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Abstract The historical, cultural, and social value of heritage buildings mandates special
protection of these structures. Blue brick is one kind of the main construction materials of her-
itage buildings, which is porous material and easily subject to deterioration due to environ-
mental factors such as humidity. Therefore, determining the dynamic moisture content rule
of materials under fluctuant ambient humidity is necessary for preventative conservation. This
study measured the equilibrium moisture content of eight types of Chinese blue bricks under
isothermal conditions with varying humidity levels. The results show that when ambient hu-
midity increased from 10% to 90%, the moisture sorption of historical Chinese blue bricks
tripled, which is 3 times greater than that of modern Chinese blue bricks and 10 (at low humid-
ity) to 20 times (at high humidity) greater than that of clay bricks in the international hand-
book. The results contribute to the improvement of the international building material
database and research related to hygrothermal performance of heritage buildings in East Asia.
ª 2021 Higher Education Press Limited Company. Publishing services by Elsevier B.V. on behalf
of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Heritage buildings carry a large amount of historical infor-
mation and retain significant cultural, social, and scientific
value. Usually, the protection of heritage buildings is con-
ducted by means like cleaning (Pozo-Antonio et al., 2016),
repairing (Yang et al., 2010), and strengthening (Kouris and
Triantafillou, 2018; Luso and Lourenço, 2016). In recent
years, environment monitoring has been applied in most
heritage sites and been proven to reduce environmental
damage (Aste et al., 2019; Li et al., 2020; Varas-Muriel and
Fort, 2018) to heritage buildings. Gradually, environment
control has become an important approach to heritage
building conservation (Litti et al., 2017; Merello et al.,
2014). Integrating on-site testing, laboratory analysis,
computer simulation, and other technologies (Muñoz-
González et al., 2016), environment control is an indirect
and preventive way to slow down deterioration in heritage
buildings by applying measures to the physical environment
around them (Varas-Muriel et al., 2014). To apply environ-
ment control, an essential step is to decide the warning
values through correlating the deterioration of building
materials and physical environment factors, and the dete-
rioration mechanism of historical building materials is
thereby important.

Historical building materials are porous materials like
bricks, mortar, stones, and earth. Except for sudden
destruction by natural disasters such as earthquakes, hur-
ricanes, and floods, as well as damage by humans, animals,
plants, and so on (Coutinho et al., 2015), most heritage
buildings are subjected to material degradation through a
multitude of physical and chemical processes (Wedekind
et al., 2018), such as those initiated by exposure to mi-
croorganisms (Bartoli et al., 2014; Sterflinger et al., 2018),
water, moisture, temperature, or salt (Araoka et al., 2017;
Barone et al., 2015). Microorganisms make green, brown,
and black spots on the surface of envelopes, which harm
the aesthetic value of heritage buildings. Additionally,
thermal stress inside materials causes cracks between
layers of materials, and then the materials partially peel
off. Salt can also lead to such kind of stress (Derluyn et al.,
2014) due to volume enlargement during crystallization or
hydration (Özs‚en et al., 2017). Water and moisture will
result in expansion after wetting or shrinkage after drying.
Moreover, all these process always occur simultaneously
(Shen et al., 2017) and interact with each other. It was
found that the more the bricks in the Nanjing Ming City Wall
were weathered, the greater the diversity of the bacteria
that the wall contained (Ma et al., 2011), and proved that
the microorganisms accelerated the weathering of the Ming
City Wall. Li et al. clarified that microorganisms promoted
the formation of calcium carbonate on the surface of stone
inscriptions (Li et al., 2018). No matter what the perfor-
mance is, deterioration of historical building materials can
be attributed primarily to uneven distribution of tempera-
ture and moisture in porous materials. The propagation of
microorganisms requires specific ambient temperatures and
relative humidity (RH), and is closely related to condensa-
tion (Liu et al., 2018). Research of Sedlbauer showed that
the optimum temperature for mold growth is 20e35 �C, and
when RH exceeded 75%, the speed of mold propagation
increases (Sedlbauer, 2001). According to the study of
Flatt, changes in the temperature and RH make sodium
sulfate crystallize or hydrate in the pores (Flatt, 2002), and
during this the micro-structure can incur irreversible dam-
age. The experiments of Pandey et al. showed that
different salts crystallize at the surface or in the pores of
sandstones, respectively, because of ion exchange at
different locations (Pandey et al., 2017). Therefore, the
temperature and moisture conditions of building envelopes
will speed up or slow down mold growth, freeze�thaw
cycling, salting out, and salt crystallization in them
(McAllister et al., 2017). Diverse distribution of tempera-
tures and moisture in building envelopes is largely due to
the different hygrothermal properties of building materials
(Ferroukhi et al., 2015).

