vertically and hori-
zontally. The timber frame of the wall 
assembly and the location of the 9 ther-
mocouples at cold side are showed by 
numbers in Figure 4 on the left; layers, 
the sections and measurement points 
are placed Figure 4 on the left. 

4. Experimental studies 
The experimental studies of this 
research are based on two parts: (1) 
material properties analysis and (2) 
guarded hot box analysis. 

4.1. Material properties analysis
Material properties play significant 
role in hygrothermal performance 
simulations. Hygrothermal simulation 
modelling influences by geometry of 
enclosure, boundary conditions and 
material properties (Delgado et al., 
2013). Straube and Burnett (2001) 
state that outputs of hygrothermal 
simulation are depended on quality 
and availability of information, 
material properties, dimension (1D, 
2D, 3D), time (steady-state conditions, 
dynamic regime conditions), climate 
file, construction quality. In that sense, 
the material properties are examined to 
generate accurate data for simulation 
phase of this study. 

The laboratory analysis about bulk 
density, water uptake coefficient, open 
porosity, vapor diffusion resistance 
factor (μ value) and hygroscopic sorp-
tion (RH= 80%) values of the materials 
(brick and timber) were realized. The 
tested materials were randomly select-
ed. Brick materials were purchased 
from a brand that makes production 
in Eskişehir. Timber materials were 
purchased from a timber company in 
İstanbul. 

Even hygroscopic sorption values 
(RH= 80%) of the materials were found 
by the analysis, DELPHIN does not 
give permission to change these values 
on the library and they were kept as it 
is in DELPHIN. Therefore, the select-
ed materials are determined depend-
ing on the closer hygroscopic sorption 
value (RH= 80%) found by the material 
properties analysis. After finding the 
material properties by the laboratory 
analysis, the similar materials of DEL-

Figure 4. The wall assembly drawings.

Table 1. Data about the examined façade samples.

Table 2. Data about the wall assembly.
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PHIN library are edited according to 
these values. Other material properties 
seen on DELPHIN library screen were 
kept as they are defined. 

4.1.1. Bulk density analysis
TS EN 1936 standard was applied to 
determine the bulk density values of 
the samples. For the determination of 
the bulk density value, the samples were 
dried in oven at 100°C until they reached 
a constant mass, and then cooled in 
a desiccator until they reached room 
temperature. The dry mass of the samples 
was weighed and their dimensions were 
measured. The bulk density of the samples 
is calculated with the formula below.

4.1.2. Water uptake coefficient 
analysis
TS EN 1925 standard was applied 
to determine the water u ptake 
coefficient values of the samples. For the 
determination of the bulk density value, 
the samples were dried in oven at 100°C 
until they reached a constant mass, and 
then cooled in a desiccator until they 
reached room temperature. The dry 
mass of the samples was weighed and 
their dimensions were measured. The 
samples, which were left in the room 
condition for one day, were weighed 
again. At the bottom of a container, a 
stand was put for the placement of the 
samples. Then the container was filled 
with water up to a height of (3 ± 1) 
mm and the chronometer was started. 
Before each weighing process, drops of 
water on the surface of the samples were 
removed for a healthy measurement. 
After weighing, the samples were quickly 
returned to the container and the same 
procedures were repeated at the specified 
time. The water uptake coefficient values 
of the samples are calculated with the 
formula below.

4.1.3. Open porosity analysis
TS EN 1936 standard was applied to 
determine the open porosity values of 
the samples. For the determination of 
the bulk density value, the samples were 
dried in oven at 100°C until they reached 
a constant mass, and then cooled in 
a desiccator until they reached room 
temperature. The dry mass of the samples 
was weighed and their dimensions were 
measured. The samples, which were left 
in the room condition for one day, were 
weighed again. Afterwards, the samples 
were placed in the container where they 
were completely covered with water. 
And the chronometer was started. At 
the end of 24 hours, the saturated mass 
(ms) and the mass in water (mh) of the 
samples were recorded by weighing. The 
open porosity values of the samples are 
calculated with the formula below.

The unit of open porosity is calculated as 
% value, but since this value is requested 
as m3/m3 in DELPHIN software, 
calculations were made by adjusting the 
formula accordingly. The founded value 
was not multiplied by 100 to have the 
result as m3/m3.   

