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Abstract
�e production of asphalt mixtures (hereina�er referred to as mixtures) has been decreasing in volume

year by year, and accordingly, the asphalt plants (hereina�er referred to as APs) throughout the country 
have been decreasing in number. �e number of APs is anticipated to further decrease (hereina�er referred 
to as consolidation) to improve the productivity of mixtures. �e quality of the mixed materials is highly 
dependent on temperature. As the consolidation of APs progresses, unfortunately, mixtures become 
available in fewer regions due to the temperature drop during transportation with the current method of 
loading mixture onto dump trucks and transporting it to the paving site (hereina�er referred to as the 
"current method"). �erefore, technically, temperature retention of mixtures is an important factor in 
increasing the regions to supply them.
　Tamura et al.1） have investigated the temperature change of a mixture in the current method and 
reported (2021) that a mixture in a container exhibits a more signi�cant drop in temperature at the bottom 
of a container, which is in contact with a dump truck bed, than at the surface exposed to the outside air. 
�ey also found that the development of a shipping container for the reduction of heat transfer both to the
housing of the container and the outside air is e�ective for increasing the supply area of mixtures. Based on 
these �ndings, the authors have repeatedly produced and improved a prototype container (hereina�er 
referred to as container) that is coated with a special heat insulation material(2)(3). In this paper, we study the 
heat retention properties of a mixture in the container.

1. Introduction
With the current method, the quality of mixtures

generally starts to deteriorate due to temperature drop 
a�er 1.5 to 2 hours have passed, and such mixtures 
cannot be used for pavement anymore. For this reason, 
the APs have been constructed across the country to 
keep the transport time of mixtures within two hours. 
According to the “2022 Asphalt Mixture Statistics 
Annual Report4）”,  however, the restraint of public 
investment has caused the production volume of 
mixtures to decrease from 70,000 kilotons in 2000 to 
39,000 kilotons in 2022 by approximately 44%, and 
the number of APs has decreased from 1,500 to 1,000, 
in line with the decrease in production volume, by 
approximately 34% (see FIG. 1).
　Furthermore, in recent years, more frequent and 
severe heavy rain disasters have been predicted due to 
the e�ects of global warming caused by greenhouse 
gases. �e international community has been working 
to achieve net zero greenhouse gas emissions (carbon 
n e u t r a l i t y )  b y  2 0 5 0 5）6）.  O f  c o u r s e ,  t h e  r o a d  
construction industry has also been making e�orts 

toward carbon neutra l it y,  and there is  a  nee d to 
improve the productivity of mixtures by reviewing the 
operations of the APs (hereina�er referred to as the 
AP innovation).
　 In  a d d i t i o n ,  w e  h a v e  i s s u e s  r e l a t e d  t o  l a b o r  
shortages, such as a reduction in drivers'  working 
hours (according to the partial revision of standards 
for  improving working hours ,  and the  others  of  
automobile drivers7）) and a decrease in the number of 
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[Test Procedure]
1.�e conta iner,  with its  loading g ate  open,  was  

transported by a forkli� to a position beneath the
main part of an AP, speci�cally under the mixture 
discharging port of the AP.

2. A mixture was poured in to �ll the container.
3. �e surface of the mixture was leveled to be �ush 

with the edges of the container.
4. �e loading gate was closed, and the temperature of 

the mixture was measured for 21 hours using a 
sheathed thermocouple and a data logger which will 
be described later.

While the mixture was being kept warm in the 
container, the temperatures at twelve points inside the 
container and the outside temperature were measured 
with the sheathed thermocouple (K type) and recorded 
by  th e  d ata  l o g g er.  F IG .  4  d i sp l ay s  th e  t we l ve  
mea surement  p o ints  ( here ina�er  re ferre d  to  a s  
measurement points) along with the devices used. To 
precisely de�ne the positional relationship of the 
measurement points, we designate a cross-section taken 
along a line connecting the opposite diagonals of a 
container in the vertica l  direction as  an obl ique

walls of the container. However, at actual paving sites, 
the mixture is ag itated by the screw of an asphalt
�nisher or similar equipment, resulting in almost 
uniform temperature distribution throughout the 
mixture.

�erefore, in this study, the time required for the 
average temperature of the “entire” mixture to reach 

tested, and Table 1  shows its speci�cations.  �e 
container is made of structural rolled steel (SS400) 
with a special heat insulation material covering the 
exterior and a sheet metal is applied over the material 
for protection. �e container is con�gured to receive a 
mixture through a port at the top and discharge it 
from a port at the bottom. �e lid of the input port 
(hereina�er referred to as a loading gate) closes under 
i t s  o w n  w e i g h t .  � e  l i d  o f  t h e  d i s c h a r g e  p o r t  
( hereina�er  referre d to  as  an unloading g ate)  i s  
con�gured so that, as shown in FIG. 2, when the lock 
pin is removed while the container is on the ground 
and then li�ed, the unloading gate opens, allowing the 
mixture inside to be discharged through it.
2.2 Test Conditions
　A test  wa s  conducte d during  winter  in  a  co ld  
district in Japan where the temperature of a mixture 
drops signi�cantly. �e test procedure is listed below 
and in FIG. 3, and the test conditions are shown in 
Table 2.

factory workers. �ese issues may accelerate further 
consolidation of the APs for streamlining operations. 
As the consolidation of APs progresses, concerns arise 
that  m ixtures  can b e  suppl ie d  to  fe wer  reg ions .  
According ly,  e�or ts  have  b e en made to  de velop 
technology that enables the e�ective transportation of 
mixtures over long distances.

�e e�e ctive  long - d istanc e  transp or tation of
mixtures can be achieved through two approaches: 
o n e  t o  e n s u r e  a  c o n s t a n t  q u a l i t y  e v e n  a t  l o w  
temperatures of the mixtures, and the other to reduce 
any drop in temperature of the mixtures. Examples of 
the former include foamed asphalt, which increases 
�uidity with a small amount of added water to asphalt 

c r o s s - s e c t i o n .  R e g a r d i n g  t h e  i n s e r t i o n  o f  t h e  
thermocouples, we de�ne the horizontal direction as the 
x-axis and the vertical direction as the y-axis. In the x-axis, 
the thermocouple could only be inserted into the mixture 
at the corners of the container due to the speci�cations of 
the special insulation material applied to the container. As 
for the x-axis, the container has a structure axially 
s ymmetrica l  to  the  y- a xis ,  thus  the  temp erature  
distribution was expected to be axially symmetrical as 
well. Accordingly, in the x-axis, the temperatures were 
measured only in one direction from the center of the 
mixture. In contrast, in the y-axis, the dissipation behavior 
was expected to di�er due to the di�erence in the 
structure of the container, and the temperatures were 
measured at upward and downward positions from the 
center of the mixture.

3. Evaluation
A s  th e  h e at  re t enti o n  t i m e  o f  th e  m i xt ure  i s  

extended, the temperature inevitably drops at the 
contact interfaces between the mixture and the inner 

a n d  f o a m i n g .  E x a mp l e s  o f  th e  l a t t er  i n c l u d e  a  
heat-retaining sheet used in the current method and a 
container equipped with a heater. �e authors have 
fo cuse d on the  latter  te chnolog y and have  b e en 
working on it since 2021 to develop a container that 
achieves heat retention of the mixture for an extended 
period. We poured a mixture into the container and 
conducted a study on the heat retention properties of 
the mixture. In this paper, we provide an overview of 
the study.

2. Test Overview
2.1 Specifications of the Container to be 
tested
　FIG. 2  shows the appearance of  the container 

the temperature (hereina�er referred to as 150°C), at 
which mixtures are typically acceptable, is de�ned as 
the heat retention time.

3.1 Test Results
FIG. 5 shows the correlation between the average 

temperatures and the elapsed time at the measurement 
points depicted in FIG. 4.

　FIG. 5  indicates that it  took approximately 15 
h o u r s  f o r  t h e  a v e r a g e  t e m p e r a t u r e s  a t  t h e  

measurement points to reach 150°C.
However, the results do not precisely indicate the

temperatures of the “entire” mixture as de�ned above. 
Speci�cally, the results do not re�ect the temperatures
at the corners of the container, where a signi�cant 
temperature drop in the mixture is expected. Hence, 

the  overa l l  avera g e  temp erature  of  the  “entire”
m i x t u r e  w a s  c a l c u l a t e d  b y  s u p p l e m e n t i n g  t h e  
temperatures of the mixture at points other than the 
m e a s u r e m e n t  p o i n t s  u s i n g  a  t h e r m a l  a n a l y s i s  
simulation, which will be described later.

3.2 Estimation of Possible Heat Retention 
Time Using Thermal Analysis

To calculate the overall average temperature of the
mixture, a back analysis was performed on the test 
r e s u l t s  u s i n g  t h e r m a l  � u i d  a n a l y s i s  s o � w a r e  
(STAR-CCM+ Ver. 18.02, manufactured by Siemens 
PLM So�ware Computational Dynamics Co., Ltd.).

3.2.1 Generation of a 3D Model
Initially, a 3D model mirroring the shape of the 

container was generated. In addition to the oblique
cross-section outlined in FIG. 4 ,  we established a 
vertical cross-section (hereina�er referred to as the 
reference cross-section) to investigate the temperature 
distribution within the mixture over time, as well as 
t h e  c o r r e l a t i o n  b e t w e e n  t h e  o v e r a l l  a v e r a g e  
temperature of the mixture and time. FIG. 6 depicts 
these details.

3.2.2 Analysis Conditions
�e outside temperature a�ects the temperature 

drop gradient of  a  mixture,  and thus the outside 

temperature is an important factor in the test to study 
the heat retention of a mixture in the container. For 
th i s  rea son,  an  approximation f unction for  the  
measured outside temperature was created such that 
the results of the inverse analysis would reproduce the
test results as closely as possible, and implemented in 
the thermal analysis simulation. FIG. 7  shows the 

FIG. 1: Changes in Production Quantity of 
Mixtures and Number of Plants (Cited and edited from 
“2022 Asphalt Mixture Statistics Annual Report 4）”)

FIG. 2: Appearance of Container

Table 1　Specification of Container

FIG. 3: Test Procedure

Table 2　Test Conditions

taken into account.
Equation 4  represents the heat transfer due to 

natural  convection at  the boundar y between the 
protective sheet metal and the outside air in FIG. 8

3.2.3 Analysis Results
A back analysis was performed on the measurement 

points. FIG. 9  shows the calculated results of the 
average changes in temperature of the entire mixture, 
t h e  r e f e r e n c e  c r o s s - s e c t i o n ,  a n d  t h e  o b l i q u e  
cross-section. In FIG. 9, the average temperature of 
the mixture during the dump test shown by the purple 
t wo - dot  cha in  l ine  wa s  compile d  from those  in  
"Consideration On Temperature Characteristics of 
Asphalt Mixture During Transportation1）", and the
outside temperature during the dump test was the 
measure d data  of  outside temperature in Hyog o 
Prefecture in January when the test was conducted. 
Table 4 presents the temperature distributions in the 
reference cross-section and the oblique cross-section 
a t  e a c h  e l a p s e d  p e r i o d  o f  t i m e  d e t e r m i n e d  b y  
simulation. Table 4 indicates that the temperature 
drop in the mixture was more signi�cant in the upper 
part of the container than in the lower part.

4. Discussion
4.1 Temperature Drop Immediately After 
Pouring of Mixture
FIG. 10 highlights a portion of the data in FIG. 9: 

the data within the range of 0 hours to 2 hours a�er
the test started. �is is to focus on the overall average
temperature of the mixture, shown by the solid red 
line, immediately a�er pouring the mixture, and the 
average temperature of the mixture during the dump 

c o r r e l a t i o n  b e t w e e n  t h e  e l a p s e d  t i m e  a n d  t h e  
m e a s ur e d  o ut s i d e  t emp er a t ur e s ,  a l o n g s i d e  th e  
approximation f unction .  Table 3  presents  the  
conditions used in thermal analysis simulation. �e 
dens i t y  of  the  m ixture  wa s  ca lcu late d  f rom the  
measured weight and the container capacity, and the 
initial temperature of the mixture was set to 177℃, 
which is the temperature for shipping while the initial 
temperature of the container was set to -0.8℃ based 
on a calculation using the approximation function.
�e sp e cia l  insu lation materia l  ha s  a  lam inate d 
structure, and its thermal conductivity, speci�c heat,
and density were described as Various. �e thickness 
of the material refers to the total thickness of the 
laminated layers.  �e thermal conductivity of the 
mixture was determined by conducting a thermal 
analysis simulation while keeping the speci�c heat and 
densit y of  the mixture constant  and var ying the
therma l  c onductivi t y va lue : the �na l va lue wa s
adopted based on the approximation of the measured 
data at each measurement point with the results of the 
thermal analysis simulation.

Here, for a case where the thermal conductivity, 
speci�c heat, and density are constant, the di�erential 
equation for three-dimensional heat conduction in 
the orthogonal coordinate system of the x, y, and z 
a xes  i s  expresse d  in  Equation 1 .  Equation 2
represents a modi�cation of Equation 1.
Equation 2 indicates that the larger the value of 

thermal di�usivity α ( i .e . ,  the larg er the value of 
thermal conductivity λ, and the smaller the values of 
speci�c heat c and density ρ), the more remarkable the 
temperature change is.

Next, FIG. 8 schematically illustrates the structure 
of the container used in the test, and Equation 3
expresses a di�erential equation for the boundar y
conditions. Furthermore, Equation 3 represents a 
case where di�erent types of materials are in complete 
contact and the thermal resistance therebetween is not 

own heat insulation material of a 600 mm-thickness and a
low thermal conductivity of 1.25W/(m•K) in addition to 
the 70 mm-thick special heat insulation material around 
the container. �erefore, no signi�cant temperature drop 
was observed even a�er 21-hour heat retention.

Based on the above �ndings, ensuring a certain level of 
capacity for the container can be an approach to
e�ectively extend the period of time for heat retention of 
the mixture inside. While the mixture inherently has 
some heat-insulating properties, the simulation results 
show that the mixture is required to have a thickness of 
600 mm or more to optimally achieve the properties. 
Additionally, it is ideal to approximate the shape of the 
container to a sphere that minimizes the surface area for
heat dissipation (speci�c surface area). �e temperature of 
the mixture signi�cantly dropped at the corners of the 
container. �is drop can be attributed to several factors, 
including the large surface areas (speci�c surface areas) for 
heat dissipation, the thinner mixture itself as a heat 
insulation material, and the di�culty in applying the 
special heat insulation material to the corners.

We describe two speci�c approaches for reducing the 
heat dissipation area of the container as follows. First, as
mentioned above, a change in the container's shape is 
possible to reduce the surface area (speci�c surface area) 
for heat dissipation. For example, in a cylindrical 
container, the surface area (speci�c surface area) for heat 
dissipation can be reduced compared to a rectangular 
container even of the same capacity, and heat dissipation 
becomes less l ikely to occur. Second, loading and 
unloading gates can be integrated. As described above, the 
tested container was con�gured to receive a mixture 
through the top and discharge it through the bottom, and 
the loading and unloading gates include some portions 
where the special heat insulation material cannot be 
applied. Accordingly, if both the pouring and discharge of 
a mixture can be conducted through a common gate, for 
example by installing a device to invert the container, the 
portions without the special heat insulation material can 
be reduced, thereby resulting in less heat dissipation from 
the container.

5. Summary
� e  r e s u l t s  a n d  d i s c u s s i o n  o f  t h i s  s t u d y  a r e  

summarized below.
●�e heat retention of a mixture is achievable for 7.9 

hours by using the container having a special heat 
insulation material therearound, even in sub-zero 
environments.

●Immediately a�er the mixture is poured into the 
container, the temperature of the mixture drops 
rapidly due to heat transfer to the steel plate which 
is at the same temperature as the outside.
●In this test, the temperature drop in the mixture

inside the container was small at the center and was 
noticeable at the corners.
●�e mixture has a low thermal conductivity, and the 

surrounding mixture acts as a heat insulator for the 
center of the mixture.
●�e temperature drop gradient of the mixture over 

time is a�ected by the outside temperature, but this 
e�ect can be reduced if the container surface is 
larg e ly  covere d with  a  sp e cia l  heat  insu lation 
material.