In addition to affecting deterioration performance, hy-
drothermal properties are key inputs of heat and moisture
transfer models to predict the water-related damage of
heritage buildings (Liu et al., 2015; Qin et al., 2009). In turn,
the density, thermal conductivity (Vololonirina et al., 2014),
and heat capacity of porous materials are highly dependent
on moisture content. For example, the thermal conductivity
of materials is positively correlated with moisture content.
As the moisture content of a material increases, more space
in the pores of the material is occupied by water or vapor.
Since the thermal conductivity of water is about 20 times
that of air, the thermal conductivity will increase signifi-
cantly with increasing moisture content (Abdou and
Budaiwi, 2013). The same principle applies to density and
heat capacity (Yu et al., 2012). Based on previous research,
the moisture content of porous materials varies primarily
with ambient relative humidity. Therefore, in order to
describe the hygrothermal properties more accurately,
isothermal sorption should be focused on initially.

In recent years, isothermal sorption of concrete (Li
et al., 2009), insulation materials (Jerman and �Cerný,
2012), and so on were widely studied. For example, there
were studies focusing on the effects of eco-fibre on the
moisture sorption and hygrothermal properties of the
mortar reinforced with them (Boukhattem et al., 2017; Yu
and Zhang, 2011). However, historical building materials
exhibit significantly different properties from these modern
materials. Yan et al. found that the isothermal sorption of
abode (an ancient and widely-used construction material in
Chinese vernacular buildings) is one order of magnitude
lower than that of pine boards, and one order of magnitude
higher than that of clay bricks (Yan et al., 2003). Franzen
and Mirwald found out the relationship between moisture
sorption and desorption process and pore properties of
stones materials of cultural heritages (Franzen and
Mirwald, 2004). An experimental study of the isothermal
sorption also have been done on the historic blue bricks
from Suzhou, China (Li et al., 2013). The scientific problem
of isothermal sorption of historic materials is complicated
and the related research are far from sufficient, due to
their diversity of ages, production technology and areas.
For heritage buildings, using the data of modern materials
can cause significant errors. Lucchi conducted a comparison
of the hygrothermal properties of a building envelope as
measured onsite and those calculated according to current
standards. The research showed that following calculation
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methods in current standards tended to overestimate the
thermal performance of a historic wall because of insuffi-
cient consideration for ages and the pre-industrial tech-
niques used for manufacturing the brick (Lucchi, 2017).

Current investigation of historical building materials is
mainly conducted by on-site inspection and experiments
(Gibeaux et al., 2018; Hashemi et al., 2018; Morillas et al.,
2018a). Mechanical strength and chemical composition
(Chunetal.,2017) testingarepopular,butusually thesedonot
reach the root of deterioration problems. Jin et al. detected
the chemical and mineralogical components of the salty
crusts, then inferred that the weathering on the middle-high
part of the Xi’an City Wall was caused by the calcium ions
from rammed earth inside (Jin et al., 2017). With regard to
hygrothermal properties, great effort has been spent on in-
situ measurement recently (Morillas et al., 2018b). Litti
et al. promoted an indirect method based on infrared ther-
mography and heat flowmetering (Litti et al., 2015), and they
evaluated the potential moisture path on two gridded wall
sections of a historic building. The evident alteration of
thermal performance caused by moisture was registered in
their research. Although newly-developed methods are
convenient to detect moisture content in-situ, like the
infrared, dielectric, and microwave methods, the classical
gravimetric method is still the most reliable one (Hola, 2017).

Above all, many efforts in both experimental and
modeling research have been recently made to correctly
describe the mechanical strength, chemical composition,
and hygrothermal properties of the historical materials of
heritage buildings. However, the isothermal sorption of
historical materials, which plays a key role in the descrip-
tion of the hygrothermal behaviour of heritage buildings, is
still rarely studied (Li et al., 2009). To extend this knowl-
edge, this study selected blue brick, a popular and special
construction material in China, to investigate the signifi-
cant impact of humidity on the moisture content of his-
torical building materials. Blue brick is an important
construction materials of brick masonry buildings in the
world, and different with red brick in Europe. Blue bricks
are cooled by water at the end of the firing. At this point,
the iron in the clay is not completely oxidized, but in the
form of ferroferric oxide (Fe3O4), which gives the brick a
blue colour. It has a long and wide history of use in China
from the Spring and Autumn Period (the 4th century BC).

This study applied the FSEC (Florida Solar Energy Center)
model, the Oswin model, and the GDW (Generalised D’Arcy
andWatt) model to further compare different performance in
isothermal sorption of historical Chinese blue bricks, modern
Chinese blue bricks, and the clay bricks in the international
standard. Two assessment metrics were proposed to quanti-
tively describe the fitting goodness of these models. Finally,
this study provides insights useful for understanding hygro-
thermal performance and degradation processes aswell as for
managing the conservation of heritage buildings.

