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/is study investigates the distribution of pore water on the basis of the measured mass moisture content after soaking the tunnel
insulation material. /is study also analyzes the influence of the distribution of pore water on the thermal conductivity of the
material on the basis of this mass moisture content. Scanning images of phenolic and polyurethane insulation boards are obtained
by computer tomography (CT). /e gray volume moisture content (Gv) is deduced based on the CT scanning images, to
determine the distribution of pore water (Gv is the ratio of the volume of the water sample (represented by the gray value) to the
volume of the saturated water sample (represented by the gray value) which is the gray volume moisture content of the sample).
/e correlation between gray volume moisture content and mass moisture content is determined by comparing different al-
gorithms of gray volume moisture content and volume moisture content. /e relationship between mass moisture content and
thermal conductivity can be determined using a self-made quasi-steady-state tester, whereas the relationship between gray volume
moisture content and thermal conductivity can be derived indirectly. Related experimental research can predict the thermal
conductivity of thermal insulation materials by using a new perspective and shows the influence of pore water distribution on the
thermal conductivity of materials.

1. Introduction

/e rapid development of transportation systems has led to
progressive growth of tunnel construction in cold regions;
however, damage caused by freezing of tunnels constructed
in cold regions also commonly occurs [1–5]. Problems as-
sociated with frost damage, including lining leakage, spalling
of lining, frost heave of the surrounding rock, and watering
and freezing of the road surface, often render the tunnel
unusable from August to September annually, significantly
affecting the efficiency of the tunnel [6–10]. /e typical
engineering solution to tunnel frost damage in cold regions
is laying a thermal insulation layer [11–14]. Numerous
studies have been conducted on the influence of various
factors on thermal insulation layer [15–18]. In accordance
with the principle of thermal insulation for permafrost
protection, Cheng expounded on the applicability of various
thermal insulation layers [19]. Xia combined theoretical
analysis with finite element simulation to calculate the

thickness of the insulation layer applied to various frozen
soils by [20, 21]. /e effect of the thickness and length of an
insulation layer on the temperature field of a tunnel in a cold
area was analyzed based on the two-dimensional finite el-
ement model [22]. Using numerical simulation, Qi deter-
mined the relationship between the freeze-thaw range and
the thickness of thermal insulation materials on the basis of
the variation law of the freeze-thaw range of different
thermal insulation materials [23, 24]. Yan examined the
effects of variations in mechanical ventilation speed and
different cold regions on the design of the thermal insulation
layer on the basis of the numerical mode l [25, 26]. Li
emphasized the effects of soil temperature and moisture
content around the tunnel on the optimal thickness of the
tunnel insulation layer [27–29].

/e thermal insulation performance index of a thermal
insulation material is mainly determined by thermal con-
ductivity [30–32]. Ma proposed that the thermal conduc-
tivity of a thermal insulation material is as important as its
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thickness in the design and construction of tunnels in cold
regions [33]. By establishing a numerical coupled hot-
moisture model of a tunnel in a seasonally frozen zone, Ma
established a method for calculating the thermal conduc-
tivity and thickness of the thermal insulation layer and
determined the relationship between thermal insulation
effect and thermal conductivity combined with the thickness
of the thermal insulation layer. Several studies on the
thermal conductivity of some building materials have also
been conducted. Zahia deduced the predictive analysis of the
effective thermal conductivity of fiber-containing mortar
composites by using experimental results and a theoretical
model [34]. Lahcen evaluated the variation in thermal
conductivity of date palm fiber (DPF) mesh plates, DPFs,
and mud composites with water content and then deter-
mined the intrinsic thermal conductivity of the DPF and
mortar by using the best-fitting model [35]. Pavlšk placed
bricks in tunnels between climatic chambers with different
temperatures and calculated the thermal conductivity of
bricks by using the semi-scale steady-state experimental
method and measured data [36]. Bodnarova used the hot
wire method to measure the thermal conductivity in the
unsteady state and evaluated the temperature dependence of
the thermal conductivity of lightweight concrete [37].
However, in the current study, most tunnel thermal insu-
lation materials evaluate the influence of length, thickness,
and other factors and rarely investigate the thermal con-
ductivity of the material itself. Numerous studies have been
conducted on the thermal conductivity of building insu-
lation materials. However, these reports mostly examine the
influence of water content on the materials and rarely ex-
plore the influence of water distribution on the thermal
conductivity of materials. In the present study, gray volume
moisture content (Gv) is defined, and the relationship be-
tween Gv and mass moisture content is established. On the
basis of the relationship between mass moisture content and
thermal conductivity, the relationship between gray volume
moisture content and thermal conductivity is established to
better describe the influence of pore water distribution on
thermal conductivity. /is study is highly valuable and can
be used to address concerns related to thermal insulation
materials in cold-region tunnels.