4.1.4. Vapor diffusion resistance 
factor (μ value) analysis
TS EN 12086 and TS EN ISO 12572 
standards were applied to calculated water 
vapor diffusion resistance factor of the 
samples. Water vapor permeability test 
was realized out according to the dry cup 
method. CaCl2 was used as a desiccant 
material in the containers. The desiccator 
conditions used for the experiment were 
around 20-23°C and 95-100% relative 
humidity. During the experiment, the 
samples were weighed periodically. The 
water vapor diffusion resistance factor 
values of the samples are calculated with 
the formula below.
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4.1.5. Hygroscopic sorption (RH= 
80%) value analysis
TS EN ISO 12570 and TS EN ISO 12571 
standards were applied for this test. The 
standards describe the drawing of the 
hygroscopic water absorption curve 
of building materials and products 
considering different relative humidity 
values. DELPHIN software requires 
the hygroscopic sorption value at 
80% relative humidity. However, since 
there is no test condition defined for 
this relative humidity condition, 75% 
and 85% relative humidity conditions 
specified in the standard were provided 
to obtain this value, and the hygroscopic 
sorption value of the materials at 80% 
relative humidity was found by taking 
the average of these values. 

Appropriate saturated aqueous solu-
tions were created as described in the 
standard to provide the required rel-
ative humidity in the desiccator. Two 
different solutions were prepared sepa-
rately to have two different relative hu-
midity values in the desiccators. NACI 
was used to create 75% relative humid-
ity conditions and KCl was used to cre-
ate 85% relative humidity conditions. 

3 samples for each material, which 
are prepared as 5x5x5 cm and not less 
than 10 g, were dried in oven at 100°C 
until they reached a constant mass, and 
then cooled in a desiccator until they 
reached room temperature. Weighing 
was carried out periodically.

The moisture content by volume, ψ, 
of the samples are calculated with the 
formula below.

4.2. Guarded hot box analysis
The wall assembly was constructed by 
150 cm x150 cm (h x b) in the Turkish 
Standards Institution Construction 
Materials Fire and Acoustic Laboratory. 
The wall assembly was waited to get 
dry naturally. Then the wall assembly 

was put in drying oven for 7 days till 
its weight got stabilized. Afterwards, 
the wall assembly was kept under the 
room conditions for 1 day. Following, 
thermocouples were installed on the 
wall as shown in Figure 4 and the wall 
assembly was installed to guarded hot 
box between two climatic chambers. 
Figure 5 presents the experimental 
study in the laboratory. 

The warm climatic chamber was 
arranged as Twarm: 20°C, and the 
cold climatic chamber was arranged 
as Tcold: 0°C. The climatic chambers 
were automatically controlled to keep 
constant temperature value. The rela-
tive humidity of the chambers was set 
as 50%. The duration of the test was 143 
hours.

5. Numerical modelling: DELPHIN 
hygrothermal simulation tool  
The outputs of the laboratory 
measurements are applied for the 
validation of DELPHIN simulation 
tool for the hygrothermal performance 
analysis of the wall assembly. The 
measurement points for simulation 
are determined as same with hot box 
apparatus measurement points shown 
in Figure 3. 

For simulation process in DELPHIN, 
a dialog for automatic discretization 
should be created. In this dialog, the 
construction is discretized as minimum 
element size 1 mm, maximum element 
size 50 mm and stretch factor 1.6. The 
dialog generates a grid for calculation. 

5.1. Boundary conditions
Boundary conditions were arranged 
as same with guarded hot box 
analysis for comparison of the data. 
DELPHIN simulations were realized 
under the steady state conditions to 
compare guarded hot box analysis 

Figure 5. Photos presenting construction and 
drying oven process of experimental study in 
Turkish Standards Institution Construction 
Materials Fire and Acoustic Laboratory.
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with DELPHIN hygrothermal 
modelling. Therefore, boundary 
conditions were determined same 
as with guarded hot box analysis 
conditions which is advised in TS EN 
ISO 8990. Indoor environment was 
arranged as Tindoor: 20°C, RHindoor: 50%, 
outdoor environment was arranged 
as Toutdoor: 0°C, RHoutdoor: 50%. The 
initial temperature was set at 20 ⁰C 
and the relative humidity at 50%. The 
orientation of the wall assembly was 
arranged to 0 Deg for North and the 
inclination to 0 Deg for Section A-A, 90 
Deg for Section B-B and Section C-C. 
The effect of rain and solar radiation 
on the walls in the south and west 
directions cause complicated effects 
for the comparison studies (Borderon 
et al., 2016). Because of the elimination 
of these effects, it is supposed that the 
wall assembly is facing northwards. The 
guarded hot box measurements were 
stabilized after 143 hours. Therefore, 
the duration of the simulation was 
arranged as 143 hours.