2. Methodology

2.1. Overview of this study

Fig. 1 shows the flow chart of this paper. The main purpose
of this paper is to illustrate the moisture content increase
of blue bricks with ambient humidity increase as the basis
for describing heat and mass transfer in building materials,
by isothermal sorption experiments. Firstly, as the step A in
Fig. 1 shows, samples of historical Chinese blue bricks were
taken from seven historical buildings. Blue bricks for
restoration produced in the city of Dingyuan in the province
of Anhui were also sampled as modern materials. The sec-
ond step was to carry out equilibrium moisture content
(EMC) testing on both the historical and modern blue brick
groups, illustrated in Section 3. The testing conditions were
set as constant temperature and five gradients of ambient
relative humidity from 11% to 91%. After that, the FSEC,
Oswin, and GDW models were applied to fit isothermal
sorption curves according to measured EMC values. The
following step was to comparatively study isothermal
sorption from three aspects: the first one was between all
types of historical Chinese blue bricks, the second was
between historical and modern Chinese blue bricks, and the
third was between Chinese blue bricks and clay bricks in
international standards, shown in Section 4. Finally, the
conclusions were drew in Section 5.
2.2. Sampling method

There are more than 130 historical and cultural cities in
China, where a large number of brick masonry historical
buildings are located. The blue brick masonry buildings
located in seven historical and cultural cities from the
northern to southern parts of China were investigated,
including Xi’an, Taiyuan, Linqing, Nanjing, Wenzhou,
Huangshan, and Fuzhou, as shown in Table 1. The Qiaolou
Site, located on Gulou Street in Wenzhou, was first built in
the late Tang Dynasty (the 10th century AD) and now is the
only remaining city gate of the ancient city of Wenzhou. Yu
Yuan, also known as Hujia Garden, is located in the Qinhuai
District of Nanjing. It was the largest private residential
building group in Nanjing during the period of the late Qing
Dynasty to the early Republic of China. The ancient city of
Taiyuan, located in the south of the current city, was built
from the 14th to the 17th century. The traditional street
pattern and some dwellings have been preserved from the
Ming and Qing dynasties till now. Examination Hall Street is
located in the ancient city of Linqing, close to the Grand
Canal. In the Ming Dynasty, the Department of Construction
and Repair of the Ministry of Industry was set up there to be
in charge of firing and transporting bricks for royalty. In the
Qing Dynasty, examination halls were built there. Many
historical buildings in the Ming and Qing Dynasties are still
preserved. Maoyao yuan Village is located in the northeast
of Xi’an in Shaanxi Province. Ba Mausoleum, the mausoleum
of Emperor Wen of the Han Dynasty, is south of this village.
The Zhuzi Fang Historic District in Fuzhou is located along
the Antai River, which is the moat of the ancient city of
Fuzhou. This district arose in the Song Dynasty, and the
traditional block pattern has continued to the present day.
In this district, there are historical buildings from the Song
Dynasty to the Qing Dynasty. The ancient street of Tunxi is
located in southeast Huangshan, close to the Xin’an River.
It has been the economic and cultural center of Huizhou
since ancient times. The traditional block pattern is well
preserved.



Fig. 1 Flow chart for cross study of isothermal sorption of blue bricks.

Chinese blue bricks with isothermal sorption 167
The experimental samples of blue bricks were taken from
historical buildings in the seven cities, and at least three
pieces of each type, as shown in Fig. 2. The sample of
Wenzhou city was from the city wall base of Qiaolou ruins,
and the other samples were from the walls of vernacular
dwellings in Xi’an, Taiyuan, Linqing, Fuzhou, Huangshan, and
Nanjing. The modern Chinese samples are blue bricks from
Dingyuan, in Anhui Province, that are produced for the
repair of historical buildings, as in Fig. 2(h). When repairing
brick masonry buildings, workers replace the broken bricks,
according to the Chinese national code for construction and
acceptance of ancient architectural repair projects (Chinese
standard: MOHURD, 2008). Therefore, the samples were the
blue bricks have been replaced from historical buildings
during repair. In Table 1 the details of the age and size of the
blue brick samples were also recorded, corresponding to the
sample number in Fig. 2. According to Table 1, the age of the
historical blue bricks is concentrated in the 10th to 19th
century ADdthat is, the Tang Dynasty to the early Republic
of China. The sampled blue bricks are 23.5e50 cm long,
11e30 cm wide, and 3e11 cm thick. The Linqing and
Wenzhou blue bricks are much larger, while the Fuzhou
historical bricks and Dingyuan modern bricks are the
smallest.

2.3. Equilibrium moisture content (adsorption)
measuring methods and devices

The isothermal sorption curves of blue bricks reflect their
behaviour of variations in ambient humidity. From the
perspective of the whole building, this behaviour manifests
as different temperature and moisture distribution. This
section, together with the following one, introduces how to
obtain this curve by dry base equilibrium moisture content
(EMC) values, that is, the mass moisture content under
isothermal conditions.



Fig. 2 Photos of the blue brick samples from: (a) Wenzhou; (b) Nanjing; (c) Taiyuan; (d) Linqing; (e) Xi’an; (f) Fuzhou; (g)
Huangshan; and (h) Dingyuan e the modern blue brick.

Table 1 General information of the blue brick samples.

