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*is paper aims to present a solubility model of physical blowing agent (PBA) for a kind of commonly used self-expanding
polymer on engineering. *e self-expanding polymer contains Component A (isocyanate) and Component B (polyhydric
alcohol, PBA, water, and catalyst). Component B grout of the polymer, which contains PBA, was heated to measure its
temperature and volume variations. Based on the principle of mass conservation and Clapeyron equation, the solubility
curve of PBA with respect to temperature was calculated. *e solubility curve was then applied to simulate the foaming
process. A two-component polymer grout foaming experiment was then carried out to verify the applicability of the
measured solubility curve. *e simulated changes of temperature and density with respect to time of polymer grout were
analyzed and compared with experimental results. *e error of both sets of curves is within 5%, which shows a good
agreement among them and proves the feasibility of the solubility model. *is study provides a relatively complete test and
verification process for the solubility model of PBA, which lays a theoretical foundation for both the polymer grouting
diffusion mechanism and engineering application.

1. Introduction

Grouting is an important method for antiseepage and re-
inforcement of engineering rock mass. It has been widely
used in water conservancy, transportation, mining, and
other fields. In recent years, a self-expanding nonaqueous
reactive polyurethane grouting material (namely, polymer)
and its high-pressure injection technique have developed
rapidly [1–5]. Polymer material is a popular process for
highway maintenance, tunnel disengaging repair, dam re-
inforcement, and other engineering fields due to its early
strength, high expansibility, and good durability advantages.
Polymer grouting has become one of the most characteristic
development directions in geotechnical engineering field
[6–9].

*e research on the diffusion mechanism of polymer
grout is significant for grouting design and construction.
Compared with the constant density grout such as cement
and sodium silicate, which are driven completely by static
pressure, the grouting mechanism of self-expanding

polymer is more complex. After the polymer grout is in-
jected, chemical reactions occur rapidly. As the reaction goes
on, a large amount of heat releases. *e PBA gradually
vaporizes with the increase of grout temperature, foaming a
large number of tiny closed-cell bubbles suspended in the
grout liquid. *is results in the continuous expansion of
grout. *e grout was driven to flow as well. Numerical
simulation on the chemical reaction process of polymer
grout is an important way to study its expansion and dif-
fusion mechanism. Obtaining the PBA solubility is one of
the prerequisites for numerical solution of polymer grout
expansion process.

Some scholars have conducted researches on the sol-
ubility model of PBA. Qian et al. [10] proposed a Flory-
Huggins solubility model. Tesser et al. [11–14] determined
the corresponding parameters of PBA such as CF3CH2F,
CF3CHF2, CF3CH3, and CH2F2. Gupta and Khakhar
[15, 16] established a solubility empirical formula for
n-pentane PBA according to a solubility model given by
V. K. Gupta. A. J. Rojas et al. presented a temperature-
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related solubility model. Rojas et al. [17, 18] presented
relevant parameters of this solubility model for CFC-11a
and HCFC-141b. *ese papers do not provide the specific
test and verification process of the solubility model of PBA;
instead, they just give the solubility model and its pa-
rameters directly. *erefore, it is necessary to conduct
complete test and verification process in combination with
different grout types.

In this paper, a two-component polyurethane engi-
neering grouting material was taken as the study object,
which involved the following steps:

(1) Component B grout was heated, and the solubility of
the PBA of polymer was tested according to the
temperature and volume of Component B grout

(2) *e solubility model was applied to the simulation of
chemical reaction process of polymer; the simulated
temperature and density curves with time are
obtained

(3) Carry out the foaming experiment of self-expanding
polymer grout to obtain its temperature and density
changes with respect to time

(4) *e applicability of the measured solubility curve
was verified by comparing the simulated value in (2)
with the experimental one in (3)

Figure 1 shows the general sketch of this research.

2. Chemistry Reaction Mechanism

*e self-expanding polymer material is mainly constituted
of isocyanate, polyhydric alcohol, blowing agent, water, and
catalyst. *ese materials are combined with two compo-
nents, called Components A and B. Component A consists
of isocyanate; Component B consists of polyhydric alcohol,
PBA, water, and catalyst.

