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Abstract: Different formulations of foaming polyurethane grout offer controlled expansion rates. 

This is crucial for precision in filling voids without exerting excessive pressure on surrounding 

structures, which could potentially cause damage. This study focuses on the impact of composition 

on the expansion performance of tailor-made polyurethane grouting materials. Initially, multiple 

unknown chemical reaction kinetic parameters were identified by combining free expansion tests, 

which involved measuring density and temperature changes, with the particle swarm optimization 

algorithm. A numerical simulation, integrating chemical kinetic models and fluid flow equations, 

was established to replicate the free expansion process of polyurethane grout in a cup, aligning with 

our experimental results. Subsequently, we analyzed the polymerization process of polyurethane 

grout with varying compositions to determine the effect of composition ratios on grout expansion. 

Our findings reveal that the expansion ratio of foaming polyurethane is predominantly influenced 

by the concentrations of physical and chemical foaming agents, followed by isocyanate concentra-

tion. Polyol, in contrast, exerts a relatively minor influence. Furthermore, the solubility of the phys-

ical foaming agent in the grout determines both its maximum allowable concentration and its max-

imum contribution to volume increase. This study provides valuable insights for the design and 

selection of polyurethane grout components tailored to diverse applications. 
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1. Introduction 

Customized polyurethane grouting materials with varying expansion ratios have 

been widely developed for infrastructure rehabilitation, including applications in road 

maintenance, slab lifting, structure reinforcement, and underground anti-seepage [1–4]. 

The fundamental principle of polyurethane grouting lies in injecting a two-component 

polyurethane grout into specified locations, aimed at filling voids and cracks, waterproof-

ing, and enhancing load-bearing capacity. This process generates an expansion force that 

acts upon either the surrounding geological or environmental medium or the grout itself, 

facilitating the desired structural adjustments or repairs. 

Different formulations of foaming polyurethane grout lead to different expansion ra-

tios. It is essential to achieve the appropriate expansion ratio to ensure that the grout ef-

fectively fills voids without exerting excessive pressure on the surrounding structure, 

which could result in insufficient filling and potential damage to the original structure. 

Therefore, it is crucial to adjust the grout components according to the specific require-

ments for expansion performance in practical projects. 

Numerical simulation serves as a crucial method for investigating expanding polyu-

rethane foams. Typically, the polymer grout is regarded as a generalized Newtonian fluid, 

with the expansion process simulated as a fluid flow operation. Researchers have em-

ployed macro-scale computational fluid dynamics (CFD) and multi-scale modeling to 
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forecast the properties of polyurethane foam [5–7]. These methods connect large-scale 

fluid behavior with the minute interactions of bubbles. Despite these advances, the nature 

of foaming is complex, involving the interplay of liquid and gas, intricate chemical reac-

tions, and varied thermal processes, like heat transfer and phase changes. The simulation 

requires careful consideration of many factors, such as the pre-exponential factor and ac-

tivation energy parameters in kinetic equations, as well as parameters in solubility equa-

tions, each contributing to the complexity of the model. Researchers, such as Gerier [8], 

Lipshi� [9], Bouayad et al. [10], and Dimier [11], have conducted extensive experiments 

and thermal analyses to identify these parameters. To streamline this process, Raimbault 

[12] devised an analytical model that simplifies the identification of key parameters for 

curing kinetics and viscosity. Similarly, Jia et al. [13] refined the parameters for the solu-

bility model of the physical blowing agent, applying mass conservation and the Clapeyron 

equations. Abdessalam [14] took a different approach with an inverse identification 

method, which integrates data from dynamic rotational rhinometry and FOAMAT system 

tests with foaming simulations using the finite pointset method. This strategy aims to 

lessen the extensive labor involved in measuring numerous parameters that vary with 

different formulations. 

In the field of grouting engineering, the expansion characteristics have a significant 

impact on the mechanical properties. Yang et al. [15] utilized microcellular foaming tech-

nology, employing CO2 and N2 as co-foaming agents, to modulate the shrinkage behavior 

of hexamethylene diisocyanate (HDI)-based thermoplastic polyurethane (TPU) foam. 

They examined the influence of shrinkage rate, expansion rate, and cell size on the me-

chanical properties of the foam and found that the mechanical properties of TPU foams 

with a smaller shrinkage ratio are much higher than those with a larger initial expansion 

ratio and a similar final expansion ratio. Vipulanandan C et al. [16] investigated the curing 

process of hydrophilic polyurethane, focusing on how varying water–grouting ratios in-

fluence volume change. Their findings indicate a direct correlation between these ratios 

and the observed increases in pressure and temperature at peak curing. Sabri, M.M. et al. 

[17] manipulated the volume expansion ratio of expandable polyurethane resin by adjust-

ing the injected resin amount and examining the mechanical properties that ensured. This 

work culminated in establishing a stress–strain diagram at varying densities and expan-

sion ratios. 