●To extend the heat retention time of the mixture, it 
is  assumed to be e�ective to secure a container 
capacity above a certain level and to reduce the 
container’s surface area (speci�c surface area) that 
contributes to heat dissipation.

6. Future Developments
We anticipate that carbon neutrality and a shortage 

o f  w o r ke r s  w i l l  d r i v e  i n n o v a t i o n  i n  A Ps  a n d ,  
ultimately, the consolidation of the APs in the future. 
We are concerned that there will be an increase in the 
number of regions where the current means cannot 
supply mixtures when the consolidation progresses.

Against the background, the authors have been 
w o r ki n g  o n  d e v e l o p i n g  a  c o nt a i n e r  c a p a b l e  o f  
retaining the heat of a mixture for extended periods. 
�e ultimate goal of this development is to establish a 
storage and transportation system of mixtures (see 
FIG. 15).  �e system aims to central ize mixture 
production in a main plant (the center plant in FIG. 
15), and ensure continuous production of mixtures 
while maintaining the plant's capacity to meet any 
temporary demand of shipping. One objective of the 
system is to increase the regions around one AP where 
mixtures can be supplied by using the container for 
heat  retention of  the  m ixture .  As  a  �rst  step  in  
establishing the system, one goal is  to deploy the 
containers in cold regions and remote islands. For the 
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deployment, we are planning to collect information so 
that we are able to improve the container to have a 
s t r u c t u r e  f o r  e a s i e r  p o u r i n g ,  d i s c h a r g i n g  a n d  
tr a n sp o r t a t i o n  o f  a  m i x t ur e  a n d  t o  r e v i e w  th e  
container’s capacity.

In addition, as previously mentioned, the use of the 
container is  accompanied by a  s igni�cant initia l  
temperature drop in the mixture inside. Accordingly, 
to extend the period of temperature retention, the 
m i x t u r e  s h o u l d  b e  p r e p a r e d  t o  b e  a t  a  h i g h e r  
temperature for shipping .  However,  this  process  
contradicts technologies aimed at reducing shipping
t emp er a t ur e s  t o  l o w er  C O 2  em i s s i o n s ,  s u c h  a s  
mixtures under intermediate temperature conditions. 
Hence, we need to develop approaches for shipping 
mixtures within a conventional temperature range by 
reducing the initial temperature drop, possibly by 
preheating the container using waste heat.

We continue to improve the container by utilizing 
the sampling data and thermal analysis simulations 
obtained in this study.

test, represented by the purple chain double-dashed
line.

Calculating the temperature drop gradient from
immediately a�er pouring the mixture to 0.5 hours, as
displayed in FIG. 10, the overall average temperature 
o f  t h e  m i x t ur e  w a s  - 1 5 . 9℃/ h  a n d  t h e  a v e r a g e  
temperature of the dump test mixture was -45.5℃/h, 
b o t h  o f  w h i c h  d e m o n s t r a t e  a  r a p i d  d r o p  i n  
temperature.  �ese rapid temperature drops were 
believed to occur because the purpose of the dump 
test was to �gure out the temperature distribution and
behavior of the mixture during transportation, no heat 
retention was performed "to roug hly capture the 
behavior of temperature drop" (Tamura et al., 2021, p. 
341）, and the heat was taken away by the dump truck 
bed of a large heat capacity. In addition, the sudden 
temperature drop immediately  a�er pouring the 
mixture into the container (hereina�er referred to as 
the initia l temp erature drop) o ccurre d p oss ibly
because the heat was conducted from the mixture to 
the steel plate that was at a temperature of -0.8°C, 
equal to that of the outside temperature at the start of
temperature measurement. For these reasons, we can 
say that reduction of the heat conduction to the steel 
plate is e�ective, by preheating the container to reduce 
the temperature di�erence between the mixture and 
the outside air for example, in order to extend the heat 
retention time of the mixture.

4.2 Heat Retention Time and Temperature 
Drop Rate
FIG. 9 shows that, when the mixture was shipped at 

177°C, the heat retention time of the container was 7.9
hours. As mentioned above, this is because, even though 
the initial temperature drop was seen immediately a�er 
the pouring of the mixture, the temperature drop 
therea�er was slowed. Here, the rate of change in 
temperature of the entire mixture over time is de�ned as 
th e  temp erature  d rop  rate ,  an d  th e  c orre lati on  
therebetween is shown in FIG. 11 . �e temperature 
drop rate was calculated and plotted every 0.5 hours, and 
Equation 5 expresses this calculation.

In FIG. 11, the temperature of the mixture decreased 
over  t ime,  with  a  s lower  temp erature  drop rate  
accordingly. �e change in the outside temperature over 
time (hereina�er referred to as ΔTAir) was -12.2°C 
(decreasing from -0.8°C to -13°C) 14 hours a�er pouring 
the mixture. �is change, amounting to 7.7% of the 
temperature di�erence (hereina�er referred to as ΔT) 
between the entire mixture and the outside air,  is 
relatively small. Consequently, no signi�cant change in 
the temperature drop rate was observed. FIG. 12 and 
Equation 6 provide details of these �ndings.

Next, to show in detail the change in the temperature 
drop rate due to ΔT, which did not show a signi�cant 
change in FIG. 11, we focus on a speci�c portion of the 
data (i.e., the range with the temperature drop rate from 
-3 to -1.5°C/h) in FIG. 11 . �is allows FIG. 13 to
depict the correlation between the temperature drop rate 

and ΔT within the range.
First, we describe the transition of ΔT. As described 

above, ΔTAir exhibited a small value relative to ΔT a�er 
14 hours since the mixture was poured: this indicates that 
the in�uence of ΔTAir on ΔT is  extremely small .  
�erefore, even if the outside temperature eventually 
dropped to -13°C, the temperature drop rate of the entire 
mixture was greater than that of the outside air, resulting 
in a consistent decrease in ΔT. Conversely,  if  the 
temperature drop rate of the outside air is greater, ΔT will 
increase. Table 5 presents the summary.

Next ,  we  describ e  the  in�uenc e  of  ΔT on the  
temperature drop rate. It has been known that the
temperature drop rate in a mixture is proportional to the 
heat dissipated per unit surface area of the container 
(hereina�er referred to as heat �ux), and the heat �ux, in
turn, is proportional to the thermal conductivity and ΔT.
�ese facts imply that the rate of temperature drop in a 
mixture is proportional to ΔT. Speci�cally, in FIG. 13, 
we can observe that the temperature drop rate in the 
mixture decreased in a circular curve from -3.0°C/h to 
-1.8°C/h in proportion to ΔT, over a span of 14 hours 
following the initial temperature drop when the mixture 
was poured into the container. We can observe then that 
the rate of temperature drop in the mixture gradually 
decreased from -1.8°C/h to -1.6°C/h until 19 hours had 
passed. �ese observations support the fact that the 
temperature drop rate in a mixture is proportional to ΔT.
Furthermore, as ΔT relates to ΔTAir, the temperature
drop rate in a mixture can be said to be in�uenced to a 
large extent by the outside temperature. However, during 
the second decrease in ΔT, despite an approximate 10°C 
increase in the outside temperature, the di�erence in the 
temperature drop rate was only 0.2°C/h, indicating a 
negligible e�ect. �e e�ect was believed to be small, as 
described above, because of the following reasons. �e 
in�uence of ΔTAir on ΔT was extremely small, and the 
area of the steel plate to be exposed to the outside air was 
small because of the special heat insulation material 
covering most of the container. In addition, the special 
heat insulation material of 70 mm was thick enough to 
mitigate the impact of the outside temperature to a small 
extent.

As described above, even in sub-zero environments, the 
in�uence of changes in outside temperature on the 
container was extremely small, and the mixture was kept 

w a rm  i n  th e  c o nt a i n e r  f o r  7 . 9  h o ur s ,  w h i c h  i s  
approximately  �ve times long er than the t ypica l  
transportation time of 1.5 hours (see FIG. 9). �ese 
results suggest that the container can be an e�ective 
means for transporting a mixture over long distances.

4 . 3  E x a m i n a t i o n  o f  Te m p e r a t u r e  
Distr ibut ion across Cross-Sect ion and 
Points of Heat Dissipation Locations

In FIG. 9, when comparing the average temperature of 
the reference cross-section shown by the orang e 
dashed-dotted line, the average temperature of the 
oblique cross-section shown by the green dashed line, and 
the overall average temperature of the mixture shown by 
the red solid line, the highest temperature is found in the 
reference cross-section. �is is followed by the oblique 
cross-section, and then the entire mixture. �e reason why 
the temperature at the reference cross-section is the 
hig hest is  believed to be due to the smallest heat 
dissipation area in the reference cross-section, which 
reduces the likelihood of heat dissipation from the
mixture. In contrast, the reason for the lowest average 
temperature of the entire mixture is assumed to be the 
increased amount of heat dissipation due to the inability
to install special insulation material in the gaps at the 
container loading and unloading gates of the container
depicted in red circles in FIG. 14. �e simulation results 
re�ect this reason. Accordingly, it is considered that the 
in�uence of temperature drop due to the gaps between 
the loading and unloading gates of the container is
limited for the mixture at the reference cross-section and
the oblique cross-section.

Furthermore, based on the temperature distribution 
a�er 21 hours of elapsed time presented in Table 4 and 
the temperature distribution on the mixture surface 
shown in FIG. 14 , we can see that the decrease in
temperature of the mixture began at the corners of the
container, while the center of the mixture remained with 
unnoticeable changes in temperature. �e reason for the 
small temperature drop at the center of the mixture can be 
attributed to its low thermal conductivity of the mixture.
�e mixture has a low thermal conductivity of 1.25W/
(m•K) (see Table 3), similar to that of glass materials at
room temperature (New Edition of �ermophysical 
Properties Handbook 8） ). Under this situation, the center 
of the mixture can be presumed to be covered with its
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Decrease by 
approximately 34%
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approximately 44
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Production quantity 
of mixtures
Production quantity 
of mixtures Number of plantsNumber of plants

Removal of lock pinRemoval of lock pin

Opening of unloading gateOpening of unloading gate

Transportation of a container to beneath the main part of an APTransportation of a container to beneath the main part of an AP

Level the top surface of mixture 
and close the upper lid
Level the top surface of mixture 
and close the upper lid

Internal CapacityInternal Capacity

WeightWeight

MaterialMaterial

DateDate

WeatherWeather SnowSnow

Sapporo-shi, HokkaidoSapporo-shi, HokkaidoPlacePlace

EnvironmentEnvironment

Average TemperatureAverage Temperature

MixtureMixture

Temperature for ShippingTemperature for Shipping

Mixture QuantityMixture Quantity

Temperature Measurement (for 21 hours)
Average temperature: -5.3°C
Temperature Measurement (for 21 hours)
Average temperature: -5.3°C

Pouring of mixture (3.4t)
Mixture (13F)
Pouring of mixture (3.4t)
Mixture (13F)

Outdoors (Stationary)Outdoors (Stationary)

Dense Graded Asphalt (13F) 50% RecycledDense Graded Asphalt (13F) 50% Recycled



1. Introduction
　With the current method, the quality of mixtures 
generally starts to deteriorate due to temperature drop 
a�er 1.5 to 2 hours have passed, and such mixtures 
cannot be used for pavement anymore. For this reason, 
the APs have been constructed across the country to 
keep the transport time of mixtures within two hours. 
According to the “2022 Asphalt Mixture Statistics 
Annual Report4）”,  however, the restraint of public 
investment has caused the production volume of 
mixtures to decrease from 70,000 kilotons in 2000 to 
39,000 kilotons in 2022 by approximately 44%, and 
the number of APs has decreased from 1,500 to 1,000, 
in line with the decrease in production volume, by 
approximately 34% (see FIG. 1).
　Furthermore, in recent years, more frequent and 
severe heavy rain disasters have been predicted due to 
the e�ects of global warming caused by greenhouse 
gases. �e international community has been working 
to achieve net zero greenhouse gas emissions (carbon 
n e u t r a l i t y )  b y  2 0 5 0 5）6）.  O f  c o u r s e ,  t h e  r o a d  
construction industry has also been making e�orts 

toward carbon neutra l it y,  and there is  a  nee d to 
improve the productivity of mixtures by reviewing the 
operations of the APs (hereina�er referred to as the 
AP innovation).
　 In  a d d i t i o n ,  w e  h a v e  i s s u e s  r e l a t e d  t o  l a b o r  
shortages, such as a reduction in drivers'  working 
hours (according to the partial revision of standards 
for  improving working hours ,  and the  others  of  
automobile drivers7）) and a decrease in the number of 
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[Test Procedure]
1.�e conta iner,  with its  loading g ate  open,  was  

transported by a forkli� to a position beneath the 
main part of an AP, speci�cally under the mixture 
discharging port of the AP.

2. A mixture was poured in to �ll the container.
3. �e surface of the mixture was leveled to be �ush 

with the edges of the container.
4. �e loading gate was closed, and the temperature of 

the mixture was measured for 21 hours using a 
sheathed thermocouple and a data logger which will 
be described later.

　While the mixture was being kept warm in the 
container, the temperatures at twelve points inside the 
container and the outside temperature were measured 
with the sheathed thermocouple (K type) and recorded 
by  th e  d ata  l o g g er.  F IG .  4  d i sp l ay s  th e  t we l ve  
mea surement  p o ints  ( here ina�er  re ferre d  to  a s  
measurement points) along with the devices used. To 
precisely de�ne the positional relationship of the 
measurement points, we designate a cross-section taken 
along a line connecting the opposite diagonals of a 
container in the vertica l  direction as  an obl ique 

walls of the container. However, at actual paving sites, 
the mixture is ag itated by the screw of an asphalt 
�nisher or similar equipment, resulting in almost 
uniform temperature distribution throughout the 
mixture.
　�erefore, in this study, the time required for the 
average temperature of the “entire” mixture to reach 

tested, and Table 1  shows its speci�cations.  �e 
container is made of structural rolled steel (SS400) 
with a special heat insulation material covering the 
exterior and a sheet metal is applied over the material 
for protection. �e container is con�gured to receive a 
mixture through a port at the top and discharge it 
from a port at the bottom. �e lid of the input port 
(hereina�er referred to as a loading gate) closes under 
i t s  o w n  w e i g h t .  � e  l i d  o f  t h e  d i s c h a r g e  p o r t  
( hereina�er  referre d to  as  an unloading g ate)  i s  
con�gured so that, as shown in FIG. 2, when the lock 
pin is removed while the container is on the ground 
and then li�ed, the unloading gate opens, allowing the 
mixture inside to be discharged through it.
2.2 Test Conditions
　A test  wa s  conducte d during  winter  in  a  co ld  
district in Japan where the temperature of a mixture 
drops signi�cantly. �e test procedure is listed below 
and in FIG. 3, and the test conditions are shown in 
Table 2.

factory workers. �ese issues may accelerate further 
consolidation of the APs for streamlining operations. 
As the consolidation of APs progresses, concerns arise 
that  m ixtures  can b e  suppl ie d  to  fe wer  reg ions .  
According ly,  e�or ts  have  b e en made to  de velop 
technology that enables the e�ective transportation of 
mixtures over long distances.
　�e e�e ctive  long - d istanc e  transp or tation of  
mixtures can be achieved through two approaches: 
o n e  t o  e n s u r e  a  c o n s t a n t  q u a l i t y  e v e n  a t  l o w  
temperatures of the mixtures, and the other to reduce 
any drop in temperature of the mixtures. Examples of 
the former include foamed asphalt, which increases 
�uidity with a small amount of added water to asphalt 

c r o s s - s e c t i o n .  R e g a r d i n g  t h e  i n s e r t i o n  o f  t h e  
thermocouples, we de�ne the horizontal direction as the 
x-axis and the vertical direction as the y-axis. In the x-axis, 
the thermocouple could only be inserted into the mixture 
at the corners of the container due to the speci�cations of 
the special insulation material applied to the container. As 
for the x-axis, the container has a structure axially 
s ymmetrica l  to  the  y- a xis ,  thus  the  temp erature  
distribution was expected to be axially symmetrical as 
well. Accordingly, in the x-axis, the temperatures were 
measured only in one direction from the center of the 
mixture. In contrast, in the y-axis, the dissipation behavior 
was expected to di�er due to the di�erence in the 
structure of the container, and the temperatures were 
measured at upward and downward positions from the 
center of the mixture.