*e blowing agent can be divided into physical
blowing agent and chemical blowing agent according to
the blowing principle. Water is the common chemical
blowing agent of polymer, which reacts with isocyanate to
produce carbon dioxide and promote grout polymeriza-
tion as well. *e commonly used physical blowing agents
are CFC-11, CFC-13, HCFC-141b, C5H10, and so forth.
With the increase of the grout temperature, the PBA
dissolved in the polymer grout gradually vaporizes. A
large number of tiny bubbles are generated and dispersed
in the grout. *is causes continuous grout expansion.
When studying the polymer diffusion mechanism, it is
necessary to calculate the number of bubbles during the
foaming process in order to accurately simulate the grout
expansion process [19, 20]. *erefore, establishing an
accurate solubility model of PBA in polymer grout is
needful.

*e chemical reaction of self-expanding polymer
grout is complex, mainly including two primary reac-
tions: gelling reaction and blowing reaction. Gelling
reaction refers to the reaction between isocyanate and
polyhydric alcohol to produce polyurethane, which is as
follows:

nNCO − R − NCO + nHO − R′ − OH

⟶ − O − R′ − O − CONH − R − NHCO n −.
(1)

Ignoring the effect of molecular diffusion, its chemical
reaction kinetic equation is

dXOH

dt
� AOH exp −

EOH

RT
 cOH,0 1 − XOH( 

· sNCO − 2sWXW − XOH(  1 + rBL
ρP

ρBL
+ rW

ρP

ρW

 

−1

.

(2)

Blowing reaction exists when water is used for the
chemical blowing agent of polymer grout. Water reacts with
isocyanate to form carbon dioxide, and the reaction equation
is

2R − NCO + H2O⟶ R − NH − CO − NH − R + CO2↑.
(3)

*e corresponding chemical reaction kinetic equation is

dXW

dt
� AW exp −

EW

RT
 cOH,0 1 − XW( 

· sNCO − 2sWXW − XOH(  1 + rBL
ρP
ρBL

+ rW
ρP
ρW

 

−1

,

(4)

where AOH and AW are the preexponential factor, EOH and
EW are the activation energy, ci,0 is the initial concentration
of each component, ci is the current concentration of each
component, and Xi is their fractional conversion:
Xi � ci,0 − ci/ci,0, sNCO � cNCO,0/cOH,0, and sW � cW,0/cOH,0. R
is the universal gas constant, T is the grout temperature, ri is
the mass fraction of each component, and ρi is their density
[21, 22].

Both gelling reaction and blowing reaction are exo-
thermic reactions. With the progress of chemical reaction, a
large amount of heat energy was produced, which causes
continuous temperature increase of grout system.

*e polymer satisfies the following energy balance
during the reaction process:

CP + rCO2
CCO2

+ rWCW + rBGCBG + rBLCBL 
dT

dt

�
(−ΔH)OHcOH,0

ρP
 

dXOH

dt
+

(−ΔH)WcW,0

ρP
 

dXW

dt

− λ −
drBL
dt

 ,

(5)

where Ci is the heat capacity of each component, (−ΔH)i
represents the heat of reaction, and λ is the heat of
evaporation.

On the macro level, the polymer grout can be regarded as
a homogeneous fluid composed of three liquids and two
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gases. *e liquid part consists of water, polyurethane, and
liquid PBA.*e gas part consists of gaseous PBA and carbon

dioxide.*e density of the polymer grout at any time is given
by

ρF �
1 + rBL,0 + rW,0

rCO2
1000RT/pMCO2

+ rBG1000RT/pMB + rBL/ρBL + rW/ρW + 1/ρP

, (6)

where ρBL is the density of the PBA in the liquid phase, ρW is
the density of water, and ρP is the density of polyurethane.
rBL,0 and rW,0 are the initial mass fractions of liquid PBA and
water, respectively, rBL is the current mass fraction of liquid
PBA (namely, solubility of liquid PBA), rBG is the current
mass fraction of gaseous PBA, and the relationship between
rBG and rBL is

rBG � rBL,0 − rBL, (7)

where rW and rCO2 are the mass fractions of water and
carbon dioxide, respectively. *ey can be calculated from
concentration and fractional conversion, which are as
follows:

rW �
cWMW

1000ρP
,

rCO2
�

cW,0XWMCO2

1000ρP(  − rCO2 ,D
,

(8)

where Mi is the molecular weight and rCO2,D is the initial
mass fraction of carbon dioxide.