Researchers have conducted investigations into the impact of certain components on 

both the foaming process of polyurethane and its mechanical properties. Zhuang et al. 

[18] observed that incorporating a chain extender into the TPU matrix enhances the 

branching of the molecular chain, resulting in an expansion rate and compressive strength 

of composite foam that are two to threefold that of the unmodified sample. Lai et al. [19] 

studied the effects of varying chain extender levels on the mechanical and foaming prop-

erties of thermoplastic polyurethane materials. Oppon et al. [20] explored the effect of 

preheating temperature on foaming duration and expansion rate, discovering that higher 

preheating temperatures reduce the time required for foaming and accelerate the expan-

sion rate. Karimi et al. [21,22] used the population balance equation to assess how different 

types and quantities of the physical blowing agent, along with water content, affect the 

density and temperature of polyurethane materials. Nofar et al. [23] extensively analyzed 

how the content of hard segments influences the foaming behavior of thermoplastic pol-

yurethane, revealing that an increase in hard segment crystallization during the saturation 

process restricts foam expansion. 

Despite extensive research on the chemical kinetic parameters and numerical simu-

lations of the polyurethane foam filling process for mold filling, studies on polyurethane 

grouting have predominantly focused on the diffusion and mechanical properties of pol-

yurethane grout with set components. The complexity of the formula and the operational 

environment introduce uncertainties in the numerical model of expansion behavior in 

polyurethane grouting projects. Currently, optimizing grout composition for desired ex-

pansion behavior largely depends on existing experience or experimental methods, which 
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are costly and inefficient. Consequently, a significant challenge remains in developing a 

numerical method of grout expansion that can accommodate polyurethane grouting with 

undetermined kinetic parameters. 

In this study, we conducted an investigation into the quantitative effect of composi-

tion ratios on the expansion properties of polyurethane grouting materials through nu-

merical simulation. Initially, a free expansion test of the grout was carried out to monitor 

changes in grout density and temperature over time. Subsequently, utilizing particle 

swarm optimization (PSO), we identified the chemical reaction kinetics parameters of the 

grouting materials and established material models for polyurethane. Building upon this 

foundation, we developed a numerical simulation to predict the expansion ratio and den-

sity of polyurethane grouting materials. Furthermore, an analysis was performed to assess 

the impact of different composition ratios, including isocyanate and polyol, as well as 

physical and chemical blowing agents, on expansion performance. This study serves as a 

fundamental step towards designing formulas for polyurethane grouting materials with 

desired expansion properties. 

2. Chemical Kinetic Parameter Identification 

The pre-exponential factor and activation energy are crucial parameters in the chem-

ical reaction kinetics equation of polymer grouting materials. These kinetic parameters are 

determined using a particle swarm inversion algorithm, which combines an energy con-

servation equation, chemical reaction kinetic model, and density model. Through contin-

uous optimization of particle swarm fitness, we were able to ascertain the pre-exponential 

factor and activation energy for our custom polymer grouting material through progres-

sive refinement. The optimization process concludes when the discrepancies in density 

and temperature between calculated and experimental values reach their minimum. 

These results provide a solid foundation for the numerical simulation of the polymer ex-

pansion process in subsequent steps. Figure 1 presents a schematic diagram of our re-

search, illustrating the application of the particle swarm inversion algorithm more clearly. 

 

Figure 1. Flow diagram of the particle swarm algorithm. 

2.1. Preparation of the Polyurethane Grouting Material 

In this study, a new type of polyurethane polymer grout was developed, which en-

hanced the identification of the chemical kinetic parameters through more obvious foam-

ing properties, and we established an accurate numerical model of the expansion process 

of polyurethane grout. Through a series of experiments and comparative evaluations, op-

timal raw materials and their proportions were identified. The primary components for 
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crafting this polyurethane grout encompass isocyanates, polyols, catalysts, blowing 

agents, foam stabilizers, and a selection of additional additives. 

Table 1 presents the selected raw materials and their precise ratios used to create the 

polymer grout via a one-step method [24]. To prevent the material from sticking to the 

container post-reaction, the inner surface of the container was lightly coated with lubri-

cating oil before beginning the experiment. At room temperature, the polyether polyol, 

foaming agent, foam stabilizer, and catalyst were combined in the container according to 

the specified proportions. Once thoroughly mixed, MDI-50 was quickly integrated, ensur-

ing rapid reaction and expansion to produce the polyurethane grout. The entire process 

was illustrated in Figure 2. 

Table 1. The ratio and strength of each component in the raw material of polymer grouting. 

Formulation Raw Material Source Mass (%) Strength 

Isocyanate MDI-50 

Wanhua, 

Yantai, China 

46.9 
Enhancing the flexibility and 

elongation. 

Polyols Polyether N220 43.6 

Reacting with diisocyanates, re-

sulting in flexible, hydrolysis-

resistant, heat-resistant linear 

polyurethanes. 