3. Evaluation
　A s  th e  h e at  re t enti o n  t i m e  o f  th e  m i xt ure  i s  
extended, the temperature inevitably drops at the 
contact interfaces between the mixture and the inner 

a n d  f o a m i n g .  E x a mp l e s  o f  th e  l a t t er  i n c l u d e  a  
heat-retaining sheet used in the current method and a 
container equipped with a heater. �e authors have 
fo cuse d on the  latter  te chnolog y and have  b e en 
working on it since 2021 to develop a container that 
achieves heat retention of the mixture for an extended 
period. We poured a mixture into the container and 
conducted a study on the heat retention properties of 
the mixture. In this paper, we provide an overview of 
the study.

2.  Test Overview
2.1 Specifications of the Container to be 
tested
　FIG. 2  shows the appearance of  the container 

the temperature (hereina�er referred to as 150°C), at 
which mixtures are typically acceptable, is de�ned as 
the heat retention time.

3.1 Test Results
　FIG. 5 shows the correlation between the average 
temperatures and the elapsed time at the measurement 
points depicted in FIG. 4.

　FIG. 5  indicates that it  took approximately 15 
h o u r s  f o r  t h e  a v e r a g e  t e m p e r a t u r e s  a t  t h e  

measurement points to reach 150°C.
　However, the results do not precisely indicate the 
temperatures of the “entire” mixture as de�ned above. 
Speci�cally, the results do not re�ect the temperatures 
at the corners of the container, where a signi�cant 
temperature drop in the mixture is expected. Hence, 

the  overa l l  avera g e  temp erature  of  the  “entire” 
m i x t u r e  w a s  c a l c u l a t e d  b y  s u p p l e m e n t i n g  t h e  
temperatures of the mixture at points other than the 
m e a s u r e m e n t  p o i n t s  u s i n g  a  t h e r m a l  a n a l y s i s  
simulation, which will be described later.
 
3.2 Estimation of Possible Heat Retention 
Time Using Thermal Analysis
　To calculate the overall average temperature of the 
mixture, a back analysis was performed on the test 
r e s u l t s  u s i n g  t h e r m a l  � u i d  a n a l y s i s  s o � w a r e  
(STAR-CCM+ Ver. 18.02, manufactured by Siemens 
PLM So�ware Computational Dynamics Co., Ltd.).

3.2.1 Generation of a 3D Model
　Initially, a 3D model mirroring the shape of the 
container was generated. In addition to the oblique 
cross-section outlined in FIG. 4 ,  we established a 
vertical cross-section (hereina�er referred to as the 
reference cross-section) to investigate the temperature 
distribution within the mixture over time, as well as 
t h e  c o r r e l a t i o n  b e t w e e n  t h e  o v e r a l l  a v e r a g e  
temperature of the mixture and time. FIG. 6 depicts 
these details.

3.2.2 Analysis Conditions
　�e outside temperature a�ects the temperature 
drop gradient of  a  mixture,  and thus the outside 

temperature is an important factor in the test to study 
the heat retention of a mixture in the container. For 
th i s  rea son,  an  approximation f unction for  the  
measured outside temperature was created such that 
the results of the inverse analysis would reproduce the 
test results as closely as possible, and implemented in 
the thermal analysis simulation. FIG. 7  shows the 

FIG. 4: Details of Measurement Points and Devices Used

Table 4 Temperature Distribution of Reference 
Cross-Section and Oblique Cross-Section over Elapsed Time

FIG. 9: Calculation Results of Average Temperatures of 
Mixture (Average Temperature of Mixture during Dump 

Test: Cited and Edited data from “Consideration on Temperature  
Characteristics of Asphalt Mixture during Transportation” 1）) 

Table 3　Analysis Conditions

FIG. 7: Measured Outside Temperatures 
and Approximation Function

FIG. 5: Correlation between Average 
Temperatures at Measurement Points and Elapsed Time

FIG. 6: 3D model and Defined Cross-Sections

FIG. 8: Container Structure (Schematic diagram)

taken into account.
　Equation 4  represents the heat transfer due to 
natural  convection at  the boundar y between the 
protective sheet metal and the outside air in FIG. 8

3.2.3 Analysis Results
　A back analysis was performed on the measurement 
points. FIG. 9  shows the calculated results of the 
average changes in temperature of the entire mixture, 
t h e  r e f e r e n c e  c r o s s - s e c t i o n ,  a n d  t h e  o b l i q u e  
cross-section. In FIG. 9, the average temperature of 
the mixture during the dump test shown by the purple 
t wo - dot  cha in  l ine  wa s  compile d  from those  in  
"Consideration On Temperature Characteristics of 
Asphalt Mixture During Transportation1）", and the 
outside temperature during the dump test was the 
measure d data  of  outside temperature in Hyog o 
Prefecture in January when the test was conducted. 
Table 4 presents the temperature distributions in the 
reference cross-section and the oblique cross-section 
a t  e a c h  e l a p s e d  p e r i o d  o f  t i m e  d e t e r m i n e d  b y  
simulation. Table 4 indicates that the temperature 
drop in the mixture was more signi�cant in the upper 
part of the container than in the lower part.

4. Discussion
4.1 Temperature Drop Immediately After 
Pouring of Mixture
　FIG. 10 highlights a portion of the data in FIG. 9: 
the data within the range of 0 hours to 2 hours a�er 
the test started. �is is to focus on the overall average 
temperature of the mixture, shown by the solid red 
line, immediately a�er pouring the mixture, and the 
average temperature of the mixture during the dump 

c o r r e l a t i o n  b e t w e e n  t h e  e l a p s e d  t i m e  a n d  t h e  
m e a s ur e d  o ut s i d e  t emp er a t ur e s ,  a l o n g s i d e  th e  
approximation f unction .  Table 3  presents  the  
conditions used in thermal analysis simulation. �e 
dens i t y  of  the  m ixture  wa s  ca lcu late d  f rom the  
measured weight and the container capacity, and the 
initial temperature of the mixture was set to 177℃, 
which is the temperature for shipping while the initial 
temperature of the container was set to -0.8℃ based 
on a calculation using the approximation function. 
�e sp e cia l  insu lation materia l  ha s  a  lam inate d 
structure, and its thermal conductivity, speci�c heat, 
and density were described as Various. �e thickness 
of the material refers to the total thickness of the 
laminated layers.  �e thermal conductivity of the 
mixture was determined by conducting a thermal 
analysis simulation while keeping the speci�c heat and 
densit y  of  the mixture constant  and var ying the 
therma l  c onductivi t y  va lue :  the  �na l  va lue  wa s  
adopted based on the approximation of the measured 
data at each measurement point with the results of the 
thermal analysis simulation.
　Here, for a case where the thermal conductivity, 
speci�c heat, and density are constant, the di�erential 
equation for three-dimensional heat conduction in 
the orthogonal coordinate system of the x, y, and z 
a xes  i s  expresse d  in  Equation 1 .  Equation 2  
represents a modi�cation of Equation 1.
　Equation 2 indicates that the larger the value of 
thermal di�usivity α ( i .e . ,  the larg er the value of 
thermal conductivity λ, and the smaller the values of 
speci�c heat c and density ρ), the more remarkable the 
temperature change is.
　Next, FIG. 8 schematically illustrates the structure 
of the container used in the test, and Equation 3  
expresses a di�erential equation for the boundar y 
conditions. Furthermore, Equation 3 represents a 
case where di�erent types of materials are in complete 
contact and the thermal resistance therebetween is not 

own heat insulation material of a 600 mm-thickness and a 
low thermal conductivity of 1.25W/(m•K) in addition to 
the 70 mm-thick special heat insulation material around 
the container. �erefore, no signi�cant temperature drop 
was observed even a�er 21-hour heat retention.
　Based on the above �ndings, ensuring a certain level of 
capacity for the container can be an approach to 
e�ectively extend the period of time for heat retention of 
the mixture inside. While the mixture inherently has 
some heat-insulating properties, the simulation results 
show that the mixture is required to have a thickness of 
600 mm or more to optimally achieve the properties. 
Additionally, it is ideal to approximate the shape of the 
container to a sphere that minimizes the surface area for 
heat dissipation (speci�c surface area). �e temperature of 
the mixture signi�cantly dropped at the corners of the 
container. �is drop can be attributed to several factors, 
including the large surface areas (speci�c surface areas) for 
heat dissipation, the thinner mixture itself as a heat 
insulation material, and the di�culty in applying the 
special heat insulation material to the corners.
　We describe two speci�c approaches for reducing the 
heat dissipation area of the container as follows. First, as 
mentioned above, a change in the container's shape is 
possible to reduce the surface area (speci�c surface area) 
for heat dissipation. For example, in a cylindrical 
container, the surface area (speci�c surface area) for heat 
dissipation can be reduced compared to a rectangular 
container even of the same capacity, and heat dissipation 
becomes less l ikely to occur. Second, loading and 
unloading gates can be integrated. As described above, the 
tested container was con�gured to receive a mixture 
through the top and discharge it through the bottom, and 
the loading and unloading gates include some portions 
where the special heat insulation material cannot be 
applied. Accordingly, if both the pouring and discharge of 
a mixture can be conducted through a common gate, for 
example by installing a device to invert the container, the 
portions without the special heat insulation material can 
be reduced, thereby resulting in less heat dissipation from 
the container.

5. Summary
　� e  r e s u l t s  a n d  d i s c u s s i o n  o f  t h i s  s t u d y  a r e  
summarized below.
●�e heat retention of a mixture is achievable for 7.9 

hours by using the container having a special heat 
insulation material therearound, even in sub-zero 
environments.

●Immediately a�er the mixture is poured into the 
container, the temperature of the mixture drops 
rapidly due to heat transfer to the steel plate which 
is at the same temperature as the outside.
●In this test, the temperature drop in the mixture 

inside the container was small at the center and was 
noticeable at the corners.
●�e mixture has a low thermal conductivity, and the 

surrounding mixture acts as a heat insulator for the 
center of the mixture.
●�e temperature drop gradient of the mixture over 

time is a�ected by the outside temperature, but this 
e�ect can be reduced if the container surface is 
larg e ly  covere d with  a  sp e cia l  heat  insu lation 
material.

●To extend the heat retention time of the mixture, it 
is  assumed to be e�ective to secure a container 
capacity above a certain level and to reduce the 
container’s surface area (speci�c surface area) that 
contributes to heat dissipation.

6. Future Developments
　We anticipate that carbon neutrality and a shortage 
o f  w o r ke r s  w i l l  d r i v e  i n n o v a t i o n  i n  A Ps  a n d ,  
ultimately, the consolidation of the APs in the future. 
We are concerned that there will be an increase in the 
number of regions where the current means cannot 
supply mixtures when the consolidation progresses.
　Against the background, the authors have been 
w o r ki n g  o n  d e v e l o p i n g  a  c o nt a i n e r  c a p a b l e  o f  
retaining the heat of a mixture for extended periods. 
�e ultimate goal of this development is to establish a 
storage and transportation system of mixtures (see 
FIG. 15).  �e system aims to central ize mixture 
production in a main plant (the center plant in FIG. 
15), and ensure continuous production of mixtures 
while maintaining the plant's capacity to meet any 
temporary demand of shipping. One objective of the 
system is to increase the regions around one AP where 
mixtures can be supplied by using the container for 
heat  retention of  the  m ixture .  As  a  �rst  step  in  
establishing the system, one goal is  to deploy the 
containers in cold regions and remote islands. For the 
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deployment, we are planning to collect information so 
that we are able to improve the container to have a 
s t r u c t u r e  f o r  e a s i e r  p o u r i n g ,  d i s c h a r g i n g  a n d  
tr a n sp o r t a t i o n  o f  a  m i x t ur e  a n d  t o  r e v i e w  th e  
container’s capacity.
　In addition, as previously mentioned, the use of the 
container is  accompanied by a  s igni�cant initia l  
temperature drop in the mixture inside. Accordingly, 
to extend the period of temperature retention, the 
m i x t u r e  s h o u l d  b e  p r e p a r e d  t o  b e  a t  a  h i g h e r  
temperature for shipping .  However,  this  process  
contradicts technologies aimed at reducing shipping 
t emp er a t ur e s  t o  l o w er  C O 2  em i s s i o n s ,  s u c h  a s  
mixtures under intermediate temperature conditions. 
Hence, we need to develop approaches for shipping 
mixtures within a conventional temperature range by 
reducing the initial temperature drop, possibly by 
preheating the container using waste heat.
　We continue to improve the container by utilizing 
the sampling data and thermal analysis simulations 
obtained in this study.

test, represented by the purple chain double-dashed 
line.
　Calculating the temperature drop gradient from 
immediately a�er pouring the mixture to 0.5 hours, as 
displayed in FIG. 10, the overall average temperature 
o f  t h e  m i x t ur e  w a s  - 1 5 . 9℃/ h  a n d  t h e  a v e r a g e  
temperature of the dump test mixture was -45.5℃/h, 
b o t h  o f  w h i c h  d e m o n s t r a t e  a  r a p i d  d r o p  i n  
temperature.  �ese rapid temperature drops were 
believed to occur because the purpose of the dump 
test was to �gure out the temperature distribution and 
behavior of the mixture during transportation, no heat 
retention was performed "to roug hly capture the 
behavior of temperature drop" (Tamura et al., 2021, p. 
341）, and the heat was taken away by the dump truck 
bed of a large heat capacity. In addition, the sudden 
temperature drop immediately  a�er pouring the 
mixture into the container (hereina�er referred to as 
the  initia l  temp erature  drop)  o ccurre d p oss ibly  
because the heat was conducted from the mixture to 
the steel plate that was at a temperature of -0.8°C, 
equal to that of the outside temperature at the start of 
temperature measurement. For these reasons, we can 
say that reduction of the heat conduction to the steel 
plate is e�ective, by preheating the container to reduce 
the temperature di�erence between the mixture and 
the outside air for example, in order to extend the heat 
retention time of the mixture.

4.2 Heat Retention Time and Temperature 
Drop Rate
　FIG. 9 shows that, when the mixture was shipped at 
177°C, the heat retention time of the container was 7.9 
hours. As mentioned above, this is because, even though 
the initial temperature drop was seen immediately a�er 
the pouring of the mixture, the temperature drop 
therea�er was slowed. Here, the rate of change in 
temperature of the entire mixture over time is de�ned as 
th e  temp erature  d rop  rate ,  an d  th e  c orre lati on  
therebetween is shown in FIG. 11 . �e temperature 
drop rate was calculated and plotted every 0.5 hours, and 
Equation 5 expresses this calculation.
　In FIG. 11, the temperature of the mixture decreased 
over  t ime,  with  a  s lower  temp erature  drop rate  
accordingly. �e change in the outside temperature over 
time (hereina�er referred to as ΔTAir) was -12.2°C 
(decreasing from -0.8°C to -13°C) 14 hours a�er pouring 
the mixture. �is change, amounting to 7.7% of the 
temperature di�erence (hereina�er referred to as ΔT) 
between the entire mixture and the outside air,  is 
relatively small. Consequently, no signi�cant change in 
the temperature drop rate was observed. FIG. 12 and 
Equation 6 provide details of these �ndings.
　Next, to show in detail the change in the temperature 
drop rate due to ΔT, which did not show a signi�cant 
change in FIG. 11, we focus on a speci�c portion of the 
data (i.e., the range with the temperature drop rate from 
-3 to -1.5°C/h) in FIG. 11 . �is allows FIG. 13  to 
depict the correlation between the temperature drop rate 

and ΔT within the range.
　First, we describe the transition of ΔT. As described 
above, ΔTAir exhibited a small value relative to ΔT a�er 
14 hours since the mixture was poured: this indicates that 
the in�uence of ΔTAir on ΔT is  extremely small .  
�erefore, even if the outside temperature eventually 
dropped to -13°C, the temperature drop rate of the entire 
mixture was greater than that of the outside air, resulting 
in a consistent decrease in ΔT. Conversely,  if  the 
temperature drop rate of the outside air is greater, ΔT will 
increase. Table 5 presents the summary.
　Next ,  we  describ e  the  in�uenc e  of  ΔT on the  
temperature drop rate. It has been known that the 
temperature drop rate in a mixture is proportional to the 
heat dissipated per unit surface area of the container 
(hereina�er referred to as heat �ux), and the heat �ux, in 
turn, is proportional to the thermal conductivity and ΔT. 
�ese facts imply that the rate of temperature drop in a 
mixture is proportional to ΔT. Speci�cally, in FIG. 13, 
we can observe that the temperature drop rate in the 
mixture decreased in a circular curve from -3.0°C/h to 
-1.8°C/h in proportion to ΔT, over a span of 14 hours 
following the initial temperature drop when the mixture 
was poured into the container. We can observe then that 
the rate of temperature drop in the mixture gradually 
decreased from -1.8°C/h to -1.6°C/h until 19 hours had 
passed. �ese observations support the fact that the 
temperature drop rate in a mixture is proportional to ΔT. 
Furthermore, as ΔT relates to ΔTAir, the temperature 
drop rate in a mixture can be said to be in�uenced to a 
large extent by the outside temperature. However, during 
the second decrease in ΔT, despite an approximate 10°C 
increase in the outside temperature, the di�erence in the 
temperature drop rate was only 0.2°C/h, indicating a 
negligible e�ect. �e e�ect was believed to be small, as 
described above, because of the following reasons. �e 
in�uence of ΔTAir on ΔT was extremely small, and the 
area of the steel plate to be exposed to the outside air was 
small because of the special heat insulation material 
covering most of the container. In addition, the special 
heat insulation material of 70 mm was thick enough to 
mitigate the impact of the outside temperature to a small 
extent.
　As described above, even in sub-zero environments, the 
in�uence of changes in outside temperature on the 
container was extremely small, and the mixture was kept 

w a rm  i n  th e  c o nt a i n e r  f o r  7 . 9  h o ur s ,  w h i c h  i s  
approximately  �ve times long er than the t ypica l  
transportation time of 1.5 hours (see FIG. 9). �ese 
results suggest that the container can be an e�ective 
means for transporting a mixture over long distances.