It can be seen from equation (6) that the density equation
is closely related to rBG and rBL. *is further proved the
significance of obtaining an accurate PBA solubility model
for solving the polymer expansion process.

3. Test Method

Assuming that the PBA solubility in Component B is the
same as that in the mixture of Components A and B, in order
to eliminate the interference of carbon dioxide caused by
blowing reaction, the solubility test was carried out in
Component B grout.

*e changes of grout volume and temperature with
respect to time were obtained by heating Component B
grout. *e volume change, as well as the volume of PBA, can
be calculated as follows:

ΔV(t) � V(t) − V0, (9)

where ΔV(t) is the volume of the PBA at time t, V0 is the
initial volume of Component B, and V(t) is the measured
volume of Component B at time t.

*e Ideal Gas Law was put forward by Clapeyron in
1834, and the equation is

pV � nRT, (10)

where p is atmospheric pressure, R is the universal gas
constant with 8.31 J/(mol·k), and T is the temperature.

*e mole number of the gaseous PBA can be calculated
from equation (10) with T(t) andΔV(t), which were obtained
previously.

*e mass of the gaseous PBA at time t is obtained as
follows:

mBG � n(t) × MB, (11)

where n(t) is the mole number and MB is the molecular
weight of PBA.

Since the total mass of the PBA remains constant, the
mass of the liquid PBA dissolved in Component B at time t
can be obtained with

mBL � mB − mBG. (12)

Given the total mass of Component B grout with m, the
solubility of the PBA at time t can be calculated as
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Figure 1: General sketch of this research.
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rBL �
mBL

m − mB
, (13)

wheremB is the total mass of the PBA andmBL is the mass of
the PBA in the liquid phase.

By repeating the above steps, the solubility of the PBA
with corresponding temperature at each moment can be
calculated, so as to obtain the solubility curve of the PBA
with the change of temperature [23].

4. Test Process

In order to test the solubility curve of the PBA, the heating
and testing device of PBA is designed, as shown in Figure 2.
*e testing device consists of graduated metal measuring
cylinder, the temperature sensor, the induction cooker, and
so on. Component B grout was heated by the electromag-
netic heating.*e grout temperature increased after heating.
*e PBA vaporized and formed tiny bubbles distributed in
the grout, which caused the progressively grout expansion.

*e test of the solubility model of the PBA is mainly
divided into the following steps:

(i) Inject Component B grout into a graduated metal
measuring cylinder.

(ii) Turn on the induction cooker; the metal measuring
cylinder generates heat energy with the electro-
magnetic effect, which causes the expansion of
Component B grout.

(iii) Use the temperature sensor to read and record the
temperature value of Component B grout during the
heating process.

(iv) Read the height of the grout level of Component B
on the measuring cylinder at the same time; the
volume value of Component B grout can be cal-
culated according to the height value.

(v) Calculate the solubility of PBA corresponding to the
temperature according to the recorded temperature
and volume value; thus, the solubility model is
obtained.

*e conditions of the used polymer grout are as follows.
At the initial moment, the mass of the PBA in Com-

ponent B grout is 7.2 g, the molecular weight of the PBA is
116.9 g/mol, the mass of Component B grout is 372 g, the
initial temperature is 299.65 k, the volume of Component B
grout is 150 cm3, and the standard atmospheric pressure is
1.01325×105 Pa.

Figure 3 shows the volume and temperature variations of
Component B grout at different times. It can be seen that,
with the continuous temperature decrease, Component B
grout expands constantly. *is indicates that, during the
heating process, the vaporized PBA inside Component B
leads to the bubble formation and the grout expansion.

*e grout is estimated to be composed of a cylindrical
base and half of an oblate ellipsoid of revolution. Based on
this characteristic, Ireka et al. [24] proposed a calculation
method of grout volume, as shown in the following equation:

V(t) � πR
2
h1(t) +

2
3
πR

2
h(t) − h1(t) , (14)

where R is the radius, h(t) is the height from the bottom to
the highest point of the liquid level, and h1(t) is the height of
cylindrical base.

Figure 4 shows the schematic diagram of how to read the
grout height.