Foaming 

agent 

Physical foaming 

agent HCFC-141b 
6.2 

Low thermal conductivity in 

gases and highly compatible 

with polyols and isocyanates. 

Chemical foaming 

agent water 
1.4 

Low cost, non-toxic, non-flam-

mable, and no adverse effects 

on the ozone layer. 

Catalyst 
Catalytic agent 

A33 
1.4 

Causing the initial viscosity in-

creasing rapidly, enhancing the 

stability and flexibility. 

Foam stabi-

lizers 

Foam stabilizer 

AK8806 
0.5 

Good defoaming and foaming 

function and excellent thermal 

stability. 

 

Figure 2. Schematic diagram of preparing polyurethane grout. 

2.2. Free Expansion Test 

As shown in Figure 3 using a 62 mm diameter cylinder marked with a scale, we 

added the reactive raw materials in specified ratios at room temperature to conduct the 

free expansion experiment. The initial height of polyurethane mixture in the cylinder is 

represented by 0h . During the expansion, we continuously measured and recorded the 
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height and temperature of the grout, enabling us to calculate the volume expansion ratio 

and density changes. The shape of the grouting materials undergoes changes over time, 

with the volume initially approximated as a cylinder during the early stage of expansion. 

As the grouting materials expands to a certain extent, its outline becomes more prominent, 

and the upper convex part can be approximated as hemispherical [25]. Therefore, the vol-

ume expansion ratio of the grouting materials in both stages is as follows: 

2
1

2
0

2 2
1 1

2
0

( )

2
( ) [ ( ) ( )]

3

r h t

r h

r h t r h t h t

r h






 







 
 




 (1)

where r  is radius of the cylinder, ( )h t  is the height from the bo�om of the container to 

the highest point of the grouting at time t , and 1( )h t  is the height of the grouting cylin-

der at time t . 

The density of the grout at different times is determined by dividing its mass by the 

volume of expansion. Based on the energy balance equation, this experimental data lays 

the foundational groundwork for the subsequent inversion of the kinetic parameters of 

the polyurethane grout. 

  

(a) (b) 

Figure 3. Volume and temperature measurement during grout expansion: (a) t = 14 s; (b) t = 28 s. 

2.3. Chemical Reaction Kinetics Model 

The expansion process of polyurethane related to chemical reactions is complex, in-

volving several chemical reactions and intermediate products. It primarily encompasses 

two key chain growth reactions: the gelation reaction between isocyanate and hydroxyl 

groups, and the foaming reaction where isocyanate interacts with water. The chemical 

reaction can be represented as follows: 

O

R NCO + R' OH R NH C O R'

                                
                        ‖

- - - - - -  

(2)

2 2

                                                  O
                                                   
2R NCO + H O R NH C NH R + CO      

‖

 

(3)

To understand the foaming mechanism of polyurethane grout, it is essential to ana-

lyze the conversion rate and residual concentrations of reactants over time. This analysis 

enables the correlation of density, viscosity, and other physical parameters with the reac-

tant concentrations. Developing a detailed kinetic model of the polyurethane grout is, 
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therefore, crucial, with a focus on key parameters, such as pre-factor and activation en-

ergy. The reaction rates for both gelation and foaming are effectively determined by the 

changing concentrations of hydroxyl groups and water. Based on the principles of the 

Arrhenius equation, the kinetic equations for these reactions in the polymer paste are as 

follows [26,27]: 

0 0
0OH OH NCO W

OH OH OH W OH0 0
OH OH

exp( ) (1 ) ( 2 )
dX E C C

A C X X X
dt RT C C

        

 

(4)

0 0
0W W NCO W

W OH W W OH0 0
OH OH

exp( ) (1 ) ( 2 )
dX E C C

A C X X X
dt RT C C

        

 

(5)

where OHX  is the conversion rate of the hydroxyl component. OHA  is the pre-exponen-

tial factor of the gel reaction, m3/g equiv/s. OHE  is the activation energy of the gel reac-

tion, J/g mol. R

  

is the ideal gas constant. T  is the current temperature, K. 
OH

0C  is the 

molar concentration of the hydroxyl component at the initial time, mol/m3. 
NCO

0C  is the 

molar concentration of the isocyanate component at the initial time, mol/m3.
 W

0C  is the 

initial molar concentration of the water component, mol/m3. WX  is the conversion rate 

of the water component. WA  is the pre-exponential factor of the foaming reaction, m3/g 

equiv/s. WE  is the activation energy of the foaming reaction, J/g mol. 

For different chemical reactions, such as the gel reaction and foaming reaction of pol-

ymer grout, as well as polymer grout of different components, the pre-factor and activa-

tion energy are different, which usually means that the pre-factor and activation energy 

are calculated and solved by experiments [8]. In this paper, the inversion method was 

adopted to identify the pre-factor and activation energy of self-made polymer grouting 

materials. Based on the measured temperature and density data, the method used a par-

ticle swarm optimization algorithm to invert the chemical reaction kinetic parameters of 

polymer grouting, with fewer tests and high accuracy. 