No. Dynasties Length, width,
and thickness
of samples (cm)

Buildings Cities Locations

(a) Late Tang (10th century) 40 � 20 � 8 Qiaolou (谯楼) Wenzhou 120.66oE, 28.02oN
(b) Mid-Qing (18th century) 25 � 11 � 4 Yu Yuan (愚园) Nanjing 118.78oE, 32.02oN
(c) Late Qing (19th century) 26.5 � 13 � 4.5 Dwellings in Taiyuan

ancient city
Taiyuan 112.55oE, 37.88oN

(d) Qing (19th century) 50 � 30 � 11 Dwellings in Kaopeng
Street (考棚街)

Lingqing 115.71oE, 36.84oN

(e) Qing (19th century) 26.5 � 13 � 6.5 Maoyao yuan Village
(毛窑院村)

Xi’an 108.95oE, 34.35oN

(f) Late Qing (19th century) 23.5 � 11 � 4.5 Dwellings in Zhuzi Fang
historic block (朱紫坊)

Fuzhou 119.30oE, 26.09oN

(g) Mid-Qing (18th century) 25 � 13.5 � 3 Dwellings in Tunxi ancient
street (屯溪老街)

Huangshan 118.32oE, 29.72oN

(h) Modern 23.5 � 11.5 � 4.2 Dingyuan 117.71oE, 32.54oN
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The EMC value was measured by a static method (Chi-
nese standard: General Administration of Quality
Supervision, Inspection and Quarantine of the People’s
Republic of China; Standardization administration, 2012).
Devices included temperature and humidity recorders,
dessicators, and plates, as shown in Fig. 3. Blue brick
samples were put into plates, and then the plates were
placed in five dessicators, where humidity was kept con-
stant by saturated salt solutions at the bottom. The satu-
rated salt solutions and their corresponding relative
humidity values are shown in Table 2. The temperature in
the laboratory was controlled at 23.0 � 1.5 �C.

Before the measurement, every blue brick was cut into
five cubes weighing 10e20 g for five dessicators, respec-
tively. In each dessicator, cubes were named by their or-
igins and numbers. For example, cubes of three pieces of
bricks from Taiyuan were named as TY-1, TY-2, and TY-3.
After that, all the brick cubes were dried under 105 �C
until they reached a constant mass, and this value was
recorded as M0. “Reaching constant” is defined as when
the mass difference between the latest and previous
measurements is less than 0.2%. Then, the measurement
began and the dried blue brick cubes were put into the five
desiccators. One week later, every brick cube was
weighed every 24 h until reaching the equilibrium mois-
ture absorption state. Finally, the M values of all samples
were obtained and the EMC values based on M0 and M
values were calculated out.

2.4. Data processing

2.4.1. Isothermal sorption models
In recent years, several isothermal moisture sorption
models have been proposed, and three were chosen from
them to correlate EMC values and ambient humidity con-
ditions. The first one is the FSEC model (Kumaran, 2009),
proposed by the Florida Solar Energy Center in 1990. In this
model, the EMC of building materials is expressed as a
power function:

4 Z a$hb þ c$hd ð1Þ
where 4 is the EMC value of materials; h is the ambient
relative humidity; and a, b, c, and d are all fitting
constants.

The second one is the Oswin model (Karoglou et al.,
2005) proposed in 1946, also called the Lewicki model,
which is still commonly used to describe the isothermal
sorption of porous materials. It is expressed as:



Fig. 3 Devices for equilibrium moisture content measurement.

Table 2 Saturated salt solution and the correlating rela-
tive humidity conditions for equilibrium moisture content
measurement.

No. Salt name Molecular
formula

Relative
humidity

(a) Lithium chloride LiCl 11 � 1%
(b) Magnesium chloride MgCl2 32 � 1%
(c) Magnesium nitrate Mg (NO3)2 52 � 1%
(d) Sodium chloride NaCl 72 � 1%
(e) Potassium nitrate KNO3 91 � 1%
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4 Z b0 $expðb1 =TÞ$½h=ð1� hÞ�b2 ð2Þ
where T is the dry bulb temperature in Kelvins, and b0, b1,
and b2 are fitting constants.

The last and also the latest one is the GDW model pro-
posed in 2005 (Furmaniak et al., 2008). This model has been
proven to be successful in describing moisture sorption of
porous foodstuffs (Furmaniak et al., 2009) in the whole
range of relative humidity and some porous building ma-
terials. The form of its equation is:

4 Z m $K $h= ð1þK $hÞ$½1�k $ ð1�wÞ$h�= ð1�k $hÞ ð3Þ
where m, K, k, and w are the fitting constants related to
different stages of sorption.

2.4.2. Goodness of curve fitting
In this section, the two metrics of Ek and EN were assumed
for quantitative evaluation of fitting goodness. Ek repre-
sents the difference between measured and predicated
EMC values under a certain experimental condition, and EN
represents the average deviation for all experimental
conditions. The lower Ek and EN values are, the better the
fit obtained. The Ek and EN values are defined by formula (4)
and formula (5):

Ek Z
���1�

Xn

i

�
4e;i �4f

�2. Xn

i

ð4e;i �4kÞ2
��� ð4Þ

EN Z
XN
k

Ek=N ð5Þ

where E represents the difference; the subscripts k and N
represent the k-th experimental condition and all of N kinds
of experimental conditions, respectively; 4e, i is the
measured EMC value of the No.(city name)-i brick cube
under the k-th experimental condition; 4f is the predicted
EMC value under the k-th experimental condition; and 4k is
the average EMC value of all measured values under the k-
th experimental condition.