The hygrothermal performances of 
the wall assembly is evaluated by anal-
ysis of temperature, relative humidity, 
and U-value. 

5.2. Material properties
Assigning materials for hygrothermal 
simulations has critical impacts 
on illustrating the real conditions. 
Therefore, except the lime plaster 
properties of used materials for 
wall assembly were analyzed in the 
laboratory and defined as presented 
in the headline of “4.1. Material 
Properties Analysis”. Thereafter 
defining the sections of wall assembly 
by sizing and layers, materials were 
assigned to the models by editing the 
similar materials of DELPHIN library 
with determined material properties. 
The material properties of the assigned 
materials in DELPHIN is presented in 
the Table 3. 

For lime plaster DELPHIN library 
was used to assign material properties. 
The assigned material number for lime 
plaster is 148 named as lime plaster 
(historical). 

6. Results and discussions
The evaluation includes the comparison 
of guarded hot box analysis and 
DELPHIN hygrothermal modelling. 
The temperature and U-value of these 
analysis are compared for validation of 
the data. U value is calculated according 
to the national standard of thermal 
insulation requirements for buildings 
in Turkey, TS825. The recommended 
U value in the standard is 0.48 W/m2K 
for the exterior wall in Eskişehir.

Firstly, temperature values of guard-
ed hot box analysis and DELPHIN nu-
merical modelling are examined. Total 

Table 3.  Material properties.

Table 4. The summary of comparison temperature value of 
laboratory test and numerical modelling.
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of 18 measurements points locating 
symmetrically inside and outside of the 
wall assembly supplies data. Figure 2 
presents the detailed information about 
the measurement points and sections 
of the wall assembly. The measured and 
simulated values of temperature at the 
end of 143 hours are expressed in Table 
4.

Due to the measured data of num-
ber 1 cold side is differed too much 
from the other measured data of cold 
side, this value is not regarded for data 
analysis to prevent misinterpretation. 
Except from 1 (warm side), 4 in Section 
A-A (warm side), 4 (cold side), 5 (cold 
side) and 9 (cold side), the difference 

between measured and simulated val-
ues is mostly around 15%.

In order to examine the data accu-
rately, the results are evaluated by ma-
terial differences and section points. 
Therefore, the measurement points are 
classified according to their materials 
and intersections. The first group is 
listed as 1,3, 6, 7, 8 and 9 measurement 
points which are located infill parts. The 
compared data of these points show

 that except form measurement point 
1 (warm side) and 9 (cold side), the dif-
ferences between measured and sim-
ulated values are approximately 15%. 
The differences in measurement point 
1 (warm side) -34.04%. The differenc-
es in measurement point 9 (cold side) 
66.16%. On the other hand, the differ-
ences decrease in measurement point 6 
and 7 on cold side as around 1-2%. 

The second group is 2 and 5 locating 
wooden elements between infill parts. 
On the warm side the differences be-
tween measured and simulated values 
are closed to 2%. However, in measure-
ment point 5 (cold side) the difference 
is 22.76%. On the cold side, the differ-
ences between measured and simulated 
values of 2 is between -16.57%. 

The third group includes measure-
ment point number 4 locating on the 
wooden stud. Except from Section C-C 
(warm side), the differences between 
measured and simulated values of 4 are 
between -20% and -30%. On warm side 
the differences between measured and 
simulated values of 4 (Section C-C) is 
-18.28%. 

Following, U-values of the guarded 
hot box analysis and DELPHIN hygro-
thermal modelling are expressed in Ta-
ble 5. 