2. Experimental Designs

2.1.TestMaterials. Phenolic insulation boards, polyurethane
insulation boards, and floquet insulators are some of the
most common thermal insulation materials used in tunnels,
hence their selection as research objects for conducting
experimental analysis. /e insulation material used in the
test is shown in Figure 1, measuring 98 cm× 98 cm× 50 cm
(length×width× height) [38]. /e physical indices of the
specimens are listed in Table 1. /e polyurethane insulation
board has a smooth waterproofing layer on one side and a
rough one on the other. /e waterproofing layer, which
influences the water absorption of polyurethane materials,
has irregular holes on the surface. /us, the waterproof layer
on the surface of the polyurethane insulation board was

removed to study the variation in moisture content with
time under the most disadvantageous conditions.

2.2. Test Equipment

2.2.1. Water Absorption Testing Equipment. /e water ab-
sorption device is divided into two types: the natural active
water absorption device and the pressure passive water
absorption device (Figure 2). /e natural active water ab-
sorption device simulates the one-sided active water ab-
sorption of the insulation material in a natural state when
leakage occurs in tunnels in cold regions [39]. /e water
container on the left side of this device is connected via a
rubber pipe to the funnel on the right side to form a con-
nector, which ensures that the two liquid levels are of the
same height. /e influence of water head pressure on the
water absorption of the insulating layer material is simulated
by a pressurized passive water absorption device. /e main
body of the device is a pressure cylinder connected to two
rubber tubes—an intake pipe and a communicating pipe.
/e installation of the connecting pipe is conducive to gas
discharge when the device absorbs water and facilitates the
irrigation process.

2.2.2. CT Scanning Test Equipment

(1) Testing Instrument. /e 225 kV X-ray industrial CT
(Yxlon, Germany) is shown in Figure 3. Relevant parameters
are listed in Table 2.

(2) Working Principle of the X-Ray Industrial CT. As shown
in Figure 3, the X-ray emitted from the X-ray source scans
the detected object in translational motion between the
X-ray source and the detector. After scanning, the object is
rotated at an angle and then scanned again. By repeated
operation, several datasets of a certain section of the detected
object can be obtained. /ese data are computed and
processed by a computer. An image of the complete section
is reconstructed and displayed on the monitor. All sections
can form a complete three-dimensional image.

/e CT image is a gray image, with each pixel corre-
sponding to a CTnumber showing different gray levels. /e
higher the density of the scanned material, the higher the
brightness of the image. /erefore, in the analysis of this
image obtained by CT scanning the aquifer thermal insu-
lation sample, the black area represents the pore, the lighter
area is the dry sample without water, and the white area is
the water absorption area.

2.2.3. 4ermal Conductivity Testing Device

(1) Hot Disk TPS 2500 S 4ermophysical Conductivity An-
alyzer. /e thermophysical conductivity analyzer (Figure 4)
(Hot Disk, Sweden) mainly consists of the test system, the
calculator, and the data recording system (computer). /e
Hot Disk tester is a double-helix sensor, which is often a
nickel-metal double helix with a thickness of 25microns. It is
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Table 1: Physical indexes of the thermal insulation layer material.

Name Density (kg/m3) /ermal conductivity
(W/(m·K))

Compressive
strength (kPa)

Volumetric water
absorption (%)

Fireproof
performance (rank)

Temperature
range (°C)

Phenolic 40–60 0.026–0.040 ≥100 ≤7.5 B1 −100–180
Polyurethane 25–55 0.022–0.024 ≥150 ≤4 B2 −50–100
Floquet 30–50 0.022–0.033 ≥100 ≤6 B1 −196–180
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Figure 2: Water absorption devices.
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Figure 3: Internal structure and scanning principle of the compact-225 industrial CT.
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Figure 1: Insulating layer material sample.
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not only a heat source for increasing temperature but also a
heat flow resistor for recording changes in temperature over
time. /e parameters of the thermophysical conductivity
analyzer are listed in Table 3.