2.4. Energy Balance Equation 

Both the gelation reaction and foaming reaction are exothermic reactions, while the 

physical foaming agent absorbs heat due to evaporation. The energy balance equation of 

expanding polyurethane grout under adiabatic condition is as follows [28]: 

   
2 2

O H 0 W , 0O H O H W W B L
P C O C O W W B G B G B L B L

P P

dd T

d t d t d t d t

H C H Cd X X d r
C r C r C r C r C 

 

                           

，
 

(6)

where PC  is the heat capacity of polymer grouting, 
2COC  is the heat capacity of carbon 

dioxide, WC  is the heat capacity of water, BGC  is the heat capacity of the gaseous phys-

ical foaming agent, BLC  is the heat capacity of the liquid physical foaming agent, 
2COr  is 

the mass fraction of carbon dioxide, Wr

 

is the mass fraction of water, BGr  is the mass 

fraction of the gaseous physical foaming agent, WH  is the heat of the foaming reaction, 

and   is the heat of the evaporation and absorption of the physical foaming agent. 

2.5. Material Properties of Polyurethane 

(1) Density model 

Polyurethane grout can be classified as a macroscopically homogeneous liquid, en-

compassing two distinct phases: a liquid phase and a gas phase. The gaseous components 

primarily originate from the evaporation of the physical blowing agent and the generation 

of carbon dioxide, factors which significantly contribute to alterations in density. The liq-

uid phase comprises both the reactants and the unreacted substances, such as 
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polyurethane and the liquid physical foaming agent that is dissolved in the mixture. Ac-

cording to references [6,29], the density of this system is expressed as follows: 

0 0
W BL

0
W BG WBL

W

W B BL W P

1

1g

r r

R Tr r RT rr
X

PM PM



  

 


   

 
(7)

where 
W

0r  is the initial mass fraction of water, 
BL

0r  is the initial mass fraction of physical 

foaming agent, gR   is the ideal gas constant, BGr   is the mass fraction of the gaseous 

physical foaming agent, BLr  is the mass fraction of the liquid physical foaming agent, Wr  

is the mass fraction of water, WM  is the molar mass of water, BM  is the molar mass of 

the physical foaming agent, BL  is the density of the liquid physical foaming agent, W  

is the density of water, and P  is the density of the polymer mixture. 

(2) Viscosity model 

The viscosity change in polymer grouting can usually be described by the Castro–

Macosko model [30], as follows: 

2
NCO NCONCO,gel ( )

NCO

NCO,gel NCO

( , ) exp( ) ( ) a bX cX
f

XE
T X

RT X X

   
 


 (8)

where NCO,gelX  is the conversion rate of isocyanate gel,   and 
E

R

  are the coefficients, 

and a , b, and c  are the viscosity model coefficients, with values of 1.5, 1, and 0, respec-

tively. 

(3) Thermal conductivity 

The equation for the thermal conductivity uses an empirical density-dependent ex-

pression obtained by Marciano based on Harper’s test [31,32]. The thermal conductivity 

formula is as follows: 

8 2 5 2 3
F F F

F 6 2 4 2 3
F F F

8.7006 10 8.4674 10 1.16 10 48kg/m

9.3738 10 7.3511 10 2.956 10 48kg/m

  


  

  

  

      
 

     
 (9)

where 
F

   is the thermal conductivity of the grouting, and 
F

   is the density of the 

grouting. 

(4) Solubility determination of HCFC-141b 

Following the methodology outlined by S.A. Baser [26], experiments were conducted 

to assess the emulsification temperature of the physical foaming agent at varying molar 

fractions, the results of which are illustrated in Figure 4. A linear relationship between the 

molar fraction BLx  of HCFC-141b within the mixture and the emulsification temperature 

BT   was established through fi�ing. The linear correlation coefficient was found to be 

0.91488. The linear correlation coefficient between the variables in the fi�ing function in-

dicates a strong fit. By utilizing the first-order function of the mole fraction in relation to 

the emulsification temperature, we can further elucidate the solubility model of HCFC-

141b, as follows: 

 
BL,02BL

BL,0

116.9 0.01078 d
d 700 d0.01078 2.62831
d

0                                                

T
T Tr tT

t
T T


  

 
   

(10)
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Figure 4. The relationship between HCFC-141b mole fraction and emulsification temperature. 