The U-value of the wall was mea-
sured as 1.790 W/m2K by the guarded 
hot box apparatus. DELPHIN generat-
ed thermal conductivity values as out-
puts of simulations (Figure 6).

    Afterwards, U-value was calculated 
as 1.200 W/m2K according to the out-
puts. The difference between measured 
and simulated U values is -33.23%.

The first part of this study presents 
the evaluation laboratory test and nu-
merical modelling comparison in terms 
of temperature and U values. It is clear 
that the materials intersections and in-
teractions varying plays significant role 

Table 5. The output of U value of the guarded hot box analysis and 
DELPHIN hygrothermal modelling comparison.

Figure 6. DELPHIN generated thermal 
conductivity values as outputs of 
simulations.
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to examine the results. The data show 
that the measured and simulated values 
are affected directly the wooden parts. 
The differences of the measured and 
simulated values increased on these 
measurement points (4 and 5). In con-
trast to that measurement point 2 does 
not behave same with these two points. 
Here, it is assumed that the distances 
between wooden studs may play role 
for the variation. For the measurement 
points on infill part, it is observed that 
the differences between measured and 
simulated values are mostly closed to 
10-15%. Regarding these measurement 
points, it may be accepted that there is 
a good agreement with the measured 
values and simulated values. Material 
properties of brick and its smooth sur-
face may have effects on the data. In 
contradistinction to that circumstance, 
the differences between measured 
and simulated values of measurement 
points 1 (warm side) and 9 (cold side) 
are not closed to each other. The reason 
may depend on the gaps between infill 
and lime plaster. Because in these parts, 
a smooth and voidless surface cannot 
formed perfectly. Therefore, these voids 
may have impacts as an air circulation 
paths throughout the wall. In addition, 
workmanship has a critical role. Even 
the wall assembly constructed atten-
tively, it is impossible to construct it 
well as assumed in the simulation. Fur-
thermore, the differences between mea-
sured and simulated values decrease on 
the warm side of the wall assembly. It 
is assumed that lime plastered finishing 
layer of the warm side may act as a fac-
tor to be a smooth and voidless surface.

Within the scope of this study, ma-
terial properties were assigned for the 
simulations by editing determined val-
ues of the selected materials in DEL-
PHIN library. The simulation data is 
applied to compare guarded hot box 
analysis and numerical modelling. In 
that case, the material properties play 
crucial roles as being same with the 
constructed wall specimen and the 
simulated wall assembly for certain 
data. It gives opportunity to examine 
the results regarding accuracy and val-
idation. It creates a data for analysis 
of hygrothermal performance of the 
wall assembly with same inputs by two 
different method application. For the 

further studies, this consideration is re-
quired to be applied for different types 
of wall assemblies to clarify the impacts 
of material variations, interactions, and 
intersections of different materials. 

The results of both guarded hot box 
analysis and DELPHIN model show 
that U value of the wall assembly can-
not achieved the recommended value 
in TS825. Considering this result, it is 
critical to improve the U value of the 
wall assembly by conserving its histor-
ical, architectural, cultural, and social 
values. Because of it requires a compre-
hensive study, insulation proposals for 
the improvement are not discussed in 
this research. Merely, it may be import-
ant to specify the beneficials of natural 
based insulation materials for these 
types of improvements. Besides, to pre-
serve the originality and uniqueness of 
the outer surface the wall, it is crucial 
to consider insulation material applica-
tion to the inside of the wall. However, 
moisture-based problems in the long-
term requires to be analyzed in detail.

7. Conclusion
The aim of this research is to 
investigate hygrothermal performance 
of traditional timber framed brick infill 
exterior wall in Turkey by experimental 
and numerical methods. This research 
contributes to make discussions about 
the hygrothermal performances of 
traditional timber framed brick infill 
exterior walls in Turkey and also 
applicability of simulation tools with 
experimental methods. The expected 
outcome of this research is to generate 
a significant source to be applied 
for the conservation/restoration/
reconstruction projects of traditional 
timber framed houses as a tool.

The results shows that experimental 
study has a critical to accuracy of nu-
merical modelling for hygrothermal 
performance evaluation. Particularly, 
material variations create unexpected 
impacts on the wall layers. The inter-
section and interaction points of differ-
ent materials are needed to be deeply 
analyzed by experimental and numer-
ical methods. 