(2) Self-Made Quasi-Steady State Tester. In accordance with
the principle of quasi-steady state thermal conductivity, a
thermal conductivity test device for insulating layer mate-
rials is fabricated. /e device is mainly composed of a test
box, a data acquisition system, and a heating system
(Figure 5).

/e test box is made of a polystyrene (EPS) foam board
with a thickness of 10 cm. /e EPS foam board possesses
good thermal insulation owing to its low thermal conduc-
tivity. As the main part of the test box, it can effectively
isolate the heat exchange between the sample and the sur-
rounding environment during testing and reduce the test
error. /e space in the test box measures 300mm×

300mm× 200mm.
/e data acquisition system consists of a paperless re-

corder and a temperature sensor, which are used to measure
the temperature of the sample in real time. /e accuracy of
the paperless recorder can reach 2%, and the temperature of
one decimal point is displayed. /e PT100 temperature
sensor with a small volume and four wires is selected as the
temperature sensor. /e probe is 3mm in diameter, 10mm
in length, and 0.15°C in precision.

/e heating system is composed of a heating sheet, pure
copper sheet, and a power supply, which allow the system to
provide a stable heat flow to the system. /e heating element
consists of a Ni–Cr electric heating wire and a polyimide
heating film with a thickness of 0.4mm, length of 300mm,

and width of 300mm. A pure copper sheet with high thermal
conductivity is placed on the upper and lower surfaces of the
heating sheet, rendering the surface temperature of the
heating sheet uniformly distributed./e power supply adopts
adjustable DC voltage-stabilized power supply, with voltage
ranging from 0 to 30V and current ranging from 0 to 10A.

(3) Electric Heating Temperature Blast Dryer. /e DB-250B
electric heating temperature blast dryer (Hong Xing Electric
Oven Factory, Chengdu) is typically used for sample drying,
heat treatment, and other heating purposes. /e main
technical parameters are listed in Table 4.

2.3. Test Processes

2.3.1. Water Absorption Test and CT Scan. In order to
simulate the water absorption of thermal insulation ma-
terial in cold region tunnel and determine the maximum
mass moisture content of various insulation panels under
different water absorption conditions, three kinds of
insulation panels were selected: the phenolic insulation
board, polyurethane insulation board, and floquet insu-
lation panels. Natural active water absorption test and
pressure passive water absorption test were conducted,
with a one-day interval in the initial stage and a two-day
interval in the subsequent stage. In order to carry out
comparative analysis, a set of complete immersion test is
added. /e test could be terminated when the difference
between two successive measurements was less than 0.5%
of the value of the second test.

By using the aforementioned process, the water ab-
sorption rate of the peeled polyurethane insulation board

Testing system

Operational instrument

Data recording system

Sensor

Figure 4: Hot Disk TPS 2500 S thermophysical conductivity analyzer.

Table 2: Main technical parameters of the 225 kV X-ray industrial CT.

Name Size Ray source Imaging
pixel Scanning time Highest spatial

resolution (mm)
Contrast
sensitivity

Parameters 170mm Ceramic metal X-ray tube 1024×1024 Typical high-precision scanning 5–15min 0.02 <0.2%
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was determined to be lower, whereas that of the phenolic
insulation board was higher. /erefore, three peeled poly-
urethane insulation panels with different mass moisture
contents and six phenolic insulation panels with different
mass moisture contents were obtained by using the passive
water absorption test under pressure, which was conducted
by controlling different water absorption periods. /e
samples with different mass moisture contents are listed in
Table 5.

/e maximum allowable external diameter of the sample
was 170mm. A sample size of less than 140mm produced
the best scanning effect. /erefore, to reduce costs, three
samples with different mass moisture contents were stacked
to optimize the use of the scanning space. /e scanning
image of the phenolic insulation board is presented in
Figure 6.