4 . 3  E x a m i n a t i o n  o f  Te m p e r a t u r e  
Distr ibut ion across Cross-Sect ion and 
Points of Heat Dissipation Locations
　In FIG. 9, when comparing the average temperature of 
the reference cross-section shown by the orang e 
dashed-dotted line, the average temperature of the 
oblique cross-section shown by the green dashed line, and 
the overall average temperature of the mixture shown by 
the red solid line, the highest temperature is found in the 
reference cross-section. �is is followed by the oblique 
cross-section, and then the entire mixture. �e reason why 
the temperature at the reference cross-section is the 
hig hest is  believed to be due to the smallest heat 
dissipation area in the reference cross-section, which 
reduces the likelihood of heat dissipation from the 
mixture. In contrast, the reason for the lowest average 
temperature of the entire mixture is assumed to be the 
increased amount of heat dissipation due to the inability 
to install special insulation material in the gaps at the 
container loading and unloading gates of the container 
depicted in red circles in FIG. 14. �e simulation results 
re�ect this reason. Accordingly, it is considered that the 
in�uence of temperature drop due to the gaps between 
the loading and unloading gates of the container is 
limited for the mixture at the reference cross-section and 
the oblique cross-section.
　Furthermore, based on the temperature distribution 
a�er 21 hours of elapsed time presented in Table 4 and 
the temperature distribution on the mixture surface 
shown in FIG. 14 ,  we can see that the decrease in 
temperature of the mixture began at the corners of the 
container, while the center of the mixture remained with 
unnoticeable changes in temperature. �e reason for the 
small temperature drop at the center of the mixture can be 
attributed to its low thermal conductivity of the mixture. 
�e mixture has a low thermal conductivity of 1.25W/
(m•K) (see Table 3), similar to that of glass materials at 
room temperature (New Edition of �ermophysical 
Properties Handbook 8） ). Under this situation, the center 
of the mixture can be presumed to be covered with its 
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1. Introduction
　With the current method, the quality of mixtures 
generally starts to deteriorate due to temperature drop 
a�er 1.5 to 2 hours have passed, and such mixtures 
cannot be used for pavement anymore. For this reason, 
the APs have been constructed across the country to 
keep the transport time of mixtures within two hours. 
According to the “2022 Asphalt Mixture Statistics 
Annual Report4）”,  however, the restraint of public 
investment has caused the production volume of 
mixtures to decrease from 70,000 kilotons in 2000 to 
39,000 kilotons in 2022 by approximately 44%, and 
the number of APs has decreased from 1,500 to 1,000, 
in line with the decrease in production volume, by 
approximately 34% (see FIG. 1).
　Furthermore, in recent years, more frequent and 
severe heavy rain disasters have been predicted due to 
the e�ects of global warming caused by greenhouse 
gases. �e international community has been working 
to achieve net zero greenhouse gas emissions (carbon 
n e u t r a l i t y )  b y  2 0 5 0 5）6）.  O f  c o u r s e ,  t h e  r o a d  
construction industry has also been making e�orts 

toward carbon neutra l it y,  and there is  a  nee d to 
improve the productivity of mixtures by reviewing the 
operations of the APs (hereina�er referred to as the 
AP innovation).
　 In  a d d i t i o n ,  w e  h a v e  i s s u e s  r e l a t e d  t o  l a b o r  
shortages, such as a reduction in drivers'  working 
hours (according to the partial revision of standards 
for  improving working hours ,  and the  others  of  
automobile drivers7）) and a decrease in the number of 

[Test Procedure]
1.�e conta iner,  with its  loading g ate  open,  was  

transported by a forkli� to a position beneath the 
main part of an AP, speci�cally under the mixture 
discharging port of the AP.

2. A mixture was poured in to �ll the container.
3. �e surface of the mixture was leveled to be �ush 

with the edges of the container.
4. �e loading gate was closed, and the temperature of 

the mixture was measured for 21 hours using a 
sheathed thermocouple and a data logger which will 
be described later.

　While the mixture was being kept warm in the 
container, the temperatures at twelve points inside the 
container and the outside temperature were measured 
with the sheathed thermocouple (K type) and recorded 
by  th e  d ata  l o g g er.  F IG .  4  d i sp l ay s  th e  t we l ve  
mea surement  p o ints  ( here ina�er  re ferre d  to  a s  
measurement points) along with the devices used. To 
precisely de�ne the positional relationship of the 
measurement points, we designate a cross-section taken 
along a line connecting the opposite diagonals of a 
container in the vertica l  direction as  an obl ique 
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walls of the container. However, at actual paving sites, 
the mixture is ag itated by the screw of an asphalt 
�nisher or similar equipment, resulting in almost 
uniform temperature distribution throughout the 
mixture.
　�erefore, in this study, the time required for the 
average temperature of the “entire” mixture to reach 

 

 

tested, and Table 1  shows its speci�cations.  �e 
container is made of structural rolled steel (SS400) 
with a special heat insulation material covering the 
exterior and a sheet metal is applied over the material 
for protection. �e container is con�gured to receive a 
mixture through a port at the top and discharge it 
from a port at the bottom. �e lid of the input port 
(hereina�er referred to as a loading gate) closes under 
i t s  o w n  w e i g h t .  � e  l i d  o f  t h e  d i s c h a r g e  p o r t  
( hereina�er  referre d to  as  an unloading g ate)  i s  
con�gured so that, as shown in FIG. 2, when the lock 
pin is removed while the container is on the ground 
and then li�ed, the unloading gate opens, allowing the 
mixture inside to be discharged through it.
2.2 Test Conditions
　A test  wa s  conducte d during  winter  in  a  co ld  
district in Japan where the temperature of a mixture 
drops signi�cantly. �e test procedure is listed below 
and in FIG. 3, and the test conditions are shown in 
Table 2.

factory workers. �ese issues may accelerate further 
consolidation of the APs for streamlining operations. 
As the consolidation of APs progresses, concerns arise 
that  m ixtures  can b e  suppl ie d  to  fe wer  reg ions .  
According ly,  e�or ts  have  b e en made to  de velop 
technology that enables the e�ective transportation of 
mixtures over long distances.
　�e e�e ctive  long - d istanc e  transp or tation of  
mixtures can be achieved through two approaches: 
o n e  t o  e n s u r e  a  c o n s t a n t  q u a l i t y  e v e n  a t  l o w  
temperatures of the mixtures, and the other to reduce 
any drop in temperature of the mixtures. Examples of 
the former include foamed asphalt, which increases 
�uidity with a small amount of added water to asphalt 

c r o s s - s e c t i o n .  R e g a r d i n g  t h e  i n s e r t i o n  o f  t h e  
thermocouples, we de�ne the horizontal direction as the 
x-axis and the vertical direction as the y-axis. In the x-axis, 
the thermocouple could only be inserted into the mixture 
at the corners of the container due to the speci�cations of 
the special insulation material applied to the container. As 
for the x-axis, the container has a structure axially 
s ymmetrica l  to  the  y- a xis ,  thus  the  temp erature  
distribution was expected to be axially symmetrical as 
well. Accordingly, in the x-axis, the temperatures were 
measured only in one direction from the center of the 
mixture. In contrast, in the y-axis, the dissipation behavior 
was expected to di�er due to the di�erence in the 
structure of the container, and the temperatures were 
measured at upward and downward positions from the 
center of the mixture.

3. Evaluation
　A s  th e  h e at  re t enti o n  t i m e  o f  th e  m i xt ure  i s  
extended, the temperature inevitably drops at the 
contact interfaces between the mixture and the inner 

a n d  f o a m i n g .  E x a mp l e s  o f  th e  l a t t er  i n c l u d e  a  
heat-retaining sheet used in the current method and a 
container equipped with a heater. �e authors have 
fo cuse d on the  latter  te chnolog y and have  b e en 
working on it since 2021 to develop a container that 
achieves heat retention of the mixture for an extended 
period. We poured a mixture into the container and 
conducted a study on the heat retention properties of 
the mixture. In this paper, we provide an overview of 
the study.

2.  Test Overview
2.1 Specifications of the Container to be 
tested
　FIG. 2  shows the appearance of  the container 

the temperature (hereina�er referred to as 150°C), at 
which mixtures are typically acceptable, is de�ned as 
the heat retention time.

3.1 Test Results
　FIG. 5 shows the correlation between the average 
temperatures and the elapsed time at the measurement 
points depicted in FIG. 4.

　FIG. 5  indicates that it  took approximately 15 
h o u r s  f o r  t h e  a v e r a g e  t e m p e r a t u r e s  a t  t h e  

measurement points to reach 150°C.
　However, the results do not precisely indicate the 
temperatures of the “entire” mixture as de�ned above. 
Speci�cally, the results do not re�ect the temperatures 
at the corners of the container, where a signi�cant 
temperature drop in the mixture is expected. Hence, 

the  overa l l  avera g e  temp erature  of  the  “entire” 
m i x t u r e  w a s  c a l c u l a t e d  b y  s u p p l e m e n t i n g  t h e  
temperatures of the mixture at points other than the 
m e a s u r e m e n t  p o i n t s  u s i n g  a  t h e r m a l  a n a l y s i s  
simulation, which will be described later.
 
3.2 Estimation of Possible Heat Retention 
Time Using Thermal Analysis
　To calculate the overall average temperature of the 
mixture, a back analysis was performed on the test 
r e s u l t s  u s i n g  t h e r m a l  � u i d  a n a l y s i s  s o � w a r e  
(STAR-CCM+ Ver. 18.02, manufactured by Siemens 
PLM So�ware Computational Dynamics Co., Ltd.).

3.2.1 Generation of a 3D Model
　Initially, a 3D model mirroring the shape of the 
container was generated. In addition to the oblique 
cross-section outlined in FIG. 4 ,  we established a 
vertical cross-section (hereina�er referred to as the 
reference cross-section) to investigate the temperature 
distribution within the mixture over time, as well as 
t h e  c o r r e l a t i o n  b e t w e e n  t h e  o v e r a l l  a v e r a g e  
temperature of the mixture and time. FIG. 6 depicts 
these details.

3.2.2 Analysis Conditions
　�e outside temperature a�ects the temperature 
drop gradient of  a  mixture,  and thus the outside 

temperature is an important factor in the test to study 
the heat retention of a mixture in the container. For 
th i s  rea son,  an  approximation f unction for  the  
measured outside temperature was created such that 
the results of the inverse analysis would reproduce the 
test results as closely as possible, and implemented in 
the thermal analysis simulation. FIG. 7  shows the 

FIG. 10: Details of a Portion of 
Calculation Results of Average Temperature of Mixture

FIG. 13: Correlation 1 between 
Temperature Drop Rate and ΔT

taken into account.
　Equation 4  represents the heat transfer due to 
natural  convection at  the boundar y between the 
protective sheet metal and the outside air in FIG. 8

3.2.3 Analysis Results
　A back analysis was performed on the measurement 
points. FIG. 9  shows the calculated results of the 
average changes in temperature of the entire mixture, 
t h e  r e f e r e n c e  c r o s s - s e c t i o n ,  a n d  t h e  o b l i q u e  
cross-section. In FIG. 9, the average temperature of 
the mixture during the dump test shown by the purple 
t wo - dot  cha in  l ine  wa s  compile d  from those  in  
"Consideration On Temperature Characteristics of 
Asphalt Mixture During Transportation1）", and the 
outside temperature during the dump test was the 
measure d data  of  outside temperature in Hyog o 
Prefecture in January when the test was conducted. 
Table 4 presents the temperature distributions in the 
reference cross-section and the oblique cross-section 
a t  e a c h  e l a p s e d  p e r i o d  o f  t i m e  d e t e r m i n e d  b y  
simulation. Table 4 indicates that the temperature 
drop in the mixture was more signi�cant in the upper 
part of the container than in the lower part.

4. Discussion
4.1 Temperature Drop Immediately After 
Pouring of Mixture
　FIG. 10 highlights a portion of the data in FIG. 9: 
the data within the range of 0 hours to 2 hours a�er 
the test started. �is is to focus on the overall average 
temperature of the mixture, shown by the solid red 
line, immediately a�er pouring the mixture, and the 
average temperature of the mixture during the dump 

c o r r e l a t i o n  b e t w e e n  t h e  e l a p s e d  t i m e  a n d  t h e  
m e a s ur e d  o ut s i d e  t emp er a t ur e s ,  a l o n g s i d e  th e  
approximation f unction .  Table 3  presents  the  
conditions used in thermal analysis simulation. �e 
dens i t y  of  the  m ixture  wa s  ca lcu late d  f rom the  
measured weight and the container capacity, and the 
initial temperature of the mixture was set to 177℃, 
which is the temperature for shipping while the initial 
temperature of the container was set to -0.8℃ based 
on a calculation using the approximation function. 
�e sp e cia l  insu lation materia l  ha s  a  lam inate d 
structure, and its thermal conductivity, speci�c heat, 
and density were described as Various. �e thickness 
of the material refers to the total thickness of the 
laminated layers.  �e thermal conductivity of the 
mixture was determined by conducting a thermal 
analysis simulation while keeping the speci�c heat and 
densit y  of  the mixture constant  and var ying the 
therma l  c onductivi t y  va lue :  the  �na l  va lue  wa s  
adopted based on the approximation of the measured 
data at each measurement point with the results of the 
thermal analysis simulation.
　Here, for a case where the thermal conductivity, 
speci�c heat, and density are constant, the di�erential 
equation for three-dimensional heat conduction in 
the orthogonal coordinate system of the x, y, and z 
a xes  i s  expresse d  in  Equation 1 .  Equation 2  
represents a modi�cation of Equation 1.
　Equation 2 indicates that the larger the value of 
thermal di�usivity α ( i .e . ,  the larg er the value of 
thermal conductivity λ, and the smaller the values of 
speci�c heat c and density ρ), the more remarkable the 
temperature change is.
　Next, FIG. 8 schematically illustrates the structure 
of the container used in the test, and Equation 3  
expresses a di�erential equation for the boundar y 
conditions. Furthermore, Equation 3 represents a 
case where di�erent types of materials are in complete 
contact and the thermal resistance therebetween is not 

own heat insulation material of a 600 mm-thickness and a 
low thermal conductivity of 1.25W/(m•K) in addition to 
the 70 mm-thick special heat insulation material around 
the container. �erefore, no signi�cant temperature drop 
was observed even a�er 21-hour heat retention.
　Based on the above �ndings, ensuring a certain level of 
capacity for the container can be an approach to 
e�ectively extend the period of time for heat retention of 
the mixture inside. While the mixture inherently has 
some heat-insulating properties, the simulation results 
show that the mixture is required to have a thickness of 
600 mm or more to optimally achieve the properties. 
Additionally, it is ideal to approximate the shape of the 
container to a sphere that minimizes the surface area for 
heat dissipation (speci�c surface area). �e temperature of 
the mixture signi�cantly dropped at the corners of the 
container. �is drop can be attributed to several factors, 
including the large surface areas (speci�c surface areas) for 
heat dissipation, the thinner mixture itself as a heat 
insulation material, and the di�culty in applying the 
special heat insulation material to the corners.
　We describe two speci�c approaches for reducing the 
heat dissipation area of the container as follows. First, as 
mentioned above, a change in the container's shape is 
possible to reduce the surface area (speci�c surface area) 
for heat dissipation. For example, in a cylindrical 
container, the surface area (speci�c surface area) for heat 
dissipation can be reduced compared to a rectangular 
container even of the same capacity, and heat dissipation 
becomes less l ikely to occur. Second, loading and 
unloading gates can be integrated. As described above, the 
tested container was con�gured to receive a mixture 
through the top and discharge it through the bottom, and 
the loading and unloading gates include some portions 
where the special heat insulation material cannot be 
applied. Accordingly, if both the pouring and discharge of 
a mixture can be conducted through a common gate, for 
example by installing a device to invert the container, the 
portions without the special heat insulation material can 
be reduced, thereby resulting in less heat dissipation from 
the container.