The simulated values have good 
agreements with measured values on 
the infill parts of the wall assembly. 
Contrary, the differences between mea-
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sured and simulated wooden parts of 
the wall assembly are subjected to dis-
cuss.

Application of material properties 
both experimental and numerical stud-
ies supply a valuable data are for further 
studies to both validation of numerical 
modelling and also long-term perfor-
mance analysis. However, different 
types of wall assemblies with numbers 
of examples are needed to be examined. 

The scope of this research does not 
include long term hygrothermal per-
formance of the wall assembly with cli-
matic data. However, the study is sub-
jected to investigate the hygrothermal 
performance of the wall assembly with 
climatic data in terms of temperature, 
relative humidity, and U Value outputs. 
Especially, with this work it is expect-
ed to create a comprehensive data for 
moisture-based problem analysis. Ad-
ditionally, field measurements of spe-
cific buildings may be applied for com-
parison of experimental and numerical 
studies. 

Acknowlegement
This work was supported by Scientific 
Research Projects Department of 
Istanbul Technical University. Project 
Number: 42955.

References
Alan, R. E. (2010). Su Buharı 

Difüzyonu ve Isı Yalıtım Malzemel-
erinin Buhar Geçirgenlikleri Üzerine 
Deneysel Bir Çalışma. (Unpublished 
master’s thesis). Mimar Sinan Güzel 
Sanatlar Üniversitesi, Fen Bilimleri En-
stitüsü, İstanbul.

Altun, M. C. (1997). Buhar 
difüzyonunun dış duvarların nem ile 
ilgili ve ısıl performansına etkilerinin 
değerlendirilmesinde kullanılabilecek 
bir yaklaşım. (Unpublished doctoral 
dissertation). İstanbul Teknik Üniver-
sitesi, Fen Bilimleri Enstitüsü, İstanbul.

Barreira, E., Delgado, J. M. P. Q., 
Ramos, N. M. M. & de Freitas, V. P. 
(2013). Exterior condensations on 
façades: numerical simulation of the 
undercooling phenomenon. Journal of 
Building Performance Simulation, 6 (5), 
337–345. 

Cabrera, P., Samuelson, H. & Kurth, 
A. M. (2019). Simulating Mold Risks 
under Future Climate Conditions. In: 

16th IBPSA Conference (ed V. Corra-
do, E. Fabrizio, A. Gasparella and F. 
Patuzzi), Rome, Italy, 2-4 September 
2019, pp. 1530– 1538. Rome: Interna-
tional Building Performance Simulation 
Association.

Chang, S. J. & Kim, S. (2015). Hy-
grothermal performance of exterior 
wall structures using a heat, air and 
moisture modeling. Energy Procedia, 
78 (2015), 3434–3439.

Çiçek, A. (2002). Yapı düşey kabuk 
bileşenlerinin performans belirlenmesi 
sürecinde ısı ve nem geçişi ölçümünde 
kullanılabilecek bir yöntem önerisi. 
(Unpublished doctoral dissertation). 
Mimar Sinan Üniversitesi, Fen Bilim-
leri Enstitüsü, İstanbul. 

Defo, M., Lacasse, M. & Laouadi, A. 
(2022). A comparison of hygrothermal 
simulation results derived from four 
simulation tools. Journal of Building 
Physics, 45(4), 432–456.

Delgado, J.M.P.Q., Barreira, E., Ra-
mos, N.M.M. & de Freitas, V.P. (2013). 
Hygrothermal Numerical Simula-
tion Tools Applied to Building Physics. 
Springer.

Demberel, O. (2012). Sivrihisar 
İbrahim Bulgurcu Evi restorasyon öner-
isi. (Unpublished master’s thesis). Gazi 
Üniversitesi, Fen Bilimleri Enstitüsü, 
Ankara.

Engin, N. (2005). Yapı İç Ortam 
Nemine Etki Eden Faktörlere Yönelik 
Bir Bilgisayar Programı “Ilıman – Nem-
li İklim Bölgesi Örneği”. (Unpublished 
doctoral dissertation). Karadeniz 
Teknik Üniversitesi, Fen Bilimleri En-
stitüsü, Trabzon.