2.3.2. Measurement of 4ermal Conductivity. /e Hot Disk
method is suitable for homogeneous media but not for
containing water sample in this test. /erefore, the Hot Disk

method was chosen to test samples in their absolutely dry
state. /e quasi-steady-state heat conduction test was used
for stratified aqueous samples, and the results for the test
sample in their absolute dry state were compared with those
obtained using the Hot Disk method.

(1) Hot Disk Method. /e dry phenolic insulation board and
peeled polyurethane insulation board were selected as test
sample. /e encapsulated nickel spiral sensor was sand-
wiched between the two parts for testing, and the protective
cover was placed. /e sensor heating power and time were
set on the computer./eHot Disk test software was run, and
the corresponding test module was selected. Testing was
then started. When the number of test points needed was
subsequently selected, the thermal conductivity coefficient
was calculated using the system software, with the time
interval between the two tests set at 1.5 h.

(2) Quasi-Steady Testing Method. Sample preparation was
conducted in accordance with “Highway Geotechnical Test
Rules” (JTG E40-2007). Phenolic and polyurethane

Table 3: Parameters of the thermophysical property analyzer.

Name Measuring range Temperature
range

Range of thermal
conductivity Probe size

Hot disk TPS2500s thermophysical conductivity
analyzer

0.005–500W/
(m·K) 10–1000K 0.005–500W/(m·K) 2–29.40mm

Texting box

20
0m

m

Sensor

Data show Power supply

Copper sheet Heating plate

300mm

300mm

Figure 5: Self-made quasi-steady state tester.

Table 4: Main technical parameters of the DB-250B electric heating temperature blast dryer.

Name Size Temperature range Sensitivity
Parameters 500mm× 600mm× 750mm Room temperature ∼250°C ±0.1°C
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insulation boards with different moisture contents were
obtained. Four samples of the same size, material, and
moisture contents were placed in the test box (reducing the
test error) after the temperature sensor was affixed to them
and numbered 1, 2, 3, and 4 from the bottom to the top. /e
heating device was placed between the test pieces 1 and 2 and
test pieces 3 and 4./e test box was then sealed, the paperless
recorder and DC-regulated power supply were turned on,
and the test began. When the difference in temperature
between the upper and lower surfaces of sample 2 decreased,
the test was stopped, and one test was completed.

3. Test Results and Analysis

3.1. Maximum Mass Moisture Content of the 4ermal Insu-
lation Material. Figure 7 shows that, under natural active
water absorption, the growth rate of mass moisture content
gradually slows down over time. In the early stages of water
absorption, the phenolic insulation board had the largest
water absorption rate, followed by the floquet insulation
board and peeled polyurethane insulation board. Simulta-
neously, with an increase in time, the mass moisture content
of the phenolic insulation board and floquet insulation
board grew gradually closer, with the mass moisture content
of the phenolic insulation board being consistently greater
than that of the floquet insulation board within the test time
range. After testing for 5 months, the increase in amplitude
of the mass moisture content of the floquet insulation board
was twice that of the phenolic insulation board; thus, the
mass moisture content of the floquet insulation board was
gradually close to that of the phenolic insulation board.

/erefore, when the test period reaches at least 7months, the
moisture content of the floquet insulation board is tem-
porarily greater than that of the phenolic insulation board.

Completely immersed in water, the phenolic insulation
board, peeled polyurethane insulation board, and floquet
insulation board showed mass moisture contents of
2347.58%, 92.91%, and 850%, respectively (Figure 8). /e
mass moisture content of the phenolic insulation board was
25.27 times that of the peeled polyurethane insulation board

Drying area

Water absorbing area

Water column

Water column

Water column

Water distribution

Figure 6: CT scanning image of the phenolic insulation plate sample in three directions.
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Figure 7: Curve of the water content of the thermal insulation
material with time after natural active water absorption.

Table 5: Mass moisture contents of the insulation layer material.

Name Mass moisture content (%)
Peeled polyurethane 9.80 14.74 25.23
Phenolic 808.78 921.64 1632.53
Phenolic 2782.25 3080.29 3763.91
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and 2.71 times that of the floquet insulation board. Among
the three kinds of insulation boards, the phenolic insulation
board exhibited the best absorption.