*e temperature change of Component B grout is dis-
played in Figure 5; it is obvious that the grout temperature
increases as time goes on.

Figure 6 shows the variation of volume with respect to
time of Component B grout. *e volume of grout increases
slowly from 0 s to 150 s. After 150 s, the volume increases
rapidly and gradually slows down.

*e curve of Component B grout volume change with
respect to the change of temperature was obtained according
to the method of part two, which is plotted in Figure 7. It
shows that the grout volume expands slowly at the beginning
and tends to be fast when the temperature reaches about
360 k.

Figure 8 is the calculation curve of the PBA with respect
to the temperature change. *e points and the curves
represent the real experimental value and the fitting value,
respectively. At the initial moment, the solubility of the PBA
decreases slowly with the increase of temperature. When the
temperature is greater than about 360 k, the solubility starts
to decrease rapidly.

*e fitting curve, which is shown in Figure 7, was fitted
with the experimental data. *e curve can be expressed by
the following formula:

rBL �

aT + b, T< 361.95,

cT
2

+ dT − e, 361.95≤T≤ 389.35,

0, T> 389.35,

⎧⎪⎪⎨

⎪⎪⎩
(15)

where a� −2.67781× 10−5, b� 0.02725, c� −7.26908×10−6,
d� 0.00478, and e� 0.75947.

5. Applicability Verification

*e following steps were applied to verify the solubility
model of the PBA:

Induction cooker

Temperature
sensor

Measuring
cylinder

Figure 2: Heating and testing device.
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(i) Carry out the foaming experiment of self-expanding
polymer grout to obtain its temperature and volume
changes with respect to time.

(ii) Obtain the curve of the polymer density change with
respect to time according to the volume change.

(iii) Use the solubility curve of PBA to simulate the
chemical reaction process of polymer. *e calcu-
lated value of polymer temperature and density
changes are gained according to simulation.

t = 0s

(a)

t = 147s

(b)

t = 206s

(c)

t = 227s

(d)

t = 252s

(e)

t = 266s

(f)

Figure 3: *e volume and temperature changes of Component B grout at different times.
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Figure 4: *e schematic diagram of grout volume reading.
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Figure 5:*e temperature change curve with respect to time of the
Component B grout.
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(iv) Compare the calculated temperature and density
variations with the corresponding experimental
results, respectively. *e measured solubility curve
of the PBA can be judged to be applicable if the
deviations are small.

*e two-component polymer foaming experiment was
carried out in a graduated measuring cylinder. Before
starting the experiment, the measuring cylinder was placed
on an electronic scale. *e temperature sensor was placed
inside the measuring cylinder. After a certain amount of
polymer grout was injected into the measuring cylinder, the
chemical reaction of the polymer grout occurred. *e liquid
height and the polymer temperature were recorded at dif-
ferent times. *e grout volume was calculated according to
the liquid height with equation (13). *e corresponding
density value could be obtained with the grout volume.

*e foaming process was recorded in real time, as shown
in Figure 9. It can be seen that the polymer begins to expand
rapidly after a few seconds of injection. *e grout tem-
perature increases quickly as well. After about 60 s, both the

rates of grout expansion and the temperature increase slow
down and eventually become stable. *e polymer mass
remains almost constant during the reaction process, which
is obvious in Figure 8. It indicates that the vaporized PBA is
still located in the mixture and does not overflow.

*e reaction process of two-component polymer grout was
then simulated numerically. Relevant parameters required for
numerical simulation are listed in Table 1. *e numerical code
was written by using the programming language, Fortran.

*e reaction temperature of the self-expanding polymer
grout was calculated by considering the formulas of two
chemical reaction kinetics equations with equations (2) and
(4) and the energy balance equation with equation (5). *e
Runge-Kutta method was adopted to calculate the equation
set. *e formula of polymer density is a function of tem-
perature, which is shown in equation (6). *erefore, the
polymer density at a certain time could be obtained after the
polymer reaction temperature was figured out.
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Figure 6: *e volume change curve with respect to time of the Component B grout.
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Figure 7: *e volume change curve of Component B grout with
respect to the temperature change.
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Figure 8: *e solubility curve of the PBA with respect to the
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Figure 10 shows the experimental and simulated results
of polymer grout temperature during the reaction process.
*e polymer grout temperature increases sharply at the
beginning of the reaction and then slows down. *e sim-
ulated temperature is higher than that of experiment from
about 25 s, but it gradually reaches agreement with the
experimental result later. At around 45 s, the difference value
reaches the maximum point; however, the error between the
two is still within 2%. *e simulated value is in good

agreement with the experimental value, which proves the
accuracy of the solubility model.