Fu, H., Ding, Y., Li, M., Li, H., Huang, 
X. & Wang, Z. (2020). Research on 
thermal performance and hygrother-
mal behavior of timber-framed walls 
with different external insulation layer: 
Insulation cork board and anti-corro-
sion pine plate. Journal of Building En-
gineering, 28 (2020), 101069. 

Gasparin, S., Berger, J., Dutykh, D. 
& Mendes, N., Solving nonlinear diffu-
sive problems in buildings by means of 
a spectral reduced-order model. Jour-
nal of Building Performance Simula-
tion, 12(1), pp. 17–36, 2019. 

Gutland, M., Bucking, S. & Quin-
tero, M.S. (2021). A methodology for 
hygrothermal modelling of imperfect 
masonry interfaces.  Journal of Building 



ITU A|Z • Vol 20 No 2 • July 2023 • S. N. Alkan, F. Yazıcıoğlu

344

Physics, 44 (6), 485-509.
Hejazi, B., Sakiyama, N. R. M., Frick, 

J. & Garrecht, H. (2019). Hygrother-
mal Simulations Comparative Study: 
Assessment of Different Materials Us-
ing WUFI and DELPHIN Software. 
In: 16th IBPSA Conference (ed V. Cor-
rado, E. Fabrizio, A. Gasparella and F. 
Patuzzi), Rome, Italy, 2-4 September 
2019, pp. 4674 – 4681. Rome: Interna-
tional Building Performance Simulation 
Association.

Hens, H. S. L. C. (2002). Heat, Air 
and Moisture Transfer in Highly In-
sulated Building Envelopes (Ham-
tie). Technical Synthesis Report IEA 
ECBCS Annex 24.  United Kingdom: 
International Energy Agency Energy 
Conservation in Buildings and Com-
munity Systems Programme.

Kalamees, T. & Kurnitski, J. (2010). 
Moisture convection performance of 
external walls and roofs. Journal of 
Building Physics, 33 (3), 225–247. 

Kalamees, T. & Vinha, J. (2003). Hy-
grothermal calculations and laboratory 
tests on timber-framed wall structures.  
Building and Environment, 38 (2003), 
689-697.

Kuş, H., Özkan, E., Edis, E. & Göçer, 
Ö. (2010). Pomza Taşı Agregalı Bet-
on Bloklarla Yapılan Dış Duvarların 
Isıl ve Nemsel Performansı, Yaşam 
Dönemi Boyunca Enerji ve Ekonomik 
Etkinliği. TÜBİTAK Engineering Re-
search Group Project, Project Number: 
107M532.

Liu, M., Sun, Y., Sun, C. & Yang, X. 
(2018). Study on thermal insulation 
and heat transfer properties of wood 
frame walls. Wood Reearch, 63 (2), 249-
260.

Martinez, R. G. (2017). Hygrother-
mal assessment of a prefabricated tim-
ber-frame construction based in hemp. 
Procedia Environmental Sciences, 38 
(2017), 729–736.

Nofal, M. Straver, M. & Kumaran, 
K. (2001). Comparison of four hygro-
thermal models in terms of long-term 
performance assessment of wood-frame 
constructions (Rapor No. NRCC-
44690).  Kanada: National Research 
Council Canada.

Pihelo, P.  & Kalamees, T. (2016). 
The effect of thermal transmittance of 
building envelope and material selec-

tion of wind barrier on moisture safety 
of timber frame exterior wall. Journal 
of Building Engineering, 6 (2016), 29-
38.

Pihelo, P., Kikkas, H. & Kalamees, T. 
(2016). Hygrothermal performance of 
highly insulated timber-frame exter-
nal wall. Energy Procedia, 96 (2016), 
685–695. 

Samancı, B. (2019). Ahşap dış duvar-
ların İstanbul’daki uygulamalar üzerin-
den incelenmesi, ısıl ve nemsel perfor-
mansın benzetim ile değerlendirilmesi. 
(Unpublished master’s thesis). İstanbul 
Technical University, Turkey. 

Schjøth Bunkholt, N., Rüther, P., 
Gullbrekken, L. & Geving, S. (2021). 
Effect of forced convection on the hy-
grothermal performance of a wood 
frame wall with wood fibre insulation. 
Building and Environment, 195, p. 
107748.