Figure 9 presents the time-dependent curve of the mass
moisture content absorbed by different thermal insulation
materials via passive water absorption under different
water pressure levels. /e curve trend shows that the mass
moisture content is at its highest in the early stage of water
absorption; over time, the rate of moisture absorption
decreases and ultimately stabilizes. When the test is stable,
the mass moisture content of the specimens under high
head pressure is greater than those under low head
pressure.

In summary, the maximum mass moisture contents of
the three thermal insulation materials could be obtained by
experimental analysis of the three groups (Table 6).

3.2. Relationship between Mass Moisture Content and Gray
Value. At gray value� 0, the image is darkest and black,
whereas at gray value� 255, the image is brightest and white.
/e higher the density of the matter, the brighter (white) it
appears in CTimages; the lower the density of thematter, the
darker (black) it appears./e densities are as follows: density
of air, 1.225 kg/m3; density of water, 1000 kg/m3; apparent
density of the selected phenolic insulation board, 22 kg/m3;
and apparent density of the polyurethane insulation board,
33.8 kg/m3. Water evidently exhibits the highest density.
/us, its distribution in the insulation material can be easily
distinguished by CT scanning test. At moisture con-
tent� 0%, the gray level histogram shows a single-peak
image. When the phenolic insulation board absorbs water,
two peaks appear in the gray histogram./e density of water
is considerably higher than that of the dry phenolic insu-
lation board and thus can be expressed using the gray value.
/erefore, the wave peak at the lower gray value consists of
the gray value of the pixel where the dry phenolic insulation
board is located, whereas the wave peak at the higher gray
value consists of the gray value of the pixel where the
phenolic insulation board after water absorption is located.

3.2.1. Phenolic Insulation Board. Dry samples and aqueous
samples are scanned separately. Figure 10 shows that when
scanning dry samples, the gray values range from 6 to 115,
whereas when scanning water-bearing samples, the gray
values range from 0 to 255, comprising all gray values. For
the water-containing phenolic insulation board, when the
gray value is less than or equal to 65, no water is found in the
interior of the phenolic insulation board; meanwhile, for the
image with a bit depth of 8, the maximum gray value is 255.
/erefore, in the CT scan image of the phenolic insulation
board, when the gray value is in the 65–255 range, it is a
mixture of water and the phenolic insulation material; when
the gray value is 255, the mass moisture content of the pixel
reaches saturation. In addition, when the gray value is 65, the
water content is 0%. /e gray value of the water-containing
thermal insulation material from 65 to 255 is divided into
100 copies; that is, when the mass moisture content of a pixel
increases by 1%, the gray value of the point increases by 1.9.

/erefore, the gray value can be used to quantitatively
describe the saturation of the material. For the water-
bearing samples, the saturation degree of individual pixels
was studied. With the area of the pixel as the base, the gray
value is high, and M is the boundary gray value between
the dry state and the water-bearing state of the material.
When the gray value is less than or equal toM, the product
of the bottom area of the pixel and the gray value rep-
resents the volume of the dried sample. When the gray
value reaches the maximum D of the image, the pixel is
considered full of water and saturated; when the gray
value is between M and D, it is the volume of the un-
saturated water-bearing sample. /e area of each pixel in
the image, multiplied by its own gray level, comprises a
small volume; thus, by adding all small volumes in the
image, the total volume of the material represented by the
gray value can be obtained.

Assuming that the total number of pixels in a CT scan
image is N, let the gray value be i (i� 0, 1, . . ., 255). If the
number of pixels in the image with a gray value equal to i is
Ni, the total volume of the material represented by the gray
value is as follows:

G � 

255

i�0
i · Ni · S, (1)

where S is the pixel area and G is the volume of the water
content sample expressed in gray value.

/e total volume of saturated specimens expressed by
gray value is as follows:

Gs � S · N · D, (2)

where D is maximum gray value of all pixels in an image,
0D≤ 255; GS is the volume of materials with 100% water
content expressed by gray value; andN is the total number of
image pixels.

/e image volume moisture content (gray volume
moisture content) expressed by gray value is
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Figure 8: Curve of the water content of the thermal insulation layer
material with time after complete immersion.

Advances in Materials Science and Engineering 7



GV �


D
i�M i · Ni · S

GS

× 100, (3)

whereM is the boundary value of the drying state and water-
bearing state of materials, 0<M< 255.