2.6. Identification of Pre-Exponential Factor and Activation Energy 

The particle swarm optimization (PSO) algorithm, initially introduced by Kennedy 

and Eberhart, is a stochastic search algorithm renowned for its straightforward implemen-

tation and robust global search capability [33]. Utilizing this algorithm, based on the meas-

ured temperature and density data, the pre-exponential factor and activation energy 

within the kinetic equation of polymer grouting material’s chemical reaction are identi-

fied. The procedural steps are as follows: 

(1) Define the population size n , the particle search space range and dimension d , 

learning factors 
1c  and 

2c , the iteration count t, and the convergence accuracy  . The 

search space encompasses the pre-exponential factor and activation energy. 

(2) Initialize the position and velocity of each particle in the population. Positions are 

randomly set within the estimated ranges for the pre-exponential factor and activation 

energy, expressed as xit = (AOH, EOH, AW, EW), i = 1: n. Particle velocities are also randomly 

generated in the form of vit = (vi1, vi2, vi3, vi4), i = 1: n, applicable to each particle. 

(3) Initialize the individual and group historical optimal values for each particle. Ini-

tial parameters for the polyurethane grouting material, such as the initial concentration of 

the hydroxyl 
OH

0C , isocyanate 
NCO

0C , and water component 
W

0C , the initial mass fraction 

of the physical foaming agent 
BL

0r , the initial density of the grout 
P

0  and its initial tem-

perature 0T , are inpu�ed. In the process of steps (1)–(3) above, the parameter values that 

need to be entered and set are shown in Table 2: 

Table 2. Particle swarm algorithm input value se�ing. 

Parameters Value Unit 

Particle 

swarm pa-

rameter 

n  The population size 60 / 

t The iteration count 50 / 

1c  Learning factors 
0.5 / 

2c  0.5 / 

Material 

parameter 

0

OH
C

 
The initial concentration of the hydroxyl 381.33 mol/m3 

0

NCO
C

 
The initial concentration of the isocyanate 3401.71 mol/m3 

0

W
C

 
The initial concentration of the water compo-

nent 
713.06 mol/m3 

0
BLr  

The initial mass fraction of the physical foam-

ing agent 
0.06726 / 

0
P  

The initial density of the grout 893.49 kg/m3 

0T  The initial temperature 301.15 K 



Materials 2024, 17, 1835 9 of 21 
 

 

The forward modeling serves as a key tool for resolving the chemical reaction kinetics 

and heat balance equations of polyurethane grout. Through this approach, we obtain 

time-dependent conversion rate of grout components and the variations in temperature 

at different times. The density model is then employed to calculate the grout density. To 

evaluate the fitness of the particles fit, we use the sum of the absolute deviations between 

the calculated and measured values of grout temperature and density at various time 

points. The formula for this calculation is as follows [34]: 

' '

1 1

m l
t
i k k j j

k j

f T T D D
 

      (11)

where Tk is the test temperature value, Tk՛ is the calculated temperature value, Dj is the test 

density value, Dj՛ is the calculated density value, k is the sequence number of temperature 

recording points, m is the total number of temperature recording points, j is the sequence 

number of density recording points, and l is the total number of density recording points. 

In accordance with the aforementioned methodology, the initial fitness value of each 

particle is calculated. This initial fitness value, denoted as fi0, is assigned as the initial his-

torical optimal fitness value fpi for each particle. Among these, the minimum value is se-

lected as the initial historical optimal fitness value fg for the group. 

(4) The iterative optimization process continues until either the maximum number of 

iterations is reached or the optimal historical fitness value of the searched population sat-

isfies the predefined accuracy criteria. Upon completion, the parameter set corresponding 

to the historical optimal fitness of the population represents the inversely derived chemi-

cal reaction kinetic parameters. An average of 10 inversion outcomes is considered as the 

final result. The initial parameter value ranges and the final inversion result are shown in 

Table 3. 

Table 3. Inversion results of the chemical reaction kinetics parameters. 

Kinetic Parameters 
The Range of the Initial Value 

Inversion Parameter Values Unit 
Minimum Maximum 

WA  20.996 30.776 25.571 m3/g equiv/s 

WE  35,810 40,120 38,998.51 J/g mol 

OHA
 2.0348 3.0048 2.471 m3/g equiv/s 

OHE
 35,400 39,400 37,015.27 J/g mol 

3. Numerical Simulation of Polyurethane Grout Foaming 

In the forward modeling of the polyurethane grout expansion process, the following 

assumptions are made: 

(1) The polyurethane grout is treated as a homogeneous fluid. 

(2) The grout maintains uniform mixing, ensuring consistent reaction rates and 

density throughout. 

(3) The reaction vessel is assumed to be thermally insulated. 

(4) Heat exchange between the grouting and the surrounding air is neglected. 

(5) The generated gas is assumed to completely enter the liquid mixture. 

3.1. Flow Control Equations 

Equation (12) is a mass conservation equation. The density of the expanding polyu-

rethane grout is subject to changes in both its temporal and spatial dimensions. These 

changes conform to the basic principle of mass conservation, expressed as follows: 

( ) ( ) ( )
0

u v w

t x y z

      
   

   
 (12)
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where ρ is the density, u is the velocity vector, and u , v , and w  are the velocity com-

ponents of the velocity vector u in the x , y , and z  directions, respectively. 