5. Summary
　� e  r e s u l t s  a n d  d i s c u s s i o n  o f  t h i s  s t u d y  a r e  
summarized below.
●�e heat retention of a mixture is achievable for 7.9 

hours by using the container having a special heat 
insulation material therearound, even in sub-zero 
environments.

●Immediately a�er the mixture is poured into the 
container, the temperature of the mixture drops 
rapidly due to heat transfer to the steel plate which 
is at the same temperature as the outside.
●In this test, the temperature drop in the mixture 

inside the container was small at the center and was 
noticeable at the corners.
●�e mixture has a low thermal conductivity, and the 

surrounding mixture acts as a heat insulator for the 
center of the mixture.
●�e temperature drop gradient of the mixture over 

time is a�ected by the outside temperature, but this 
e�ect can be reduced if the container surface is 
larg e ly  covere d with  a  sp e cia l  heat  insu lation 
material.

●To extend the heat retention time of the mixture, it 
is  assumed to be e�ective to secure a container 
capacity above a certain level and to reduce the 
container’s surface area (speci�c surface area) that 
contributes to heat dissipation.

6. Future Developments
　We anticipate that carbon neutrality and a shortage 
o f  w o r ke r s  w i l l  d r i v e  i n n o v a t i o n  i n  A Ps  a n d ,  
ultimately, the consolidation of the APs in the future. 
We are concerned that there will be an increase in the 
number of regions where the current means cannot 
supply mixtures when the consolidation progresses.
　Against the background, the authors have been 
w o r ki n g  o n  d e v e l o p i n g  a  c o nt a i n e r  c a p a b l e  o f  
retaining the heat of a mixture for extended periods. 
�e ultimate goal of this development is to establish a 
storage and transportation system of mixtures (see 
FIG. 15).  �e system aims to central ize mixture 
production in a main plant (the center plant in FIG. 
15), and ensure continuous production of mixtures 
while maintaining the plant's capacity to meet any 
temporary demand of shipping. One objective of the 
system is to increase the regions around one AP where 
mixtures can be supplied by using the container for 
heat  retention of  the  m ixture .  As  a  �rst  step  in  
establishing the system, one goal is  to deploy the 
containers in cold regions and remote islands. For the 

Table 5　Correlation between Temperature of Mixture, 
Outside Temperature, and ΔT over Time

A Study on Extension of the Transportation Time of Asphalt Mixture Using a Container A Study on Extension of the Transportation Time of Asphalt Mixture Using a Container2024│NO.005 2024│NO.005

─  5  ─ ─  6  ─

FIG. 11: Correlation between 
Elapsed Time and Temperature Drop Rate

FIG. 12: Correlation between ΔT and ΔTAir

FIG. 14: Temperature Distribution on the 
mixture surfaces after 21 hours have elapsed

deployment, we are planning to collect information so 
that we are able to improve the container to have a 
s t r u c t u r e  f o r  e a s i e r  p o u r i n g ,  d i s c h a r g i n g  a n d  
tr a n sp o r t a t i o n  o f  a  m i x t ur e  a n d  t o  r e v i e w  th e  
container’s capacity.
　In addition, as previously mentioned, the use of the 
container is  accompanied by a  s igni�cant initia l  
temperature drop in the mixture inside. Accordingly, 
to extend the period of temperature retention, the 
m i x t u r e  s h o u l d  b e  p r e p a r e d  t o  b e  a t  a  h i g h e r  
temperature for shipping .  However,  this  process  
contradicts technologies aimed at reducing shipping 
t emp er a t ur e s  t o  l o w er  C O 2  em i s s i o n s ,  s u c h  a s  
mixtures under intermediate temperature conditions. 
Hence, we need to develop approaches for shipping 
mixtures within a conventional temperature range by 
reducing the initial temperature drop, possibly by 
preheating the container using waste heat.
　We continue to improve the container by utilizing 
the sampling data and thermal analysis simulations 
obtained in this study.

test, represented by the purple chain double-dashed 
line.
　Calculating the temperature drop gradient from 
immediately a�er pouring the mixture to 0.5 hours, as 
displayed in FIG. 10, the overall average temperature 
o f  t h e  m i x t ur e  w a s  - 1 5 . 9℃/ h  a n d  t h e  a v e r a g e  
temperature of the dump test mixture was -45.5℃/h, 
b o t h  o f  w h i c h  d e m o n s t r a t e  a  r a p i d  d r o p  i n  
temperature.  �ese rapid temperature drops were 
believed to occur because the purpose of the dump 
test was to �gure out the temperature distribution and 
behavior of the mixture during transportation, no heat 
retention was performed "to roug hly capture the 
behavior of temperature drop" (Tamura et al., 2021, p. 
341）, and the heat was taken away by the dump truck 
bed of a large heat capacity. In addition, the sudden 
temperature drop immediately  a�er pouring the 
mixture into the container (hereina�er referred to as 
the  initia l  temp erature  drop)  o ccurre d p oss ibly  
because the heat was conducted from the mixture to 
the steel plate that was at a temperature of -0.8°C, 
equal to that of the outside temperature at the start of 
temperature measurement. For these reasons, we can 
say that reduction of the heat conduction to the steel 
plate is e�ective, by preheating the container to reduce 
the temperature di�erence between the mixture and 
the outside air for example, in order to extend the heat 
retention time of the mixture.

4.2 Heat Retention Time and Temperature 
Drop Rate
　FIG. 9 shows that, when the mixture was shipped at 
177°C, the heat retention time of the container was 7.9 
hours. As mentioned above, this is because, even though 
the initial temperature drop was seen immediately a�er 
the pouring of the mixture, the temperature drop 
therea�er was slowed. Here, the rate of change in 
temperature of the entire mixture over time is de�ned as 
th e  temp erature  d rop  rate ,  an d  th e  c orre lati on  
therebetween is shown in FIG. 11 . �e temperature 
drop rate was calculated and plotted every 0.5 hours, and 
Equation 5 expresses this calculation.
　In FIG. 11, the temperature of the mixture decreased 
over  t ime,  with  a  s lower  temp erature  drop rate  
accordingly. �e change in the outside temperature over 
time (hereina�er referred to as ΔTAir) was -12.2°C 
(decreasing from -0.8°C to -13°C) 14 hours a�er pouring 
the mixture. �is change, amounting to 7.7% of the 
temperature di�erence (hereina�er referred to as ΔT) 
between the entire mixture and the outside air,  is 
relatively small. Consequently, no signi�cant change in 
the temperature drop rate was observed. FIG. 12 and 
Equation 6 provide details of these �ndings.
　Next, to show in detail the change in the temperature 
drop rate due to ΔT, which did not show a signi�cant 
change in FIG. 11, we focus on a speci�c portion of the 
data (i.e., the range with the temperature drop rate from 
-3 to -1.5°C/h) in FIG. 11 . �is allows FIG. 13  to 
depict the correlation between the temperature drop rate 

and ΔT within the range.
　First, we describe the transition of ΔT. As described 
above, ΔTAir exhibited a small value relative to ΔT a�er 
14 hours since the mixture was poured: this indicates that 
the in�uence of ΔTAir on ΔT is  extremely small .  
�erefore, even if the outside temperature eventually 
dropped to -13°C, the temperature drop rate of the entire 
mixture was greater than that of the outside air, resulting 
in a consistent decrease in ΔT. Conversely,  if  the 
temperature drop rate of the outside air is greater, ΔT will 
increase. Table 5 presents the summary.
　Next ,  we  describ e  the  in�uenc e  of  ΔT on the  
temperature drop rate. It has been known that the 
temperature drop rate in a mixture is proportional to the 
heat dissipated per unit surface area of the container 
(hereina�er referred to as heat �ux), and the heat �ux, in 
turn, is proportional to the thermal conductivity and ΔT. 
�ese facts imply that the rate of temperature drop in a 
mixture is proportional to ΔT. Speci�cally, in FIG. 13, 
we can observe that the temperature drop rate in the 
mixture decreased in a circular curve from -3.0°C/h to 
-1.8°C/h in proportion to ΔT, over a span of 14 hours 
following the initial temperature drop when the mixture 
was poured into the container. We can observe then that 
the rate of temperature drop in the mixture gradually 
decreased from -1.8°C/h to -1.6°C/h until 19 hours had 
passed. �ese observations support the fact that the 
temperature drop rate in a mixture is proportional to ΔT. 
Furthermore, as ΔT relates to ΔTAir, the temperature 
drop rate in a mixture can be said to be in�uenced to a 
large extent by the outside temperature. However, during 
the second decrease in ΔT, despite an approximate 10°C 
increase in the outside temperature, the di�erence in the 
temperature drop rate was only 0.2°C/h, indicating a 
negligible e�ect. �e e�ect was believed to be small, as 
described above, because of the following reasons. �e 
in�uence of ΔTAir on ΔT was extremely small, and the 
area of the steel plate to be exposed to the outside air was 
small because of the special heat insulation material 
covering most of the container. In addition, the special 
heat insulation material of 70 mm was thick enough to 
mitigate the impact of the outside temperature to a small 
extent.
　As described above, even in sub-zero environments, the 
in�uence of changes in outside temperature on the 
container was extremely small, and the mixture was kept 

w a rm  i n  th e  c o nt a i n e r  f o r  7 . 9  h o ur s ,  w h i c h  i s  
approximately  �ve times long er than the t ypica l  
transportation time of 1.5 hours (see FIG. 9). �ese 
results suggest that the container can be an e�ective 
means for transporting a mixture over long distances.

4 . 3  E x a m i n a t i o n  o f  Te m p e r a t u r e  
Distr ibut ion across Cross-Sect ion and 
Points of Heat Dissipation Locations
　In FIG. 9, when comparing the average temperature of 
the reference cross-section shown by the orang e 
dashed-dotted line, the average temperature of the 
oblique cross-section shown by the green dashed line, and 
the overall average temperature of the mixture shown by 
the red solid line, the highest temperature is found in the 
reference cross-section. �is is followed by the oblique 
cross-section, and then the entire mixture. �e reason why 
the temperature at the reference cross-section is the 
hig hest is  believed to be due to the smallest heat 
dissipation area in the reference cross-section, which 
reduces the likelihood of heat dissipation from the 
mixture. In contrast, the reason for the lowest average 
temperature of the entire mixture is assumed to be the 
increased amount of heat dissipation due to the inability 
to install special insulation material in the gaps at the 
container loading and unloading gates of the container 
depicted in red circles in FIG. 14. �e simulation results 
re�ect this reason. Accordingly, it is considered that the 
in�uence of temperature drop due to the gaps between 
the loading and unloading gates of the container is 
limited for the mixture at the reference cross-section and 
the oblique cross-section.
　Furthermore, based on the temperature distribution 
a�er 21 hours of elapsed time presented in Table 4 and 
the temperature distribution on the mixture surface 
shown in FIG. 14 ,  we can see that the decrease in 
temperature of the mixture began at the corners of the 
container, while the center of the mixture remained with 
unnoticeable changes in temperature. �e reason for the 
small temperature drop at the center of the mixture can be 
attributed to its low thermal conductivity of the mixture. 
�e mixture has a low thermal conductivity of 1.25W/
(m•K) (see Table 3), similar to that of glass materials at 
room temperature (New Edition of �ermophysical 
Properties Handbook 8） ). Under this situation, the center 
of the mixture can be presumed to be covered with its 

1.5 hours1.5 hours

Average Outside 
Temperature
Average Outside 
Temperature

0.5 hours0.5 hours

Average Outside 
Temperature
Average Outside 
Temperature

Av
er
ag
e 

Te
mp
er
atu
re
 

of
 M
ixt
ur
e

Av
er
ag
e 

Te
mp
er
atu
re
 

of
 M
ixt
ur
e

Tem
pe
rat
ure

Tem
pe
rat
ure

Tem
pe
rat
ure

Tem
pe
rat
ure

Average Temperature of Mixture

Average Temperature of Mixture during Dump Test

Outside Temperature during Container Test

Outside Temperature during Dump Test

Average Temperature of Mixture

Average Temperature of Mixture during Dump Test

Outside Temperature during Container Test

Outside Temperature during Dump Test

Elapsed TimeElapsed Time

Outside 
temperature
Outside 
temperature

Elapsed timeElapsed time

Elapsed timeElapsed time

Temperature 
drop rate
Temperature 
drop rate

Elapsed timeElapsed time

Temperature difference ΔT 
between mixture and outside Air
Temperature difference ΔT 
between mixture and outside Air

Te
m
pe
ra
tu
re
 d
iff
er
en
ce
 Δ
T 

be
tw
ee
n 
m
ixt
ur
e a
nd
 o
ut
sid
e A
ir

Te
m
pe
ra
tu
re
 d
iff
er
en
ce
 Δ
T 

be
tw
ee
n 
m
ixt
ur
e a
nd
 o
ut
sid
e A
ir

Te
m
pe
ra
tu
re
 d
ro
p 
ra
te

Te
m
pe
ra
tu
re
 d
ro
p 
ra
te

Temperature difference ΔT 
between mixture and outside air
Temperature difference ΔT 
between mixture and outside air Outside temperatureOutside temperature

Ou
ts
ide
 te
m
pe
ra
tu
re

Ou
ts
ide
 te
m
pe
ra
tu
re

Temperature 
drop rate
Temperature 
drop rate

Tem
pe
rat
ure
 dr
op
 ra
te

Tem
pe
rat
ure
 dr
op
 ra
te

Te
m
pe
ra
tu
re
 d
iff
er
en
ce
 Δ
T 

be
tw
ee
n 
m
ixt
ur
e a
nd
 o
ut
sid
e a
ir

Te
m
pe
ra
tu
re
 d
iff
er
en
ce
 Δ
T 

be
tw
ee
n 
m
ixt
ur
e a
nd
 o
ut
sid
e a
ir

Average of ΔTAverage of ΔT 0-14h0-14h

First change in gradient 
of temperature drop rate
First change in gradient 
of temperature drop rate

Second change in gradient of temperature drop rateSecond change in gradient of temperature drop rate

Affected by 
1 hour delay
Affected by 
1 hour delay

First decrease in ΔTFirst decrease in ΔT
Plateau 
in ΔT
Plateau 
in ΔT Second decrease in ΔTSecond decrease in ΔT

Elapsed TimeElapsed Time 0 Hours0 Hours 14 Hours14 Hours 21 Hours21 Hours

Temperature of MixtureTemperature of Mixture

Outside TemperatureOutside Temperature

Equation 5Equation 5

Equation 6Equation 6
ΔT AverageΔT Average

Temperature after t hours have elapsedTemperature after t hours have elapsed

Temperature after (t - 0.5) hours have elapsedTemperature after (t - 0.5) hours have elapsed



1. Introduction
　With the current method, the quality of mixtures 
generally starts to deteriorate due to temperature drop 
a�er 1.5 to 2 hours have passed, and such mixtures 
cannot be used for pavement anymore. For this reason, 
the APs have been constructed across the country to 
keep the transport time of mixtures within two hours. 
According to the “2022 Asphalt Mixture Statistics 
Annual Report4）”,  however, the restraint of public 
investment has caused the production volume of 
mixtures to decrease from 70,000 kilotons in 2000 to 
39,000 kilotons in 2022 by approximately 44%, and 
the number of APs has decreased from 1,500 to 1,000, 
in line with the decrease in production volume, by 
approximately 34% (see FIG. 1).
　Furthermore, in recent years, more frequent and 
severe heavy rain disasters have been predicted due to 
the e�ects of global warming caused by greenhouse 
gases. �e international community has been working 
to achieve net zero greenhouse gas emissions (carbon 
n e u t r a l i t y )  b y  2 0 5 0 5）6）.  O f  c o u r s e ,  t h e  r o a d  
construction industry has also been making e�orts 

toward carbon neutra l it y,  and there is  a  nee d to 
improve the productivity of mixtures by reviewing the 
operations of the APs (hereina�er referred to as the 
AP innovation).
　 In  a d d i t i o n ,  w e  h a v e  i s s u e s  r e l a t e d  t o  l a b o r  
shortages, such as a reduction in drivers'  working 
hours (according to the partial revision of standards 
for  improving working hours ,  and the  others  of  
automobile drivers7）) and a decrease in the number of 

[Test Procedure]
1.�e conta iner,  with its  loading g ate  open,  was  

transported by a forkli� to a position beneath the 
main part of an AP, speci�cally under the mixture 
discharging port of the AP.