/e volumetric moisture content can be calculated
using this algorithm, and the results are expressed as
shown in Figure 11. /e general algorithm and the

algorithm presented in this study exhibit a similar overall
trend—increasing with an increase in mass moisture
content. When the mass moisture content exceeds
3500%, the calculation results of the two algorithms vary
to a certain degree. Generally, the calculation results
(Table 7) of the volume water content expressed by gray
value and calculated by mass moisture content are
anastomosing.

Table 6: Maximum mass water contents of the thermal insulation layer materials.

Name
Maximum mass moisture content
obtained using the natural active

water absorption test (%)

Maximum mass moisture content
obtained using the pressure passive

water absorption test (%)

Maximum mass moisture content of the
complete immersion test (%)

Phenolic 526.28 4208.65 2347.58
Peeled polyurethane 26.04 37.24 92.91
Floquet 520.17 1742.50 850.00
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Figure 9: /e change curve of the water content in the thermal insulation layer material over time by pressure passive water absorption. (a)
Phenolic insulation board. (b) Peeled polyurethane insulation board. (c) Floquet insulation board.
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3.2.2. Peeled Polyurethane Insulation Board. Similar to the
aforementioned phenolic insulation board, the water-
bearing polyurethane insulation board has a gray value
distribution that ranges from 0 to 255 (Figure 12). Analysis
indicates that the drying part of the water-bearing poly-
urethane insulation board has a gray value of less than 50.
/erefore, when the gray value ranges from 50 to 255, the
water content is mixed with polyurethane insulation ma-
terials; when the gray value is 255, the water content of the
pixel reaches saturation; and when the gray value is 50, the
water content is 0%./e gray value of the thermal insulation
material containing water from 50 to 255 is divided into 100
parts; that is, when the water content of a pixel increases by

1%, the gray value of the pixel increases by 2.05%./erefore,
the gray value can be used to quantitatively describe the
degree of saturation of the material. By using the derivative
formula, the volumetric moisture content of the water-
containing polyurethane insulation board in the gray level is
calculated. /e results are listed in Table 8.

/e volumetric moisture contents measured by the
conversion of mass moisture content generally agree with
the calculation results of the volumetric moisture content
expressed by the gray value presented in this study. /e
volumetric moisture contents increase with an increase in
mass moisture content.

3.3. Relationship between the4ermal Conductivity andMass
Moisture Content of 4ermal Insulation Materials. Heat
transfer through the structures of thermal insulation ma-
terials often results from several heat transfer modes that
typically involve the conduction of solids, convection, and
conduction of gases and heat radiation [40]. When the
average diameter of particles in a porous medium does not
exceed 4–6mm, the effect of convective heat transfer on the
internal heat transfer of the material may be negligible; when
the temperature of the porous material is not higher than
573K (299.85°C), the effect of radiation may be negligible
[41]. In the present study, the effective thermal conductivity
of the thermal insulation material meets the aforementioned
conditions without considering convection and radiation
heat transfer. /us, the scope of this study only covers the
effect of heat conduction on the thermal conductivity of the
thermal insulation material. In the analysis of the mecha-
nism of various heat transfer processes in porous materials,
the heat transfer mode of the solid skeleton and various
fluids in porous materials can be converted into equivalent
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heat conduction, and the effective thermal conductivity of
porous materials can be determined using the macroscopic
condition described by Fourier’s law. In this study, the
influence of moisture content on the thermal conductivity of
materials is the effective thermal conductivity obtained by
the equivalent internal heat transfer of water content ma-
terials to thermal conductivity.

/e thermal conductivity of the phenolic insulating
board and peeled polyurethane insulating board under dry
conditions was evaluated using the Hot Disk thermal
physical property analyzer. /e results are listed in Table 9.

/e self-made quasi-steady-state method was used to
evaluate the thermal conductivity of the insulation materials
with different mass moisture contents. /e test results are
depicted in Figure 13.