3. Results

3.1. Isothermal sorption of historical Chinese blue
bricks from different cities

Fig. 4(a)e(g) shows the measured EMC values of seven
kinds of historical Chinese blue bricks. When the ambient
relative humidity was 11%, 32%, 52%, 72%, and 91%,
the EMC values of historical Chinese bricks
were 0.0084e0.1093 kg$kg�1 (Wenzhou),
0.0077e0.0451 kg$kg�1 (Nanjing), 0.0071e0.0451 kg$kg�1

(Taiyuan), 0.0053e0.0371 kg$kg�1 (Linqing),
0.0063e0.0089 kg$kg�1 (Xi’an), 0.0045e0.0096 kg$kg�1

(Fuzhou), and 0.0057e0.0090 kg$kg�1 (Huangshan),
respectively. The slope of the connecting lines of means
in Fig. 4 reflects the increase rate of EMC values. The
higher the ambient humidity (in the range of 11%e91%RH),
the faster the EMC values of historical Chinese blue bricks
increased. For the historical blue bricks of Wenzhou,
Nanjing, Taiyuan, and Linqing, the difference between
three measured values under the same conditions also
increased with the increase of ambient humidity, while
for the historical blue bricks of Xi’an, Fuzhou, and
Huangshan, there was no such increase.

3.2. Isothermal sorption of historical and modern
Chinese blue bricks

Fig. 4(h) shows the measured EMC values of modern Chinese
blue bricks from Dingyuan. When the ambient humidity
increased from 11% to 91%RH, the EMC values steadily
increased from 0.0045 kg$kg�1 to 0.0079 kg$kg�1. Unlike
the EMC values of historical blue bricks, those of the
modern blue bricks had a constant increase rate.

Fig. 5(a)e(g) and Fig. 5(h) show isothermal sorption
fitting curves of seven kinds of historical Chinese blue bricks
and modern Dingyuan blue bricks, respectively. Tables 3
and 4 show the results of the EN values and the Ek values
of curves predicted by the FSEC, Oswin, and GDW models.
First, in the case of the historical blue brick from Wenzhou
and Xi’an, the prediction values of the three models were
significantly different, as seen in Fig. 5. The predicted
values of the Oswin model were much higher, while those of
the FSEC model were the lowest. In the case of the Wenz-
hou blue bricks, the predicted values of the GDW model



Fig. 4 Measured equilibrium moisture content under five relative humidity conditions of seven kinds of historical Chinese blue
bricks and one modern Chinese blue brick: (a) Wenzhou; (b) Nanjing; (c) Taiyuan; (d) Linqing; (e) Xi’an; (f) Fuzhou; (g) Huangshan;
and (h) Dingyuan (the modern blue brick).

Fig. 5 Fitting isothermal sorption curves of seven kinds of historical Chinese blue bricks and one modern Chinese blue brick: (a)
Wenzhou; (b) Nanjing; (c) Taiyuan; (d) Linqing; (e) Xi’an; (f) Fuzhou; (g) Huangshan; and (h) Dingyuan (the modern blue brick).
Model 1 e FSEC model, Model 2 e Oswin model, Model 3 e GDW model.
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Table 3 EN values of fitting isothermal sorption curves of historical and modern Chinese blue bricks: M1 e FSEC model, M2 e

Oswin model, M3 e GDW model.

Wenzhou Nanjing Taiyuan Linqing Xi’an Fuzhou Huangshan Dingyuan (modern)

M1 0.0010 0.0024 0.0607 0.2009 1.8844 0.0258 0.0286 0.0211
M2 0.2631 0.0195 2.2013 0.7866 1.0930 0.0746 0.0013 0.0009
M3 0.0030 0.0009 0.0151 4.3696 0.9149 0.0577 0.0148 0.0009

Table 4 Ek value of fitting isothermal sorption curves of historical and modern Chinese blue bricks: M1 e FSEC model, M2 e

Oswin model, M3 e GDW model.

Relative humidity Wenzhou Nanjing Taiyuan

M1 M2 M3 M1 M2 M3 M1 M2 M3

11% 0.0027 0.0478 0.0121 0.0030 0.0687 0.0003 0.1636 10.7870 0.0338
32% 0.0001 0.5049 0.0002 0.0006 0.0113 0.0021 0.0300 0.1340 0.0003
52% 0.0021 0.4253 0.0009 0.0061 0.0120 9.9 � 10�5 0.1098 0.0509 0.0402
72% 1.0 � 10�7 0.2192 0.0013 0.0003 0.0054 0.0011 8.9 � 10�5 0.0230 0.0005
91% 4.3 � 10�5 0.1183 0.0006 0.0022 0.0001 0.0007 1.0 � 10�8 0.0118 0.0005