The grout satisfies the following momentum conservation equation in the expansion 

process: 

( )
( ) ( )

( )
( ) ( )

( )
( ) ( )

u

v

w

u p
u u S

t x

v p
v v S

t y

w p
w w S

t z


 


 


 

 
       

 
 

       
 

 
       

 

u

u

u

 (13)

where t  is time,   is the symbol of divergence, p  is the pressure on the fluid element, 

  is viscosity, and u , v , and w  are the components of the velocity vector u in the 

x , y , and z  directions, respectively. uS , vS , and wS  are the source terms in the x , 

y , and z  directions, respectively. 

Given the presence of both exothermic reactions and endothermic evaporation, ad-

herence to the energy conservation equation is essential, and it can be represented by the 

following formula: 

'
E( ) [ ( )] ( )E E p T Q

t
  


       


u  (14)

where the source term EQ  of the energy equation is used to describe the heat release of 

the chemical reaction of the polyurethane polymer grouting and the heat absorption of 

the physical foaming agent, which represents the heat generation rate of the internal heat 

source. The formula is as follows: 

0 0 0OH WF BL
E F OH OH W W V,BA F0

F

(
dX dX dr

Q H C H C h
dt dt dt


 


               (15)

where E  is energy, 'E  is the average energy,   is the weighted average of thermal 

conductivity, F  is the volume fraction of polyurethane polymer grouting, F  is the 

polymer density, and WH  and OHH  are the reaction heats of the foaming reaction 

and the gel reaction, which are 8.6 × 104 J/g equiv and 7.705 × 104 J/g equiv [27], respec-

tively. V,BAh   is the endothermic evaporation of the physical foaming agent, and the 

value is 2.068 × 105 J/kg [28]. 

In order to determine the concentration of the water and hydroxyl components, as 

well as the gasification rate of the physical blowing agent, three customized scalar 

transport equations are formulated as follows [29]: 

F OH F OH F Kim,OH

F F W F F W F F Kim,W

F F gas F F gas F F BA

( ) ( )

( ) ( )

( ) ( )

X X Q
t

X X Q
t

L L Q
t

  

     

     


   




   

 

   

u

u

v

 (16)

where the source terms Kin,OHQ , Kim,WQ , and BAQ  represent the conversion of the hydroxyl 

component and water component and the solubility of the physical blowing agent in pol-

ymer grouting with temperature and pressure, respectively. According to the kinetic 

Equations (4) and (5) and the solubility formula of blowing agent (10), the expression of 

the source terms Kin,OHQ , Kim,WQ , and BAQ  can be obtained, respectively, and expressed as 

follows: 
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Please refer to Appendix A for a comprehensive explanation of the parameters dis-

cussed in this paper. 

3.2. Verification of Numerical Simulation 

Figure 5 illustrates the numerical calculation process for the expansion behavior of 

polyurethane grouting, taking into account the influence of the chemical components. An 

open cup with filling grout was initially used as the physical model. The upper boundary 

is defined as the outlet, while the side and bo�om surfaces are designated as wall bound-

aries. The initial volume and density of polyurethane grout are known as V0 and 0, re-

spectively. The finite volume method is employed to discretize the solution domain. For 

this study, secondary development of the commercial software ANSYS Fluent 2021 R1 

was undertaken, which involved incorporating source terms into the energy equations 

and developing specific transport equations. The governing equations were solved utiliz-

ing the SIMPLE algorithm, second-order upwind scheme, and first-order time scheme. 

Figure 6 illustrates the simulated process of grout expansion under the specified working 

conditions. 

 

Figure 5. Numerical simulation flow diagram. 

 

Figure 6. Cloud chart of grout expansion over time. 
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Comparative analysis between the calculated and measured values of the grout den-

sity and temperature reveals significant insights. Figure 7 demonstrates that the grouting 

density diminishes over time, while the temperature increases and eventually stabilizes. 

It is evident from Figure 7a that the calculated densities are in substantial agreement with 

the experimental results. The final density calculation yielded 23.87 kg/m3, compared to 

the experimental finding of 25.47 kg/m3, indicating a relative error of 6.26%. The temper-

ature at the center of the polyurethane grout was measured and compared to the experi-

mental data, as shown in Figure 7b. The calculated temperature consistently matched the 

experimental data, with a final calculated temperature of 377.15 K, only 0.33% higher than 

the highest measured temperature of 376.90 K in the tests. The average relative error be-

tween the calculated and experimental results is 2.25%, indicating a strong agreement be-

tween them. The validity and applicability of the simulation model are verified. 

  

(a) (b) 

Figure 7. Changes in polymer grouting density and temperature at different times: (a) density; (b) 

temperature. 