2. A mixture was poured in to �ll the container.
3. �e surface of the mixture was leveled to be �ush 

with the edges of the container.
4. �e loading gate was closed, and the temperature of 

the mixture was measured for 21 hours using a 
sheathed thermocouple and a data logger which will 
be described later.

　While the mixture was being kept warm in the 
container, the temperatures at twelve points inside the 
container and the outside temperature were measured 
with the sheathed thermocouple (K type) and recorded 
by  th e  d ata  l o g g er.  F IG .  4  d i sp l ay s  th e  t we l ve  
mea surement  p o ints  ( here ina�er  re ferre d  to  a s  
measurement points) along with the devices used. To 
precisely de�ne the positional relationship of the 
measurement points, we designate a cross-section taken 
along a line connecting the opposite diagonals of a 
container in the vertica l  direction as  an obl ique 

walls of the container. However, at actual paving sites, 
the mixture is ag itated by the screw of an asphalt 
�nisher or similar equipment, resulting in almost 
uniform temperature distribution throughout the 
mixture.
　�erefore, in this study, the time required for the 
average temperature of the “entire” mixture to reach 

tested, and Table 1  shows its speci�cations.  �e 
container is made of structural rolled steel (SS400) 
with a special heat insulation material covering the 
exterior and a sheet metal is applied over the material 
for protection. �e container is con�gured to receive a 
mixture through a port at the top and discharge it 
from a port at the bottom. �e lid of the input port 
(hereina�er referred to as a loading gate) closes under 
i t s  o w n  w e i g h t .  � e  l i d  o f  t h e  d i s c h a r g e  p o r t  
( hereina�er  referre d to  as  an unloading g ate)  i s  
con�gured so that, as shown in FIG. 2, when the lock 
pin is removed while the container is on the ground 
and then li�ed, the unloading gate opens, allowing the 
mixture inside to be discharged through it.
2.2 Test Conditions
　A test  wa s  conducte d during  winter  in  a  co ld  
district in Japan where the temperature of a mixture 
drops signi�cantly. �e test procedure is listed below 
and in FIG. 3, and the test conditions are shown in 
Table 2.

factory workers. �ese issues may accelerate further 
consolidation of the APs for streamlining operations. 
As the consolidation of APs progresses, concerns arise 
that  m ixtures  can b e  suppl ie d  to  fe wer  reg ions .  
According ly,  e�or ts  have  b e en made to  de velop 
technology that enables the e�ective transportation of 
mixtures over long distances.
　�e e�e ctive  long - d istanc e  transp or tation of  
mixtures can be achieved through two approaches: 
o n e  t o  e n s u r e  a  c o n s t a n t  q u a l i t y  e v e n  a t  l o w  
temperatures of the mixtures, and the other to reduce 
any drop in temperature of the mixtures. Examples of 
the former include foamed asphalt, which increases 
�uidity with a small amount of added water to asphalt 

c r o s s - s e c t i o n .  R e g a r d i n g  t h e  i n s e r t i o n  o f  t h e  
thermocouples, we de�ne the horizontal direction as the 
x-axis and the vertical direction as the y-axis. In the x-axis, 
the thermocouple could only be inserted into the mixture 
at the corners of the container due to the speci�cations of 
the special insulation material applied to the container. As 
for the x-axis, the container has a structure axially 
s ymmetrica l  to  the  y- a xis ,  thus  the  temp erature  
distribution was expected to be axially symmetrical as 
well. Accordingly, in the x-axis, the temperatures were 
measured only in one direction from the center of the 
mixture. In contrast, in the y-axis, the dissipation behavior 
was expected to di�er due to the di�erence in the 
structure of the container, and the temperatures were 
measured at upward and downward positions from the 
center of the mixture.

3. Evaluation
　A s  th e  h e at  re t enti o n  t i m e  o f  th e  m i xt ure  i s  
extended, the temperature inevitably drops at the 
contact interfaces between the mixture and the inner 

a n d  f o a m i n g .  E x a mp l e s  o f  th e  l a t t er  i n c l u d e  a  
heat-retaining sheet used in the current method and a 
container equipped with a heater. �e authors have 
fo cuse d on the  latter  te chnolog y and have  b e en 
working on it since 2021 to develop a container that 
achieves heat retention of the mixture for an extended 
period. We poured a mixture into the container and 
conducted a study on the heat retention properties of 
the mixture. In this paper, we provide an overview of 
the study.

2.  Test Overview
2.1 Specifications of the Container to be 
tested
　FIG. 2  shows the appearance of  the container 

the temperature (hereina�er referred to as 150°C), at 
which mixtures are typically acceptable, is de�ned as 
the heat retention time.

3.1 Test Results
　FIG. 5 shows the correlation between the average 
temperatures and the elapsed time at the measurement 
points depicted in FIG. 4.

　FIG. 5  indicates that it  took approximately 15 
h o u r s  f o r  t h e  a v e r a g e  t e m p e r a t u r e s  a t  t h e  

measurement points to reach 150°C.
　However, the results do not precisely indicate the 
temperatures of the “entire” mixture as de�ned above. 
Speci�cally, the results do not re�ect the temperatures 
at the corners of the container, where a signi�cant 
temperature drop in the mixture is expected. Hence, 

the  overa l l  avera g e  temp erature  of  the  “entire” 
m i x t u r e  w a s  c a l c u l a t e d  b y  s u p p l e m e n t i n g  t h e  
temperatures of the mixture at points other than the 
m e a s u r e m e n t  p o i n t s  u s i n g  a  t h e r m a l  a n a l y s i s  
simulation, which will be described later.
 
3.2 Estimation of Possible Heat Retention 
Time Using Thermal Analysis
　To calculate the overall average temperature of the 
mixture, a back analysis was performed on the test 
r e s u l t s  u s i n g  t h e r m a l  � u i d  a n a l y s i s  s o � w a r e  
(STAR-CCM+ Ver. 18.02, manufactured by Siemens 
PLM So�ware Computational Dynamics Co., Ltd.).

3.2.1 Generation of a 3D Model
　Initially, a 3D model mirroring the shape of the 
container was generated. In addition to the oblique 
cross-section outlined in FIG. 4 ,  we established a 
vertical cross-section (hereina�er referred to as the 
reference cross-section) to investigate the temperature 
distribution within the mixture over time, as well as 
t h e  c o r r e l a t i o n  b e t w e e n  t h e  o v e r a l l  a v e r a g e  
temperature of the mixture and time. FIG. 6 depicts 
these details.

3.2.2 Analysis Conditions
　�e outside temperature a�ects the temperature 
drop gradient of  a  mixture,  and thus the outside 

temperature is an important factor in the test to study 
the heat retention of a mixture in the container. For 
th i s  rea son,  an  approximation f unction for  the  
measured outside temperature was created such that 
the results of the inverse analysis would reproduce the 
test results as closely as possible, and implemented in 
the thermal analysis simulation. FIG. 7  shows the 

taken into account.
　Equation 4  represents the heat transfer due to 
natural  convection at  the boundar y between the 
protective sheet metal and the outside air in FIG. 8

3.2.3 Analysis Results
　A back analysis was performed on the measurement 
points. FIG. 9  shows the calculated results of the 
average changes in temperature of the entire mixture, 
t h e  r e f e r e n c e  c r o s s - s e c t i o n ,  a n d  t h e  o b l i q u e  
cross-section. In FIG. 9, the average temperature of 
the mixture during the dump test shown by the purple 
t wo - dot  cha in  l ine  wa s  compile d  from those  in  
"Consideration On Temperature Characteristics of 
Asphalt Mixture During Transportation1）", and the 
outside temperature during the dump test was the 
measure d data  of  outside temperature in Hyog o 
Prefecture in January when the test was conducted. 
Table 4 presents the temperature distributions in the 
reference cross-section and the oblique cross-section 
a t  e a c h  e l a p s e d  p e r i o d  o f  t i m e  d e t e r m i n e d  b y  
simulation. Table 4 indicates that the temperature 
drop in the mixture was more signi�cant in the upper 
part of the container than in the lower part.

4. Discussion
4.1 Temperature Drop Immediately After 
Pouring of Mixture
　FIG. 10 highlights a portion of the data in FIG. 9: 
the data within the range of 0 hours to 2 hours a�er 
the test started. �is is to focus on the overall average 
temperature of the mixture, shown by the solid red 
line, immediately a�er pouring the mixture, and the 
average temperature of the mixture during the dump 

c o r r e l a t i o n  b e t w e e n  t h e  e l a p s e d  t i m e  a n d  t h e  
m e a s ur e d  o ut s i d e  t emp er a t ur e s ,  a l o n g s i d e  th e  
approximation f unction .  Table 3  presents  the  
conditions used in thermal analysis simulation. �e 
dens i t y  of  the  m ixture  wa s  ca lcu late d  f rom the  
measured weight and the container capacity, and the 
initial temperature of the mixture was set to 177℃, 
which is the temperature for shipping while the initial 
temperature of the container was set to -0.8℃ based 
on a calculation using the approximation function. 
�e sp e cia l  insu lation materia l  ha s  a  lam inate d 
structure, and its thermal conductivity, speci�c heat, 
and density were described as Various. �e thickness 
of the material refers to the total thickness of the 
laminated layers.  �e thermal conductivity of the 
mixture was determined by conducting a thermal 
analysis simulation while keeping the speci�c heat and 
densit y  of  the mixture constant  and var ying the 
therma l  c onductivi t y  va lue :  the  �na l  va lue  wa s  
adopted based on the approximation of the measured 
data at each measurement point with the results of the 
thermal analysis simulation.
　Here, for a case where the thermal conductivity, 
speci�c heat, and density are constant, the di�erential 
equation for three-dimensional heat conduction in 
the orthogonal coordinate system of the x, y, and z 
a xes  i s  expresse d  in  Equation 1 .  Equation 2  
represents a modi�cation of Equation 1.
　Equation 2 indicates that the larger the value of 
thermal di�usivity α ( i .e . ,  the larg er the value of 
thermal conductivity λ, and the smaller the values of 
speci�c heat c and density ρ), the more remarkable the 
temperature change is.
　Next, FIG. 8 schematically illustrates the structure 
of the container used in the test, and Equation 3  
expresses a di�erential equation for the boundar y 
conditions. Furthermore, Equation 3 represents a 
case where di�erent types of materials are in complete 
contact and the thermal resistance therebetween is not 

own heat insulation material of a 600 mm-thickness and a 
low thermal conductivity of 1.25W/(m•K) in addition to 
the 70 mm-thick special heat insulation material around 
the container. �erefore, no signi�cant temperature drop 
was observed even a�er 21-hour heat retention.
　Based on the above �ndings, ensuring a certain level of 
capacity for the container can be an approach to 
e�ectively extend the period of time for heat retention of 
the mixture inside. While the mixture inherently has 
some heat-insulating properties, the simulation results 
show that the mixture is required to have a thickness of 
600 mm or more to optimally achieve the properties. 
Additionally, it is ideal to approximate the shape of the 
container to a sphere that minimizes the surface area for 
heat dissipation (speci�c surface area). �e temperature of 
the mixture signi�cantly dropped at the corners of the 
container. �is drop can be attributed to several factors, 
including the large surface areas (speci�c surface areas) for 
heat dissipation, the thinner mixture itself as a heat 
insulation material, and the di�culty in applying the 
special heat insulation material to the corners.
　We describe two speci�c approaches for reducing the 
heat dissipation area of the container as follows. First, as 
mentioned above, a change in the container's shape is 
possible to reduce the surface area (speci�c surface area) 
for heat dissipation. For example, in a cylindrical 
container, the surface area (speci�c surface area) for heat 
dissipation can be reduced compared to a rectangular 
container even of the same capacity, and heat dissipation 
becomes less l ikely to occur. Second, loading and 
unloading gates can be integrated. As described above, the 
tested container was con�gured to receive a mixture 
through the top and discharge it through the bottom, and 
the loading and unloading gates include some portions 
where the special heat insulation material cannot be 
applied. Accordingly, if both the pouring and discharge of 
a mixture can be conducted through a common gate, for 
example by installing a device to invert the container, the 
portions without the special heat insulation material can 
be reduced, thereby resulting in less heat dissipation from 
the container.

5. Summary
　� e  r e s u l t s  a n d  d i s c u s s i o n  o f  t h i s  s t u d y  a r e  
summarized below.
●�e heat retention of a mixture is achievable for 7.9 

hours by using the container having a special heat 
insulation material therearound, even in sub-zero 
environments.

●Immediately a�er the mixture is poured into the 
container, the temperature of the mixture drops 
rapidly due to heat transfer to the steel plate which 
is at the same temperature as the outside.
●In this test, the temperature drop in the mixture 

inside the container was small at the center and was 
noticeable at the corners.
●�e mixture has a low thermal conductivity, and the 

surrounding mixture acts as a heat insulator for the 
center of the mixture.
●�e temperature drop gradient of the mixture over 

time is a�ected by the outside temperature, but this 
e�ect can be reduced if the container surface is 
larg e ly  covere d with  a  sp e cia l  heat  insu lation 
material.

●To extend the heat retention time of the mixture, it 
is  assumed to be e�ective to secure a container 
capacity above a certain level and to reduce the 
container’s surface area (speci�c surface area) that 
contributes to heat dissipation.