Relative humidity Linqing Xi’an Fuzhou

M1 M2 M3 M1 M2 M3 M1 M2 M3

11% 0.9554 2.7896 17.8925 0.6362 0.2672 0.1268 0.0203 0.0184 0.0020
32% 0.0052 0.2472 3.3935 1.0630 1.2922 1.4003 0.0856 0.1620 0.1710
52% 0.0007 0.8882 0.4349 1.7501 1.5846 1.1486 0.0136 0.0836 0.0475
72% 0.0383 0.0082 0.1068 1.5522 1.0227 0.4961 0.0088 0.0797 0.0256
91% 0.0050 1.1 � 10�5 0.0203 4.4203 1.2983 1.4025 0.0007 0.0292 0.0423

Relative humidity Huangshan Dingyuan (modern) Chinese historical blue brick (all)

M1 M2 M3 M1 M2 M3 M1 M2 M3

11% 0.0328 0.0014 0.0343 0.0209 0.0011 0.0010 0.0025 0.0802 0.1282
32% 0.0219 3.8 � 10�6 0.0017 0.0184 0.0011 0.0003 0.0213 0.0144 0.0350
52% 0.0330 8.0 � 10�5 0.0100 0.0234 0.0009 0.0020 0.0024 0.0237 0.0133
72% 0.0282 0.0037 0.0166 0.0219 8.0 � 10�5 0.0005 0.0006 0.0081 3.2 � 10�4

91% 0.0271 0.0012 0.0113 0.0209 0.0014 0.0009 6.1 � 10�5 9.4 � 10�5 0.0005
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were close to the values of the FSEC model, but in the case
of the Xi’an blue bricks, they were close to the values of
the Oswin model. In the case of the historical blue brick
samples from Nanjing, Taiyuan, Fuzhou, and Huangshan
and the modern blue brick samples from Dingyuan, the
predicted values of the three models were almost the same
(11%e91%RH). When the ambient humidity was lower than
11%RH or higher than 91%RH, the prediction of the FSEC
model and the Oswin model were almost the same. The
results of the GDW model were lower than those of the
other two models in the low humidity region but higher in
the high humidity region.

According to the results of fitting goodness in Tables 3
and 4, the FSEC model did the best fitting for historical
blue bricks from Wenzhou, Linqing, and Fuzhou, while the
GDW model was the best for samples from Nanjing,
Taiyuan, and Xi’an. For the historical Huangshan blue brick
samples, the Oswin model was the best. For the modern
blue bricks from Dingyuan, the Oswin model and the GDW
model had the same EN value, and the Ek value was lower
than that of the FSEC model, so the Oswin model and the
GDW model were better in the case of modern Chinese blue
bricks. Moreover, according to the Ek values in Table 4, the
fitting goodness of the three models gradually increased
from the low humidity region to the higher. In general, seen
from Fig. 5, Oswin and GDW model obtained the higher
predicted moisture content when humidity exceeding 90%
RH. The two models are better than the FSEC model from
the point of view that the moisture content of bricks rises
much more steeply under high humidity conditions.

The isothermal sorption curves of all the historical Chi-
nese blue brick samples are shown in Fig. 6. The predicted
values of the GDW model were obviously different from the
other two models when ambient humidity was lower than
11%RH and higher than 91%RH. According to the Ek value in
Table 4, for the historical Chinese blue bricks, the fitting
goodness of the three models also increased with increasing
humidity. When the ambient humidity was lower than 50%
RH, the FESC model and the Oswin model provided better
predictions. Conversely, when the ambient humidity was
higher than 50%RH, the GDW model was better.

By comparing the isothermal sorption curves in Fig. 6, it
can be seen that the maximum predicted EMC values of
historical Chinese blue bricks reached



Fig. 6 Isothermal sorption curves of historical Chinese blue
bricks, modern Chinese blue bricks, and clay bricks in the
ASHRAE handbook (H e historical, M emodern; model 1 e FSEC
model, model 2 e Oswin model, model 3 e GDW model).
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0.0279e0.0782 kg$kg�1, 4 to 12 times that of modern Chi-
nese blue bricks. When ambient humidity increased from
10% to 90%RH, EMC values of modern Chinese blue bricks
increased 0.0006 kg$kg�1, while the increment of historical
blue bricks was 0.0124e0.0136 kg$kg�1, which was 21e23
times larger than the former. Therefore, it can be consid-
ered that compared with historical Chinese blue bricks,
modern Chinese blue bricks showed a gentler isothermal
sorption curve with a much smaller increment of moisture
sorption with the increase of the humidity and had much
lower EMC values under the same humidity conditions.

3.3. Isothermal sorption of historical Chinese blue
bricks and clay bricks in the international standard

Furthermore, according to the ASHRAE handbook (ASHRAE,
2017), the EMC values of clay bricks are 0.0008 kg$kg�1,
0.0012 kg$kg�1, and 0.0010 kg$kg�1, respectively, under
50%, 70%, and 90%RH, as shown in Fig. 6. Similar to modern
Chinese blue bricks, the clay bricks had a gentle isothermal
sorption curve, but the values of modern Chinese bricks
were 5e7.5 times larger than those of clay bricks. The EMC
values of historical Chinese blue bricks changed a lot and
were 10e20 times that of clay bricks under similar humidity
conditions. If the effects of moisture content on thermal
properties were considered, historical Chinese blue bricks
have a totally different properties from modern Chinese
blue bricks and clay bricks in the handbook.