4. Influence of Composition Ratio on Expansion Behavior 

In this analysis, the focus was on evaluating the effects of critical components on the 

expansion characteristics of polymer grouting at room temperature and atmospheric pres-

sure. Variables, such as isocyanate and polyol concentrations, the mass fraction of the 

physical foaming agent, and the concentration of the chemical foaming agent, were exam-

ined. The details of all numerical cases pertaining to this study are presented in Table 4. 

Table 4. Numerical cases. 

Serial 

Number 
Variable 

0
NCOC

/(mol/m3) 
0
OHC

/(mol/m3) 
0

BLr  
0
WC

/(mol/m3) 
0
NCOC

:
0
OHC

:
0
WC

 

1 Initial condition 3401.71 381.33 0.06302 713.06 1:0.112:0.21 

2 
0
NCOC

 

1360.68 

381.33 0.06302 713.06 

0.4:0.112:0.21 

3 2041.03 0.6:0.112:0.21 

4 2721.37 0.8:0.112:0.21 

5 
0
OHC

 
3401.71 

229.39 

0.06302 713.06 

1:0.067:0.21 

6 305.06 1:0.090:0.21 

7 457.59 1:0.135:0.21 

8 
0

BLr  
3401.71 381.33 

0 

713.06 1:0.112:0.21 9 0.03151 

10 0.09453 

11 3401.71 381.33 0.06302 356.53 1:0.112:0.105 
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12 
0
WC

 

499.14 1:0.112:0.147 

13 641.75 1:0.112:0.189 

14 784.37 1:0.112:0.231 

4.1. Effect of Isocyanate Concentration 

Figure 8 presents the evolution of the volume expansion ratio and density over time 

under various isocyanate concentration conditions, while Table 5 lists the corresponding 

final volume expansion ratio and density value. It is evident that the isocyanate concen-

tration exerts a pronounced effect on the expansion ratio of the grout. At isocyanate con-

centrations of 1360.68, 2041.03, 2721.37, and 3401.71 mol/m3, the expansion multiple 

change rates were, respectively, measured at 0.2276/s, 0.3483/s, 0.5426/s, and 0.6388/s. The 

resulting final volume expansion multiples were 32.04, 33.36, 34.44, and 35.17, with stabi-

lization occurring at 390 s, 180 s, 165 s, and 150 s, respectively. The la�er two conditions 

exhibited a similar volume expansion rate and final ratio, with the final volume expansion 

ratio decreasing from an initial 1.32 to 0.73. This trend indicates that an increase in isocy-

anate concentration led to a higher expansion rate in the grout, an increased final expan-

sion ratio, and a shorter stabilization time. However, a notable observation is the gradu-

ally decreasing incremental increase in the grout expansion at a higher isocyanate concen-

tration, implying an upper limit to the effective concentration of isocyanate in the reaction 

system. When this limit is approached, further increases in isocyanate concentration do 

not significantly alter the final expansion multiple of the grout volume. 

The reason behind this pa�ern lies in the fact that higher isocyanate concentrations 

enhance the interaction probability between the chemical foaming agent and isocyanate 

[29], leading to increased carbon dioxide gas production and heat release, thereby accel-

erating the expansion rate of the grout and raising the final volume expansion multiple. 

However, once the isocyanate concentration reaches a saturation point, further increases 

cease to have a substantial impact on the final volume expansion ratio of the grout. 

  

(a) (b) 

Figure 8. The effect of isocyanate concentration on the expansion multiple and density of high pol-

ymer grouting: (a) expansion multiple; (b) density. 

Table 5. The final volume expansion multiple and final density of the grout at different isocyanate 

concentrations. 

Serial Number 1 2 3 4 
0
NCOC

/(mol/m3) 1360.68 2041.03 2721.37 3401.71 

Final volume expansion multiple 32.04 33.36 34.44 35.17 

Final density/(kg/m3) 25.32 24.34 23.58 23.07 

Increase in final volume expansion multiple / 1.32 1.08 0.73 
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4.2. Effect of Polyol Concentration 

Figure 9 displays the volume expansion ratio and density of polyurethan grout over 

time under varying polyol concentrations, with the final values presented in Table 6. The 

red curve representing 381.33 mol/m3 in Figure 9 is covered by other lines because the 

volume expansion ratio and density of polyurethane slurry at different polyol concentra-

tions are similar. The analysis reveals that under four distinct working conditions, the 

volume expansion rate, stabilization time, and final expansion multiple of the polyurethan 

grout are comparatively uniform. Initially, the expansion rate is approximately 0.50/s, de-

celerating around 50 s, and stabilizing by 130 s, with the final expansion multiple averag-

ing around 33. Overall, the influence of the polyol concentration on the grout expansion 

process appears to be minimal. 