*e comparison between the experimental value and the
simulated value of polymer density is shown in Figure 11.
Before about 20 s, the polymer density drops quickly, and it
tends to be stable after that. *e experimental and simulated
curves are in a similar trend with respect to time. However,
the calculated density is a little bit greater than the exper-
imental value from 15 s to 25 s.*e biggest error between the

t = 5s

(a)

t = 18s

(b)

t = 26s

(c)

t = 32s

(d)

t = 56s

(e)

t = 260s

(f )

Figure 9: *e temperature and volume changes of polymer grout at different times.

Table 1: Relevant parameters required for numerical simulation.

Parameter Value Parameter Value
cOH,0 (mol·m−3) 4079.6 CP (J/kg·k) 1800
cNCO,0 (mol·m−3) 4557.7 CCO2 (J/kg·k) 836.6
cW,0 (mol·m−3) 294.7 CBL (J/kg·k) 1159
T0 (k) 300.75 CBG (J/kg·k) 1000
AOH (m3·s−1·mol−1) 2.7029 CW (J/kg·k) 4200
AW (m3·s−1·mol−1) 26.54 ρP (kg/m3) 1100
EOH (J·mol−1·k−1) 35195.707 ρBL (kg/m3) 1228
EW (J·mol−1·k−1) 42046.74 MB (g/mol) 116.90
(−ΔH)OH (J·mol−1) 77050 MCO2 (g/mol) 44
(−ΔH)W (J·mol−1) 86000 rBL,0 0.0196
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two is 5% at around 25 s. In general, the numerical simu-
lation result is close to the experimental result, which further
illustrates the applicability of the solubility model.

6. Summary and Conclusions

An accurate solubility model of PBA is the prerequisite for
studying the diffusion mechanism of self-expanding poly-
mer grout. *e main work and conclusion are summarized
as follows:

(1) *is paper provides a fast and effective way to ac-
curately obtain the PBA solubility model and its
verification process of polymer, which is more
complete than the previous researches.

(2) *e experiment of two-component polymer grout
was carried out to test the temperature and density
changes during the grout expansion process. *e
temperature and density values obtained by the
simulation are compared with the experimental
values. *e error between the simulated and ex-
perimental values is within 5%, which verifies the
applicability of the solubility model.

(3) As can be seen from the comparison figures (Fig-
ures 10 and 11), some biases still exist. *e main
reason for this phenomenon comes from the error of
heating experiment of Component B grout.

(4) *e solubility of different PBAs in the grout com-
posed with different raw materials is different. In this
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Figure 10: Comparison of the polymer reaction temperature.
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paper, only one of the commonly used polymers has
been studied. Further experiments of variety poly-
mers should be conducted to improve this research.

(5) *e research lays a theoretical foundation for both
the simulation analysis of diffusion polymer process
and the grouting mechanism study.

Nomenclature

Ai: Preexponential factor
Ei: Activation energy
ci,0: Initial concentration
ci: Current concentration
Xi: Fractional conversion
R: Universal gas constant
T: Grout temperature
ri: Mass fraction
ρi: Density
Ci: Heat capacity
(−ΔH)i: Heat of reaction
λ: Heat of evaporation
Mi: Molecular weight
p: Atmospheric pressure
Vi: Volume
n: Mole number
mi: Mass
hi: Height
Indices
OH: Hydroxyl group
W: Water
CO2: Carbon dioxide
NCO: Cyanate group
BL: Liquid phase of physical blowing agent
BG: Gas phase of physical blowing agent
B: Physical blowing agent
P: Polyurethane
F: Polymer grout foam.
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T. Chinyoka, and L. Kroll, “Computational modelling of the
complex dynamics of chemically blown polyurethane foam,”
Physics of Fluids, vol. 27, no. 11, pp. 113102–113192, 2015.

10 Mathematical Problems in Engineering