4. Discussion

This paper investigated the isothermal sorption of seven
types of historical Chinese blue bricks and one modern
Chinese blue brick. The results showed that the increase
rate of the moisture sorption of historical Chinese blue
bricks can increase with ambient relative humidity. Dif-
ferences in the measured EMC values among the samples
from cities like Wenzhou, Nanjing, Taiyuan, and Linqing
also became larger with the increasing ambient humidity,
but in the historical blue bricks from Xi’an, Fuzhou, and
Huangshan, or in the modern blue bricks from Dingyuan,
the sample difference did not change a lot from 10% to 90%
RH. Unlike the clay bricks in the ASHRAE handbook and
modern Chinese blue bricks, which have gentle isothermal
sorption curves, the historical Chinese blue bricks had a
much steeper curve. When ambient humidity increased
from 10% to 90%RH, the moisture sorption of the historical
Chinese blue bricks tripled. Under the same humidity con-
ditions, the moisture absorbed by the modern Chinese blue
bricks was 5e7.5 times that of the clay bricks in the ASHRAE
handbook, and the moisture absorbed by historical Chinese
blue bricks was 10e20 times that of clay bricks. This sig-
nificant increment of moisture sorption and its increase
rate may have been due to pre-industrial manufacturing
techniques and the micro-structure evolution of historical
blue bricks.

Through obtaining universal correlation between the
moisture sorption and air humidity of blue bricks, it has
been clarified that the hygrothermal properties of historical
Chinese blue bricks are significantly different from those of
clay bricks in the international standard or modern Chinese
blue bricks. If the air is very humid, the blue brick masonry
will absorb much moisture, and its thermal performance
will be greatly damaged. This damage will be more serious
in historic masonry. Consequently, the hygrothermal per-
formance of heritage buildings constructed with historical
Chinese blue bricks is obviously different from that of
buildings constructed with modern materials and foreign-
country materials, and they are more likely to suffer
deterioration under humidity fluctuation.

In addition, three isothermal sorption models (the
FSEC, Oswin, and GDW models) were applied to curve
fitting, and the Ek and EN values were proposed to eval-
uate the fitting goodness. For both historical and modern
Chinese blue bricks, the goodness rose with the increase
of ambient humidity. The isothermal sorption curves
predicted by the GDW model were much steeper below
10%RH and above 90%RH, compared with the other two
models. According to the Ek and EN values, three models
are applicable to different blue brick samples: it would be
better to use the Oswin model to describe the isothermal
sorption curves of historical blue bricks from Huangshan
and modern blue bricks from Dingyuan. It would be pref-
erable to use the GDW model to predict the moisture
sorption of historical blue bricks from Nanjing, Taiyuan,
and Xi’an and of modern blue bricks from Dingyuan. The
FSEC model is best applied to historical blue bricks from
Wenzhou, Linqing, and Fuzhou.

However, there are still some limitations. First, the
historical blue brick samples in our measurement were
randomly selected after building repair, so it is impossible
to discuss the reason of sample difference, such as orien-
tation and building function. Second, the historical samples
are mostly from blue bricks produced in late 18th century
to early 19th century. This study is proposed to clarify the
hygrothermal performance of Chinese heritage buildings by
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comparing the isothermal sorption properties of historical,
modern, and foreign-country brick construction materials.
However, the influence of aging time (Issaadi et al., 2015)
and climatic factors on the properties of historical mate-
rials should be discussed more.

The deterioration, such as hydration and crystallization
of salts, dryewet cycling, freezeethaw cycling, microor-
ganism propagation, etc. (Li et al., 2013), may vary or
damage the pore-structure of porous materials, and the
moisture sorption of materials will become large. With the
increase of moisture sorption, the damage of the deterio-
ration could be further strengthened (Feng et al., 2019).
Therefore, it is likely that the moisture sorption of blue
bricks become larger with aging time, and the rate of this
change varies in different climates.

The measured results of EMC value in our experiments do
reflect the correlation with the aging time, that is, the
longer the aging time, the larger the isothermal sorption. It
is more obvious in higher RH situations. Bricks from Wenz-
hou have the longest history (produced in the 10th century)
and absorbed the most moisture under the same humidity
conditions. As described in section 2.2, the Wenzhou brick
samples was from the base of the city wall, different from
other historical brick samples from the main body of walls.
The base of walls is more easily affected by groundwater
and salt, which aggravates the effects of time on pore-
structure. Nanjing and Huangshan blue bricks are pro-
duced in the 18th century. Nanjing bricks have the second
large isothermal sorption, but the isothermal sorption of
Huangshan brick is far less than that of Nanjing brick, even
smaller than some 19th-century blue bricks. It may due to
that Huangshan has a relatively moderate climate, and the
sampled bricks have not been damaged a lot by environ-
mental factors, like freeze-thaw cycling. The 19th-century
historical blue bricks show the smaller isothermal sorption
than older bricks. Because that the modern bricks in our
experiments have not been used (are newly-produced),
they show the smallest isothermal sorption. From another
point of view, it is possible to take the isothermal sorption
property as an indicator for determining the degree of the
deterioration of historical bricks. In future studies, the
historical periods will be subdivided and the influence of
time on the hygrothermal properties of historical building
materials will be discussed further.