Straube, J. & Burnett, E. (2001). 
Overview of Hygrothermal (HAM) 
Analysis Methods. In: H. R. Trechsel 
(eds) Moisture Analysis and Conden-
sation Control in Building Enveleopes. 
Philadelphia: ASTM, pp.81-89.

Trechsel, H. R. (2001). Moisture 
Primer. In: Trechsel HR (eds) Moisture 
Analysis and Condensation Control 
in Building Enveleopes. Philadelphia: 
ASTM, pp.1-15.

TSE (2000). Doğal taşlar- Deney 
metotları- Kılcal etkiye bağlı su emme 
katsayısının tayini- Natural stone test 
methods- Determination of water ab-
sorption coefficient by capillarity (TS 
EN 1925). https://kutuphane.itu.edu.
tr/

TSE (2002). Isı yalıtımı- Kararlı du-
rum ısı iletim özelliklerinin tayini- Ka-
libre edilmiş ve mahfazalı sıcak kutu 
- Thermal insulationDetermination 
of steady-State thermal transmission 
properties-Calibrated and guarded 
hot box (ISO 8990:1994). https://kut-
uphane.itu.edu.tr/

TSE (2006). Bina Malzemeleri Ve 
Mamüllerinin Hyyroısıl Performansı - 
Yüksek Sıcaklıkta Kurutularak Rutubet 
Muhtevası Tayini - Hygrothermal per-
formance of building materials and 
products - Determination of moisture 
content by drying at elevated tempera-
ture  (TS EN ISO 12570). https://kut-
uphane.itu.edu.tr/



345

An analysis on hygrothermal behaviour of traditional timber framed brick infill exterior wall

TSE (2007). Doğal taşlar - Deney 
yöntemleri - Gerçek yoğunluk, görünür 
yoğunluk, toplam ve açık gözeneklil-
ik tayini (TS EN 1936). https://kut-
uphane.itu.edu.tr/

TSE (2013). Isı yalıtım mamulleri 
- Binalar için - Su buharı iletim özel-
liklerinin tayini - Thermal insulating 
products for building applications - 
Determination of water vapour trans-
mission properties (TS EN 12086). 
https://kutuphane.itu.edu.tr/

TSE (2014). Bina malzemeleri ve 
mamullerinin higrotermal performansı 
- higroskopik su emme özelliklerinin 
tayini  - Hygrothermal performance of 
building materials and products - De-
termination of hygroscopic sorption 
properties (TS EN ISO 12571). https://
kutuphane.itu.edu.tr/

TSE (2016). Binalarda kullanılan 
malzemelerin ve mamullerin ısı ve 
rutubet ilişkisine ait performansı - Su 
buharı iletim özelliklerinin tayini - Kap 
yöntemi - Hygrothermal performance 
of building materials and products - 
Determination of water vapour trans-
mission properties - Cup method (TS 
EN ISO 12572). https://kutuphane.itu.

edu.tr/ 
Turgut, Ç. (2019). An ınvestıgatıon 

of transıent water vapor mıgratıon ın 
buıldıng external walls. (Unpublished 
master’s thesis). İzmir Institute of 
Technology, Turkey. 

Umaroğulları, F. (2011) Betonarme 
Düşey Yapı Kabuğunda Yalıtımın Yer-
inin ve Kalınlığının, Nem Denetimi 
Açısından Deneysel ve Sayısal Değer-
lendirmesi. (Unpublished doctoral dis-
sertation). Trakya University, Turkey. 

Yıldız, Y. (2021). An Overview of 
Hygrothermal Simulation Tools. Di-
cle Üniversitesi Fen Bilimleri Enstitüsü 
Dergisi, 10 (2), 273-286.

Yücel Dalkıran, M. (2008). Ahşap 
iskelet yapı sisteminin ısı ve buhar geçişi 
açısından değerlendirilmesi. (Unpub-
lished master’s thesis). Trakya Univer-
sity, Turkey.

Zarr, R. R., Burch, D. M. & Fanney, 
A. H. (1995). Heat and Moisture Trans-
fer in Wood-Based Wall Construction: 
Measured Versus Predicted, (NIST 
Building Science Series 173).  Wash-
ington: U.S. Government Printing Of-
fice.