6. Future Developments
　We anticipate that carbon neutrality and a shortage 
o f  w o r ke r s  w i l l  d r i v e  i n n o v a t i o n  i n  A Ps  a n d ,  
ultimately, the consolidation of the APs in the future. 
We are concerned that there will be an increase in the 
number of regions where the current means cannot 
supply mixtures when the consolidation progresses.
　Against the background, the authors have been 
w o r ki n g  o n  d e v e l o p i n g  a  c o nt a i n e r  c a p a b l e  o f  
retaining the heat of a mixture for extended periods. 
�e ultimate goal of this development is to establish a 
storage and transportation system of mixtures (see 
FIG. 15).  �e system aims to central ize mixture 
production in a main plant (the center plant in FIG. 
15), and ensure continuous production of mixtures 
while maintaining the plant's capacity to meet any 
temporary demand of shipping. One objective of the 
system is to increase the regions around one AP where 
mixtures can be supplied by using the container for 
heat  retention of  the  m ixture .  As  a  �rst  step  in  
establishing the system, one goal is  to deploy the 
containers in cold regions and remote islands. For the 

deployment, we are planning to collect information so 
that we are able to improve the container to have a 
s t r u c t u r e  f o r  e a s i e r  p o u r i n g ,  d i s c h a r g i n g  a n d  
tr a n sp o r t a t i o n  o f  a  m i x t ur e  a n d  t o  r e v i e w  th e  
container’s capacity.
　In addition, as previously mentioned, the use of the 
container is  accompanied by a  s igni�cant initia l  
temperature drop in the mixture inside. Accordingly, 
to extend the period of temperature retention, the 
m i x t u r e  s h o u l d  b e  p r e p a r e d  t o  b e  a t  a  h i g h e r  
temperature for shipping .  However,  this  process  
contradicts technologies aimed at reducing shipping 
t emp er a t ur e s  t o  l o w er  C O 2  em i s s i o n s ,  s u c h  a s  
mixtures under intermediate temperature conditions. 
Hence, we need to develop approaches for shipping 
mixtures within a conventional temperature range by 
reducing the initial temperature drop, possibly by 
preheating the container using waste heat.
　We continue to improve the container by utilizing 
the sampling data and thermal analysis simulations 
obtained in this study.
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test, represented by the purple chain double-dashed 
line.
　Calculating the temperature drop gradient from 
immediately a�er pouring the mixture to 0.5 hours, as 
displayed in FIG. 10, the overall average temperature 
o f  t h e  m i x t ur e  w a s  - 1 5 . 9℃/ h  a n d  t h e  a v e r a g e  
temperature of the dump test mixture was -45.5℃/h, 
b o t h  o f  w h i c h  d e m o n s t r a t e  a  r a p i d  d r o p  i n  
temperature.  �ese rapid temperature drops were 
believed to occur because the purpose of the dump 
test was to �gure out the temperature distribution and 
behavior of the mixture during transportation, no heat 
retention was performed "to roug hly capture the 
behavior of temperature drop" (Tamura et al., 2021, p. 
341）, and the heat was taken away by the dump truck 
bed of a large heat capacity. In addition, the sudden 
temperature drop immediately  a�er pouring the 
mixture into the container (hereina�er referred to as 
the  initia l  temp erature  drop)  o ccurre d p oss ibly  
because the heat was conducted from the mixture to 
the steel plate that was at a temperature of -0.8°C, 
equal to that of the outside temperature at the start of 
temperature measurement. For these reasons, we can 
say that reduction of the heat conduction to the steel 
plate is e�ective, by preheating the container to reduce 
the temperature di�erence between the mixture and 
the outside air for example, in order to extend the heat 
retention time of the mixture.

4.2 Heat Retention Time and Temperature 
Drop Rate
　FIG. 9 shows that, when the mixture was shipped at 
177°C, the heat retention time of the container was 7.9 
hours. As mentioned above, this is because, even though 
the initial temperature drop was seen immediately a�er 
the pouring of the mixture, the temperature drop 
therea�er was slowed. Here, the rate of change in 
temperature of the entire mixture over time is de�ned as 
th e  temp erature  d rop  rate ,  an d  th e  c orre lati on  
therebetween is shown in FIG. 11 . �e temperature 
drop rate was calculated and plotted every 0.5 hours, and 
Equation 5 expresses this calculation.
　In FIG. 11, the temperature of the mixture decreased 
over  t ime,  with  a  s lower  temp erature  drop rate  
accordingly. �e change in the outside temperature over 
time (hereina�er referred to as ΔTAir) was -12.2°C 
(decreasing from -0.8°C to -13°C) 14 hours a�er pouring 
the mixture. �is change, amounting to 7.7% of the 
temperature di�erence (hereina�er referred to as ΔT) 
between the entire mixture and the outside air,  is 
relatively small. Consequently, no signi�cant change in 
the temperature drop rate was observed. FIG. 12 and 
Equation 6 provide details of these �ndings.
　Next, to show in detail the change in the temperature 
drop rate due to ΔT, which did not show a signi�cant 
change in FIG. 11, we focus on a speci�c portion of the 
data (i.e., the range with the temperature drop rate from 
-3 to -1.5°C/h) in FIG. 11 . �is allows FIG. 13  to 
depict the correlation between the temperature drop rate 

FIG. 15: Establishment of Mixture Storage- Transportation System
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and ΔT within the range.
　First, we describe the transition of ΔT. As described 
above, ΔTAir exhibited a small value relative to ΔT a�er 
14 hours since the mixture was poured: this indicates that 
the in�uence of ΔTAir on ΔT is  extremely small .  
�erefore, even if the outside temperature eventually 
dropped to -13°C, the temperature drop rate of the entire 
mixture was greater than that of the outside air, resulting 
in a consistent decrease in ΔT. Conversely,  if  the 
temperature drop rate of the outside air is greater, ΔT will 
increase. Table 5 presents the summary.
　Next ,  we  describ e  the  in�uenc e  of  ΔT on the  
temperature drop rate. It has been known that the 
temperature drop rate in a mixture is proportional to the 
heat dissipated per unit surface area of the container 
(hereina�er referred to as heat �ux), and the heat �ux, in 
turn, is proportional to the thermal conductivity and ΔT. 
�ese facts imply that the rate of temperature drop in a 
mixture is proportional to ΔT. Speci�cally, in FIG. 13, 
we can observe that the temperature drop rate in the 
mixture decreased in a circular curve from -3.0°C/h to 
-1.8°C/h in proportion to ΔT, over a span of 14 hours 
following the initial temperature drop when the mixture 
was poured into the container. We can observe then that 
the rate of temperature drop in the mixture gradually 
decreased from -1.8°C/h to -1.6°C/h until 19 hours had 
passed. �ese observations support the fact that the 
temperature drop rate in a mixture is proportional to ΔT. 
Furthermore, as ΔT relates to ΔTAir, the temperature 
drop rate in a mixture can be said to be in�uenced to a 
large extent by the outside temperature. However, during 
the second decrease in ΔT, despite an approximate 10°C 
increase in the outside temperature, the di�erence in the 
temperature drop rate was only 0.2°C/h, indicating a 
negligible e�ect. �e e�ect was believed to be small, as 
described above, because of the following reasons. �e 
in�uence of ΔTAir on ΔT was extremely small, and the 
area of the steel plate to be exposed to the outside air was 
small because of the special heat insulation material 
covering most of the container. In addition, the special 
heat insulation material of 70 mm was thick enough to 
mitigate the impact of the outside temperature to a small 
extent.
　As described above, even in sub-zero environments, the 
in�uence of changes in outside temperature on the 
container was extremely small, and the mixture was kept 

w a rm  i n  th e  c o nt a i n e r  f o r  7 . 9  h o ur s ,  w h i c h  i s  
approximately  �ve times long er than the t ypica l  
transportation time of 1.5 hours (see FIG. 9). �ese 
results suggest that the container can be an e�ective 
means for transporting a mixture over long distances.

4 . 3  E x a m i n a t i o n  o f  Te m p e r a t u r e  
Distr ibut ion across Cross-Sect ion and 
Points of Heat Dissipation Locations
　In FIG. 9, when comparing the average temperature of 
the reference cross-section shown by the orang e 
dashed-dotted line, the average temperature of the 
oblique cross-section shown by the green dashed line, and 
the overall average temperature of the mixture shown by 
the red solid line, the highest temperature is found in the 
reference cross-section. �is is followed by the oblique 
cross-section, and then the entire mixture. �e reason why 
the temperature at the reference cross-section is the 
hig hest is  believed to be due to the smallest heat 
dissipation area in the reference cross-section, which 
reduces the likelihood of heat dissipation from the 
mixture. In contrast, the reason for the lowest average 
temperature of the entire mixture is assumed to be the 
increased amount of heat dissipation due to the inability 
to install special insulation material in the gaps at the 
container loading and unloading gates of the container 
depicted in red circles in FIG. 14. �e simulation results 
re�ect this reason. Accordingly, it is considered that the 
in�uence of temperature drop due to the gaps between 
the loading and unloading gates of the container is 
limited for the mixture at the reference cross-section and 
the oblique cross-section.
　Furthermore, based on the temperature distribution 
a�er 21 hours of elapsed time presented in Table 4 and 
the temperature distribution on the mixture surface 
shown in FIG. 14 ,  we can see that the decrease in 
temperature of the mixture began at the corners of the 
container, while the center of the mixture remained with 
unnoticeable changes in temperature. �e reason for the 
small temperature drop at the center of the mixture can be 
attributed to its low thermal conductivity of the mixture. 
�e mixture has a low thermal conductivity of 1.25W/
(m•K) (see Table 3), similar to that of glass materials at 
room temperature (New Edition of �ermophysical 
Properties Handbook 8） ). Under this situation, the center 
of the mixture can be presumed to be covered with its 
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1. Introduction
　With the current method, the quality of mixtures 
generally starts to deteriorate due to temperature drop 
a�er 1.5 to 2 hours have passed, and such mixtures 
cannot be used for pavement anymore. For this reason, 
the APs have been constructed across the country to 
keep the transport time of mixtures within two hours. 
According to the “2022 Asphalt Mixture Statistics 
Annual Report4）”,  however, the restraint of public 
investment has caused the production volume of 
mixtures to decrease from 70,000 kilotons in 2000 to 
39,000 kilotons in 2022 by approximately 44%, and 
the number of APs has decreased from 1,500 to 1,000, 
in line with the decrease in production volume, by 
approximately 34% (see FIG. 1).
　Furthermore, in recent years, more frequent and 
severe heavy rain disasters have been predicted due to 
the e�ects of global warming caused by greenhouse 
gases. �e international community has been working 
to achieve net zero greenhouse gas emissions (carbon 
n e u t r a l i t y )  b y  2 0 5 0 5）6）.  O f  c o u r s e ,  t h e  r o a d  
construction industry has also been making e�orts 

toward carbon neutra l it y,  and there is  a  nee d to 
improve the productivity of mixtures by reviewing the 
operations of the APs (hereina�er referred to as the 
AP innovation).
　 In  a d d i t i o n ,  w e  h a v e  i s s u e s  r e l a t e d  t o  l a b o r  
shortages, such as a reduction in drivers'  working 
hours (according to the partial revision of standards 
for  improving working hours ,  and the  others  of  
automobile drivers7）) and a decrease in the number of 

[Test Procedure]
1.�e conta iner,  with its  loading g ate  open,  was  

transported by a forkli� to a position beneath the 
main part of an AP, speci�cally under the mixture 
discharging port of the AP.

2. A mixture was poured in to �ll the container.
3. �e surface of the mixture was leveled to be �ush 

with the edges of the container.
4. �e loading gate was closed, and the temperature of 

the mixture was measured for 21 hours using a 
sheathed thermocouple and a data logger which will 
be described later.

　While the mixture was being kept warm in the 
container, the temperatures at twelve points inside the 
container and the outside temperature were measured 
with the sheathed thermocouple (K type) and recorded 
by  th e  d ata  l o g g er.  F IG .  4  d i sp l ay s  th e  t we l ve  
mea surement  p o ints  ( here ina�er  re ferre d  to  a s  
measurement points) along with the devices used. To 
precisely de�ne the positional relationship of the 
measurement points, we designate a cross-section taken 
along a line connecting the opposite diagonals of a 
container in the vertica l  direction as  an obl ique 

walls of the container. However, at actual paving sites, 
the mixture is ag itated by the screw of an asphalt 
�nisher or similar equipment, resulting in almost 
uniform temperature distribution throughout the 
mixture.
　�erefore, in this study, the time required for the 
average temperature of the “entire” mixture to reach 

tested, and Table 1  shows its speci�cations.  �e 
container is made of structural rolled steel (SS400) 
with a special heat insulation material covering the 
exterior and a sheet metal is applied over the material 
for protection. �e container is con�gured to receive a 
mixture through a port at the top and discharge it 
from a port at the bottom. �e lid of the input port 
(hereina�er referred to as a loading gate) closes under 
i t s  o w n  w e i g h t .  � e  l i d  o f  t h e  d i s c h a r g e  p o r t  
( hereina�er  referre d to  as  an unloading g ate)  i s  
con�gured so that, as shown in FIG. 2, when the lock 
pin is removed while the container is on the ground 
and then li�ed, the unloading gate opens, allowing the 
mixture inside to be discharged through it.
2.2 Test Conditions
　A test  wa s  conducte d during  winter  in  a  co ld  
district in Japan where the temperature of a mixture 
drops signi�cantly. �e test procedure is listed below 
and in FIG. 3, and the test conditions are shown in 
Table 2.

factory workers. �ese issues may accelerate further 
consolidation of the APs for streamlining operations. 
As the consolidation of APs progresses, concerns arise 
that  m ixtures  can b e  suppl ie d  to  fe wer  reg ions .  
According ly,  e�or ts  have  b e en made to  de velop 
technology that enables the e�ective transportation of 
mixtures over long distances.
　�e e�e ctive  long - d istanc e  transp or tation of  
mixtures can be achieved through two approaches: 
o n e  t o  e n s u r e  a  c o n s t a n t  q u a l i t y  e v e n  a t  l o w  
temperatures of the mixtures, and the other to reduce 
any drop in temperature of the mixtures. Examples of 
the former include foamed asphalt, which increases 
�uidity with a small amount of added water to asphalt 

c r o s s - s e c t i o n .  R e g a r d i n g  t h e  i n s e r t i o n  o f  t h e  
thermocouples, we de�ne the horizontal direction as the 
x-axis and the vertical direction as the y-axis. In the x-axis, 
the thermocouple could only be inserted into the mixture 
at the corners of the container due to the speci�cations of 
the special insulation material applied to the container. As 
for the x-axis, the container has a structure axially 
s ymmetrica l  to  the  y- a xis ,  thus  the  temp erature  
distribution was expected to be axially symmetrical as 
well. Accordingly, in the x-axis, the temperatures were 
measured only in one direction from the center of the 
mixture. In contrast, in the y-axis, the dissipation behavior 
was expected to di�er due to the di�erence in the 
structure of the container, and the temperatures were 
measured at upward and downward positions from the 
center of the mixture.

3. Evaluation
　A s  th e  h e at  re t enti o n  t i m e  o f  th e  m i xt ure  i s  
extended, the temperature inevitably drops at the 
contact interfaces between the mixture and the inner 
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a n d  f o a m i n g .  E x a mp l e s  o f  th e  l a t t er  i n c l u d e  a  
heat-retaining sheet used in the current method and a 
container equipped with a heater. �e authors have 
fo cuse d on the  latter  te chnolog y and have  b e en 
working on it since 2021 to develop a container that 
achieves heat retention of the mixture for an extended 
period. We poured a mixture into the container and 
conducted a study on the heat retention properties of 
the mixture. In this paper, we provide an overview of 
the study.

2.  Test Overview
2.1 Specifications of the Container to be 
tested
　FIG. 2  shows the appearance of  the container 

the temperature (hereina�er referred to as 150°C), at 
which mixtures are typically acceptable, is de�ned as 
the heat retention time.

3.1 Test Results
　FIG. 5 shows the correlation between the average 
temperatures and the elapsed time at the measurement 
points depicted in FIG. 4.

　FIG. 5  indicates that it  took approximately 15 
h o u r s  f o r  t h e  a v e r a g e  t e m p e r a t u r e s  a t  t h e  

measurement points to reach 150°C.
　However, the results do not precisely indicate the 
temperatures of the “entire” mixture as de�ned above. 
Speci�cally, the results do not re�ect the temperatures 
at the corners of the container, where a signi�cant 
temperature drop in the mixture is expected. Hence, 

the  overa l l  avera g e  temp erature  of  the  “entire” 
m i x t u r e  w a s  c a l c u l a t e d  b y  s u p p l e m e n t i n g  t h e  
temperatures of the mixture at points other than the 
m e a s u r e m e n t  p o i n t s  u s i n g  a  t h e r m a l  a n a l y s i s  
simulation, which will be described later.
 
3.2 Estimation of Possible Heat Retention 
Time Using Thermal Analysis
　To calculate the overall average temperature of the 
mixture, a back analysis was performed on the test 
r e s u l t s  u s i n g  t h e r m a l  � u i d  a n a l y s i s  s o � w a r e  
(STAR-CCM+ Ver. 18.02, manufactured by Siemens 
PLM So�ware Computational Dynamics Co., Ltd.).

3.2.1 Generation of a 3D Model
　Initially, a 3D model mirroring the shape of the 
container was generated. In addition to the oblique 
cross-section outlined in FIG. 4 ,  we established a 
vertical cross-section (hereina�er referred to as the 
reference cross-section) to investigate the temperature 
distribution within the mixture over time, as well as 
t h e  c o r r e l a t i o n  b e t w e e n  t h e  o v e r a l l  a v e r a g e  
temperature of the mixture and time. FIG. 6 depicts 
these details.