As shown in Table 9, the phenolic insulation board and
peeled polyurethane insulation board core have average
thermal conductivities of 0.040 and 0.029W/(m·K), re-
spectively, as determined using the Hot Disk method.
Figure 13 shows that the average thermal conductivity of the
phenolic insulation board is 0.04019W/(m K) under dry
conditions and 0.02982W/(m K) after peeling, which are
larger than the results determined using the Hot Disk
thermal conductivity analyzer, and the deviations are 3.19%

and 0.33%, respectively. /e difference in thermal con-
ductivity between the two methods is less than 5%.
/erefore, the quasi-steady state method is a reliable tech-
nique to measure thermal conductivity.

As shown in Figure 13, for the phenolic insulation
panels, the relationship between thermal conductivity and
mass moisture content can be divided into three stages:
rapid-growth stage, slow-growth stage, and sharply-in-
creasing stage. In the first stage, the mass moisture content
increases from 0% to 1000%, and the increase in amplitude
of thermal conductivity is 78.57%. In the second stage, the
mass moisture content increases from 1000% to 2200%,
and the increase in amplitude of thermal conductivity is
46.48%. In the third stage, the mass moisture content in-
creases from 2200% to 3500%, and the increase in am-
plitude of thermal conductivity is 134.78%. /e
relationship between thermal conductivity and mass
moisture content of the phenolic insulation board is ap-
proximately parabolic. For the polyurethane insulation
board, the relationship between thermal conductivity and
mass moisture content is approximately linear, and when
mass moisture content increases from 0% to 24%, the
thermal conductivity growth rate is 68.76%.

In engineering, the relationship between the mass
moisture content and thermal conductivity of porous
buildingmaterials is usually expressed as a linear function, as
follows [42–44]:

λe � λd + a′ω, (4)

where λe is the effective thermal conductivity (unit is W/
(m·K)); λd is the thermal conductivity of dry materials (unit
isW/(m·K)); ω is the moisture content (unit is kg/kg); and a∧′
is the empirical constant.

/erefore, when the mass moisture content of the
phenolic insulation board is small, the thermal conductivity
can be derived from the aforementioned linear relationship;
however, when the water content is high, the formula is no
longer applicable. /e power function can be used to ap-
proximate the relationship between mass moisture content
and thermal conductivity, as follows:

λe � λd + b′ωc
, (5)

where b∧ and c∧′ are the fitting coefficients.
In Figure 14, the power function and linear function are

used to fit the relationship between the mass moisture
content and thermal conductivity of the phenolic insulation
board and peeled polyurethane insulation board, respec-
tively, and the correlation coefficient of the fitting results is
higher. /e thermal conductivity of the phenolic insulation
board and peeled polyurethane insulation board can be
predicted using the fitting formula in accordance with the
mass moisture content of the material. /e prediction
formulas are as follows:

Table 7: Calculated values for the phenolic insulation board.

Mass moisture content (%) 808.78 921.64 1632.53 2782.25 3080.29 3763.91
Gv (%) 14.46 21.44 30.43 57.15 62.81 71.89
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Figure 12: Gray histogram of the polyurethane thermal insulation
board with different water contents.

Table 8: Comparison of two algorithms for the polyurethane
insulation board.

Mass moisture content (%) 9.80 14.74 25.23
ωv 0.34 0.51 0.87
GV 0.30 0.51 0.91
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Phenolic insulation board λe � 0.05019 + 3.88472

× 10− 9ω2.63552
,

Peeled polyurethane insulation board λe � 0.02882 + 8.59096

× 10− 4ω.

(6)

3.4. Relationship between 4ermal Conductivity and Gray
Volume Moisture Content of 4ermal Insulation Materials.
/e relationship between mass moisture content and
thermal conductivity of thermal insulation materials only
shows the influence of water content on thermal conduc-
tivity but not the influence of water distribution on thermal
conductivity. Gv is derived from the gray value of the
scanned image, which can describe the distribution of water
in the insulation material. /e relationship between Gv and
thermal conductivity is equivalent to describing the influ-
ence of pore water distribution on thermal conductivity.