In terms of climate, the seven investigated historical
buildings are located from the southeast to the north of
China and experience significantly different climatic con-
ditions like temperature, humidity, and precipitation, as
Table 5 Climate characteristics (temperature, humidity,
and precipitation) of the seven cities.

City Temperature
(oC)

RH
(%)

Precipitation
(mm)

Wenzhou 19.3 � 15.3 70.0 � 23.0 1742
Taiyuan 10.8 � 19.9 56.3 � 36.0 456
Linqing 14.9 � 20.5 58.2 � 40.4 517
Xi’an 14.1 � 17.6 68.2 � 30.2 553
Nanjing 15.8 � 17.6 74.9 � 23.8 1200
Huangshan 16.8 � 16.4 79.0 � 18.7 1670
Fuzhou 20.3 � 12.0 76.3 � 22.5 1500
shown in Table 5. According to Table 5, annual average
temperatures in the seven cities range from 10.8 �C to
20.3 �C, with the difference of 10�. The annual maximum
temperatures of the seven cities are almost the same, with
values of 29e31 �C. But the annual minimum temperatures
are totally different: it is below minus 10 �C in Xi’an,
Taiyuan, and Linqing; about �1 �C and �2 �C in Nanjing,
Wenzhou, and Huangshan; and continually above zero in
Fuzhou. The minimum temperature is related to the risk of
freeze�thaw cycling. The annual precipitation in Xi’an,
Taiyuan, and Linqing is the lowest, with a value of 500 mm,
and the average relative humidity is about 60%. For the
other four cities in the Southern and Eastern parts of China,
the annual precipitation is more than 1000 mm and the
relative humidity is in the range of 74%e80%. The
isothermal sorption curves in the results also reflect some
regional differences.

Based on these climate characteristics, Chinese cities
are mainly grouped into different climate zones (Chinese
standard: MOHURD, 1993). Among the origin of the 18th to
19th-century historical blue brick samples, Taiyuan, Linq-
ing, and Xi’an belong to clod climate zone; Nanjing,
Huangshan belong to hot summer and cold winter climate
zone, and Fuzhou belongs to hot summer and warm winter
climate zone. The isothermal sorption of Taiyuan and
Linqing bricks are relatively large, which is an order of
magnitude higher than that of Fuzhou and Huangshan. It
may mainly due to the difference in freeze-thaw duration
and frequency between the two climate zones. In Taiyuan
and Linqing, there are 30e70 days of outdoor temperature
below zero in one year, but no more than five days in
Huangshan, and zero days in Fuzhou. Accordingly, the
freeze-thaw damage on bricks are much more serious in
Taiyuan and Linqing, which resulted in the largest
isothermal sorption of these two kinds of historical blue
bricks. The isothermal sorption of Nanjing brick is also
significantly different with that of Huangshan brick, which
is likely due to the more days of below zero and lower
minimum temperature in Nanjing, as mentioned above. The
Fuzhou brick, preserved in the most temperate climate
condition, really has the smallest isothermal sorption
among historical blue bricks. In future studies, the corre-
lation between the climate characteristics and the hygro-
thermal properties of blue bricks will be further clarified.
5. Conclusion

In this paper, the equilibrium moisture content of eight
types of blue bricks under the five ambient humidity gra-
dients of 11%, 32%, 52%, 72%, and 91%RH was measured by a
static method. The results show that when ambient hu-
midity increased from 10% to 90%RH, unlike modern Chi-
nese bricks and international clay bricks, which keep their
moisture sorption constant, the EMC value of the historical
Chinese blue bricks tripled. Under the same ambient hu-
midity conditions (higher than 50%RH), the moisture sorp-
tion of historical Chinese blue bricks was about 3 times
greater than that of modern Chinese blue bricks and 10 (at
low humidity) to 20 (at high humidity) times greater than
that of the clay bricks in the international handbook.
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Therefore, the EMC value in handbook does not reflect
the true characteristics of the historical blue bricks, and it
is necessary to do the hygrothermal properties measure-
ment of materials in water-related damage prediction of
heritage buildings. Furthermore, there is a significant dif-
ference of moisture content of porous materials at low and
high humidity. Only one measured value cannot illustrate
the increase/decrease of moisture content with ambient
humidity in natural environment. It is also necessary to
adopt moisture sorption curves in related calculation and
prediction.

Although the fitting goodness of the three models differ
in the blue bricks from different cities and of different
ages, the goodness in all three gradually increased from the
low humidity region to the higher. Compared with FSEC
model, Oswin model and GDW model can obtain the higher
predicted moisture content under high humidity conditions.

This paper related to this special material (historical
Chinese blue brick) can expand the international database
of building materials, and will useful to the simulation of
the heat and moisture transfer or hygrothermal perfor-
mance of heritage buildings in east Asian.
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