3.2.2 Analysis Conditions
　�e outside temperature a�ects the temperature 
drop gradient of  a  mixture,  and thus the outside 

temperature is an important factor in the test to study 
the heat retention of a mixture in the container. For 
th i s  rea son,  an  approximation f unction for  the  
measured outside temperature was created such that 
the results of the inverse analysis would reproduce the 
test results as closely as possible, and implemented in 
the thermal analysis simulation. FIG. 7  shows the 

taken into account.
　Equation 4  represents the heat transfer due to 
natural  convection at  the boundar y between the 
protective sheet metal and the outside air in FIG. 8

3.2.3 Analysis Results
　A back analysis was performed on the measurement 
points. FIG. 9  shows the calculated results of the 
average changes in temperature of the entire mixture, 
t h e  r e f e r e n c e  c r o s s - s e c t i o n ,  a n d  t h e  o b l i q u e  
cross-section. In FIG. 9, the average temperature of 
the mixture during the dump test shown by the purple 
t wo - dot  cha in  l ine  wa s  compile d  from those  in  
"Consideration On Temperature Characteristics of 
Asphalt Mixture During Transportation1）", and the 
outside temperature during the dump test was the 
measure d data  of  outside temperature in Hyog o 
Prefecture in January when the test was conducted. 
Table 4 presents the temperature distributions in the 
reference cross-section and the oblique cross-section 
a t  e a c h  e l a p s e d  p e r i o d  o f  t i m e  d e t e r m i n e d  b y  
simulation. Table 4 indicates that the temperature 
drop in the mixture was more signi�cant in the upper 
part of the container than in the lower part.

4. Discussion
4.1 Temperature Drop Immediately After 
Pouring of Mixture
　FIG. 10 highlights a portion of the data in FIG. 9: 
the data within the range of 0 hours to 2 hours a�er 
the test started. �is is to focus on the overall average 
temperature of the mixture, shown by the solid red 
line, immediately a�er pouring the mixture, and the 
average temperature of the mixture during the dump 

c o r r e l a t i o n  b e t w e e n  t h e  e l a p s e d  t i m e  a n d  t h e  
m e a s ur e d  o ut s i d e  t emp er a t ur e s ,  a l o n g s i d e  th e  
approximation f unction .  Table 3  presents  the  
conditions used in thermal analysis simulation. �e 
dens i t y  of  the  m ixture  wa s  ca lcu late d  f rom the  
measured weight and the container capacity, and the 
initial temperature of the mixture was set to 177℃, 
which is the temperature for shipping while the initial 
temperature of the container was set to -0.8℃ based 
on a calculation using the approximation function. 
�e sp e cia l  insu lation materia l  ha s  a  lam inate d 
structure, and its thermal conductivity, speci�c heat, 
and density were described as Various. �e thickness 
of the material refers to the total thickness of the 
laminated layers.  �e thermal conductivity of the 
mixture was determined by conducting a thermal 
analysis simulation while keeping the speci�c heat and 
densit y  of  the mixture constant  and var ying the 
therma l  c onductivi t y  va lue :  the  �na l  va lue  wa s  
adopted based on the approximation of the measured 
data at each measurement point with the results of the 
thermal analysis simulation.
　Here, for a case where the thermal conductivity, 
speci�c heat, and density are constant, the di�erential 
equation for three-dimensional heat conduction in 
the orthogonal coordinate system of the x, y, and z 
a xes  i s  expresse d  in  Equation 1 .  Equation 2  
represents a modi�cation of Equation 1.
　Equation 2 indicates that the larger the value of 
thermal di�usivity α ( i .e . ,  the larg er the value of 
thermal conductivity λ, and the smaller the values of 
speci�c heat c and density ρ), the more remarkable the 
temperature change is.
　Next, FIG. 8 schematically illustrates the structure 
of the container used in the test, and Equation 3  
expresses a di�erential equation for the boundar y 
conditions. Furthermore, Equation 3 represents a 
case where di�erent types of materials are in complete 
contact and the thermal resistance therebetween is not 

own heat insulation material of a 600 mm-thickness and a 
low thermal conductivity of 1.25W/(m•K) in addition to 
the 70 mm-thick special heat insulation material around 
the container. �erefore, no signi�cant temperature drop 
was observed even a�er 21-hour heat retention.
　Based on the above �ndings, ensuring a certain level of 
capacity for the container can be an approach to 
e�ectively extend the period of time for heat retention of 
the mixture inside. While the mixture inherently has 
some heat-insulating properties, the simulation results 
show that the mixture is required to have a thickness of 
600 mm or more to optimally achieve the properties. 
Additionally, it is ideal to approximate the shape of the 
container to a sphere that minimizes the surface area for 
heat dissipation (speci�c surface area). �e temperature of 
the mixture signi�cantly dropped at the corners of the 
container. �is drop can be attributed to several factors, 
including the large surface areas (speci�c surface areas) for 
heat dissipation, the thinner mixture itself as a heat 
insulation material, and the di�culty in applying the 
special heat insulation material to the corners.
　We describe two speci�c approaches for reducing the 
heat dissipation area of the container as follows. First, as 
mentioned above, a change in the container's shape is 
possible to reduce the surface area (speci�c surface area) 
for heat dissipation. For example, in a cylindrical 
container, the surface area (speci�c surface area) for heat 
dissipation can be reduced compared to a rectangular 
container even of the same capacity, and heat dissipation 
becomes less l ikely to occur. Second, loading and 
unloading gates can be integrated. As described above, the 
tested container was con�gured to receive a mixture 
through the top and discharge it through the bottom, and 
the loading and unloading gates include some portions 
where the special heat insulation material cannot be 
applied. Accordingly, if both the pouring and discharge of 
a mixture can be conducted through a common gate, for 
example by installing a device to invert the container, the 
portions without the special heat insulation material can 
be reduced, thereby resulting in less heat dissipation from 
the container.

5. Summary
　� e  r e s u l t s  a n d  d i s c u s s i o n  o f  t h i s  s t u d y  a r e  
summarized below.
●�e heat retention of a mixture is achievable for 7.9 

hours by using the container having a special heat 
insulation material therearound, even in sub-zero 
environments.

●Immediately a�er the mixture is poured into the 
container, the temperature of the mixture drops 
rapidly due to heat transfer to the steel plate which 
is at the same temperature as the outside.
●In this test, the temperature drop in the mixture 

inside the container was small at the center and was 
noticeable at the corners.
●�e mixture has a low thermal conductivity, and the 

surrounding mixture acts as a heat insulator for the 
center of the mixture.
●�e temperature drop gradient of the mixture over 

time is a�ected by the outside temperature, but this 
e�ect can be reduced if the container surface is 
larg e ly  covere d with  a  sp e cia l  heat  insu lation 
material.

●To extend the heat retention time of the mixture, it 
is  assumed to be e�ective to secure a container 
capacity above a certain level and to reduce the 
container’s surface area (speci�c surface area) that 
contributes to heat dissipation.

6. Future Developments
　We anticipate that carbon neutrality and a shortage 
o f  w o r ke r s  w i l l  d r i v e  i n n o v a t i o n  i n  A Ps  a n d ,  
ultimately, the consolidation of the APs in the future. 
We are concerned that there will be an increase in the 
number of regions where the current means cannot 
supply mixtures when the consolidation progresses.
　Against the background, the authors have been 
w o r ki n g  o n  d e v e l o p i n g  a  c o nt a i n e r  c a p a b l e  o f  
retaining the heat of a mixture for extended periods. 
�e ultimate goal of this development is to establish a 
storage and transportation system of mixtures (see 
FIG. 15).  �e system aims to central ize mixture 
production in a main plant (the center plant in FIG. 
15), and ensure continuous production of mixtures 
while maintaining the plant's capacity to meet any 
temporary demand of shipping. One objective of the 
system is to increase the regions around one AP where 
mixtures can be supplied by using the container for 
heat  retention of  the  m ixture .  As  a  �rst  step  in  
establishing the system, one goal is  to deploy the 
containers in cold regions and remote islands. For the 
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deployment, we are planning to collect information so 
that we are able to improve the container to have a 
s t r u c t u r e  f o r  e a s i e r  p o u r i n g ,  d i s c h a r g i n g  a n d  
tr a n sp o r t a t i o n  o f  a  m i x t ur e  a n d  t o  r e v i e w  th e  
container’s capacity.
　In addition, as previously mentioned, the use of the 
container is  accompanied by a  s igni�cant initia l  
temperature drop in the mixture inside. Accordingly, 
to extend the period of temperature retention, the 
m i x t u r e  s h o u l d  b e  p r e p a r e d  t o  b e  a t  a  h i g h e r  
temperature for shipping .  However,  this  process  
contradicts technologies aimed at reducing shipping 
t emp er a t ur e s  t o  l o w er  C O 2  em i s s i o n s ,  s u c h  a s  
mixtures under intermediate temperature conditions. 
Hence, we need to develop approaches for shipping 
mixtures within a conventional temperature range by 
reducing the initial temperature drop, possibly by 
preheating the container using waste heat.
　We continue to improve the container by utilizing 
the sampling data and thermal analysis simulations 
obtained in this study.

test, represented by the purple chain double-dashed 
line.
　Calculating the temperature drop gradient from 
immediately a�er pouring the mixture to 0.5 hours, as 
displayed in FIG. 10, the overall average temperature 
o f  t h e  m i x t ur e  w a s  - 1 5 . 9℃/ h  a n d  t h e  a v e r a g e  
temperature of the dump test mixture was -45.5℃/h, 
b o t h  o f  w h i c h  d e m o n s t r a t e  a  r a p i d  d r o p  i n  
temperature.  �ese rapid temperature drops were 
believed to occur because the purpose of the dump 
test was to �gure out the temperature distribution and 
behavior of the mixture during transportation, no heat 
retention was performed "to roug hly capture the 
behavior of temperature drop" (Tamura et al., 2021, p. 
341）, and the heat was taken away by the dump truck 
bed of a large heat capacity. In addition, the sudden 
temperature drop immediately  a�er pouring the 
mixture into the container (hereina�er referred to as 
the  initia l  temp erature  drop)  o ccurre d p oss ibly  
because the heat was conducted from the mixture to 
the steel plate that was at a temperature of -0.8°C, 
equal to that of the outside temperature at the start of 
temperature measurement. For these reasons, we can 
say that reduction of the heat conduction to the steel 
plate is e�ective, by preheating the container to reduce 
the temperature di�erence between the mixture and 
the outside air for example, in order to extend the heat 
retention time of the mixture.

4.2 Heat Retention Time and Temperature 
Drop Rate
　FIG. 9 shows that, when the mixture was shipped at 
177°C, the heat retention time of the container was 7.9 
hours. As mentioned above, this is because, even though 
the initial temperature drop was seen immediately a�er 
the pouring of the mixture, the temperature drop 
therea�er was slowed. Here, the rate of change in 
temperature of the entire mixture over time is de�ned as 
th e  temp erature  d rop  rate ,  an d  th e  c orre lati on  
therebetween is shown in FIG. 11 . �e temperature 
drop rate was calculated and plotted every 0.5 hours, and 
Equation 5 expresses this calculation.
　In FIG. 11, the temperature of the mixture decreased 
over  t ime,  with  a  s lower  temp erature  drop rate  
accordingly. �e change in the outside temperature over 
time (hereina�er referred to as ΔTAir) was -12.2°C 
(decreasing from -0.8°C to -13°C) 14 hours a�er pouring 
the mixture. �is change, amounting to 7.7% of the 
temperature di�erence (hereina�er referred to as ΔT) 
between the entire mixture and the outside air,  is 
relatively small. Consequently, no signi�cant change in 
the temperature drop rate was observed. FIG. 12 and 
Equation 6 provide details of these �ndings.
　Next, to show in detail the change in the temperature 
drop rate due to ΔT, which did not show a signi�cant 
change in FIG. 11, we focus on a speci�c portion of the 
data (i.e., the range with the temperature drop rate from 
-3 to -1.5°C/h) in FIG. 11 . �is allows FIG. 13  to 
depict the correlation between the temperature drop rate 

and ΔT within the range.
　First, we describe the transition of ΔT. As described 
above, ΔTAir exhibited a small value relative to ΔT a�er 
14 hours since the mixture was poured: this indicates that 
the in�uence of ΔTAir on ΔT is  extremely small .  
�erefore, even if the outside temperature eventually 
dropped to -13°C, the temperature drop rate of the entire 
mixture was greater than that of the outside air, resulting 
in a consistent decrease in ΔT. Conversely,  if  the 
temperature drop rate of the outside air is greater, ΔT will 
increase. Table 5 presents the summary.
　Next ,  we  describ e  the  in�uence  of  ΔT on the  
temperature drop rate. It has been known that the 
temperature drop rate in a mixture is proportional to the 
heat dissipated per unit surface area of the container 
(hereina�er referred to as heat �ux), and the heat �ux, in 
turn, is proportional to the thermal conductivity and ΔT. 
�ese facts imply that the rate of temperature drop in a 
mixture is proportional to ΔT. Speci�cally, in FIG. 13, 
we can observe that the temperature drop rate in the 
mixture decreased in a circular curve from -3.0°C/h to 
-1.8°C/h in proportion to ΔT, over a span of 14 hours 
following the initial temperature drop when the mixture 
was poured into the container. We can observe then that 
the rate of temperature drop in the mixture gradually 
decreased from -1.8°C/h to -1.6°C/h until 19 hours had 
passed. �ese observations support the fact that the 
temperature drop rate in a mixture is proportional to ΔT. 
Furthermore, as ΔT relates to ΔTAir, the temperature 
drop rate in a mixture can be said to be in�uenced to a 
large extent by the outside temperature. However, during 
the second decrease in ΔT, despite an approximate 10°C 
increase in the outside temperature, the di�erence in the 
temperature drop rate was only 0.2°C/h, indicating a 
negligible e�ect. �e e�ect was believed to be small, as 
described above, because of the following reasons. �e 
in�uence of ΔTAir on ΔT was extremely small, and the 
area of the steel plate to be exposed to the outside air was 
small because of the special heat insulation material 
covering most of the container. In addition, the special 
heat insulation material of 70 mm was thick enough to 
mitigate the impact of the outside temperature to a small 
extent.
　As described above, even in sub-zero environments, the 
in�uence of changes in outside temperature on the 
container was extremely small, and the mixture was kept 

w a rm  i n  th e  c o nt a i n e r  f o r  7 . 9  h o ur s ,  w h i c h  i s  
approximately  �ve times long er than the t ypica l  
transportation time of 1.5 hours (see FIG. 9). �ese 
results suggest that the container can be an e�ective 
means for transporting a mixture over long distances.

4 . 3  E x a m i n a t i o n  o f  Te m p e r a t u r e  
Distr ibut ion across Cross-Sect ion and 
Points of Heat Dissipation Locations
　In FIG. 9, when comparing the average temperature of 
the reference cross-section shown by the orang e 
dashed-dotted line, the average temperature of the 
oblique cross-section shown by the green dashed line, and 
the overall average temperature of the mixture shown by 
the red solid line, the highest temperature is found in the 
reference cross-section. �is is followed by the oblique 
cross-section, and then the entire mixture. �e reason why 
the temperature at the reference cross-section is the 
hig hest is  believed to be due to the smallest heat 
dissipation area in the reference cross-section, which 
reduces the likelihood of heat dissipation from the 
mixture. In contrast, the reason for the lowest average 
temperature of the entire mixture is assumed to be the 
increased amount of heat dissipation due to the inability 
to install special insulation material in the gaps at the 
container loading and unloading gates of the container 
depicted in red circles in FIG. 14. �e simulation results 
re�ect this reason. Accordingly, it is considered that the 
in�uence of temperature drop due to the gaps between 
the loading and unloading gates of the container is 
limited for the mixture at the reference cross-section and 
the oblique cross-section.
　Furthermore, based on the temperature distribution 
a�er 21 hours of elapsed time presented in Table 4 and 
the temperature distribution on the mixture surface 
shown in FIG. 14 ,  we can see that the decrease in 
temperature of the mixture began at the corners of the 
container, while the center of the mixture remained with 
unnoticeable changes in temperature. �e reason for the 
small temperature drop at the center of the mixture can be 
attributed to its low thermal conductivity of the mixture. 
�e mixture has a low thermal conductivity of 1.25W/
(m•K) (see Table 3), similar to that of glass materials at 
room temperature (New Edition of �ermophysical 
Properties Handbook 8） ). Under this situation, the center 
of the mixture can be presumed to be covered with its 