3.4.1. Relationship between 4ermal Conductivity and Gv of
the Water-Containing 4ermal Insulation Materials. As
shown in Table 8, Gv, which corresponds to the different
mass moisture content of the phenolic insulation board and
peeled polyurethane insulation board, can be obtained, and
the thermal conductivity of the phenolic insulation board
and peeled polyurethane insulation board with different

mass moisture contents can be predicted using the fitting
formula. /erefore, the power function can be used to fit the
relationship between the thermal conductivity and Gv of the
phenolic insulation board, and the one-dimensional first-
order equation can be used to fit the relationship between the
thermal conductivity and Gv of the peeled polyurethane
insulation board. /e unified fitting formulas are as follows:

λe � λd + m′ωn′
, (7)

where m∧ and n∧′ are the fitting coefficients.
/e relationships between the thermal conductivity and

Gv of the phenolic insulation board and peeled polyurethane
insulation board are depicted in Figure 15 and expressed as
follows:

λd � 0.04019 + 1.08285 × 10− 4
x
1.76155

λd � 0.03082 + 2.0928 × 10− 2
x

(8)

3.4.2. Relationship between 4ermal Conductivity and Gv of
Ice-Containing 4ermal Insulation Materials. /e trend of
change in ambient temperature in the tunnel is described by
the sine function (Figure 16) [45]. When the air temperature
in tunnels in cold areas is below zero, the thermal insulation
material after water absorption freezes under low-temper-
ature conditions. /e thermal conductivity of ice is 2.24W/
(m·K), which is about four times that of water./erefore, the
thermal conductivity of ice-containing thermal insulation
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Figure 13: /ermal conductivity curves of different thermal insulation materials with different water contents. (a) Phenolic insulating
board. (b) Peeled polyurethane insulating board.

Table 9: Testing parameters determined using the Hot Disk method.

Sample number
/ermal conductivity W/(m·K)

Standard deviation RSD (%)
1 2 3 4 5 Average value

Phenolic 0.04055 0.03953 0.04047 0.03955 0.04109 0.04006 0.0005 1.23
Peeled polyurethane 0.02993 0.02855 0.02781 0.02999 0.02821 0.02890 0.001 3.48
Note: RSD is the relative standard deviation, which can be used to analyze the accuracy of the results.
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materials is greater, worsening the effect of thermal insu-
lation materials [46–53].

To calculate the thermal conductivity of the phenolic
insulation board on the basis of Gv, Gv is multiplied by the
thermal conductivity of water, and the residual drying
volume ratio is multiplied by the thermal conductivity of the
specimen during drying. By dividing the calculated thermal
conductivity by the thermal conductivity determined using
the fitting formula, the corresponding proportion is ob-
tained. In accordance with this ratio, when water becomes
ice, the thermal conductivity of the ice-containing phenolic

insulation board is the value calculated by substituting the
thermal conductivity of water with the thermal conductivity
of ice, multiplied by the corresponding ratio. /is value is
used to estimate the overall thermal conductivity of water-
containing phenolic insulation panels after freezing. /e
calculation results are listed in Table 10.

By using the same method to calculate the thermal
conductivity of the ice-containing polyurethane insulation
board, the thermal conductivity of the ice-containing peeled
polyurethane insulation board is determined. /e results are
listed in Table 11.
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Figure 15: Fitting analysis of the thermal conductivity of different thermal insulation materials. (a) Phenolic insulation board. (b) Peeled
polyurethane insulation.
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Figure 14: Fitting analysis of the thermal conductivity of different thermal insulation materials. (a) Phenolic insulating board. (b) Peeled
polyurethane insulating board.
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4. Conclusions

(1) CT images of the phenolic insulation board and
polyurethane insulation board were obtained. /e
concept of Gv is proposed by using the gray value of
the CTscanning image, which can better describe the
distribution of pore water in thermal insulation
materials. By comparing Gv with the volume
moisture content, the relationship between the mass
moisture content and Gv is established.

(2) /e accuracy of the self-made quasi-steady state
tester is verified by evaluating the thermal conduc-
tivity of the dry insulation material. /e advantage of
the self-made quasi-steady state tester is that it can
measure the thermal conductivity of the thermal
insulation material with water content. /us, the
relationship between the mass moisture content and
thermal conductivity of the phenolic thermal insu-
lation board and polyurethane thermal insulation
board can be determined.

(3) /e relationship between Gv and thermal conduc-
tivity of materials is evaluated based on the rela-
tionship between the mass moisture content and
thermal conductivity of thermal insulation materials.
A method to predict thermal conductivity is not only
proposed innovatively; the influence of pore water
distribution on the thermal conductivity of thermal
insulation materials is also described.
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