This phenomenon is primarily a�ributed to the role of polyols in the gel reaction of 

polyurethane materials. While an increased concentration of polyols can enhance the heat 

released during the reaction, thereby impacting the total volume change in the grout, it 

does not lead to additional gas production. Since the volume expansion in the reaction 

system predominantly arises from the carbon dioxide produced during the foaming reac-

tion and the gasification of the physical foaming agent, variations in polyol concentration 

do not bring about substantial changes in the volume expansion ratio of the grout. 

  

(a) (b) 

Figure 9. The effect of polyol concentration on the expansion multiple and density of high polymer 

grouting: (a) expansion multiple; (b) density. 

Table 6. The final volume expansion multiple and final density of the grouting under different pol-

yol concentrations. 

Serial Number 1 2 3 4 
0
OHC

/(mol/m3) 228.79 305.06 381.33 457.59 

Final volume expansion multiple 32.46 33.02 33.02 33.28 

Final density/(kg/m3) 28.01 27.53 27.53 27.32 

4.3. Effect of the Mass Fraction of the Physical Foaming Agent 

Figure 10 presents the grout volume expansion ratio and density trends over time 

under various physical foaming agent mass fractions, with the final results detailed in 

Table 7. The data clearly indicates that the physical foaming agent significantly affects the 

grout expansion process. In the absence of the agent, the volume expansion ratio of the 

grout changes at a rate of around 0.4477/s, achieving a final ratio of 21.71 and stabilizing 

at about 59 s. When the mass fractions of the physical foaming agent are set at 0.03151, 

0.06302, and 0.09453, the expansion rate of the grout changes to 0.4758/s, 0.6437/s, and 

0.6544/s, respectively, with final volume expansion multiples of 26.70, 34.14, and 42.87. 
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The increase in the final expansion multiple is directly proportional to the quantity of the 

physical foaming agent. Stabilization times under these conditions are observed at 78 s, 

86 s, and 100 s, respectively. When the mass fraction reaches 0.09453, it approaches the 

maximum solubility of the physical foaming agent in the mixture at room temperature. 

Here, the final expansion ratio is about twice that of grout without the agent, and the sta-

bilization time is approximately 1.7 times longer. In comparison, the grout without the 

physical foaming agent shows a slower expansion rate and a lower final expansion ratio, 

yet it stabilizes more quickly. An increase in the mass fraction of the agent results in a 

gradual rise in the expansion rate and final expansion multiple, but with a longer time to 

reach stabilization. 

The behavior can be a�ributed to the fact that an increased mass fraction of the phys-

ical foaming agent leads to a proportional rise in gas production from its gasification, en-

hancing the volume expansion ratio of the grout. The endothermic gasification process of 

the physical foaming agent means that larger additions result in more heat absorption, 

which slows the gasification process and reaction rates, thus delaying the completion of 

the chemical reaction and the stabilization time of the grout volume. 

  

(a) (b) 

Figure 10. The effect of the physical foaming agent mass fraction on the expansion multiple and 

density of polymer grouting: (a) expansion multiple; (b) density. 

Table 7. The final value of the volume expansion multiple and stabilizing time of the grouting under 

different mass fractions of the physical foaming agent. 

Serial Number 1 2 3 4 
0

BLr  
0 0.03151 0.06302 0.09453 

Final volume expansion multiple 21.71 26.70 34.28 42.87 

Increase in final volume expansion multiple / 4.99 7.58 8.59 

Stabilizing time/s 59 78 86 100 

4.4. Effect of the Chemical Foaming Agent Concentration 

Figure 11 shows the volume expansion ratio and density of grout over time under 

varying concentration of the chemical foaming agent, with Table 8 detailing the final ex-

pansion ratio and densities. The concentration of the chemical foaming agent under four 

different conditions were 356.53 mol/m3, 499.14 mol/m3, 641.75 mol/m3, and 784.37 mol/m3. 

The corresponding rates of change in the volume expansion rate were 0.333/s, 0.4887/s, 

0.8702/s, and 0.9236/s, with final expansion ratios of 21.84, 26.66, 37.75, and 39.32, respec-

tively. The reactions stabilized at 62 s, 54 s, 44 s, and 42 s, respectively. It is observed that 

as the concentration of the chemical foaming agent increases, there is a corresponding 
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acceleration in the change rate of the grout expansion ratio, an increase in the final expan-

sion ratio, and a decrease in the stabilization time. Similar curves for the two highest con-

centrations suggest an upper limit to the concentration of the chemical foaming agent. 

When this threshold is approached, further increases in concentration cease to signifi-

cantly influence the final expansion ratio of the grout. The volume expansion multiple 

curve under varying conditions features a notable turning point, marking the moment 

when the volume change stabilizes. Prior to this point, the grout volume expansion mul-

tiple increases approximately linearly with time. 

This phenomenon is explained by the fact that increasing the concentration of the 

chemical foaming agent accelerates the rate of carbon dioxide formation in the foaming 

reaction, and the increased heat release from reaction hastens the gasification rate of the 

physical foaming agent. This results in a gradual increase in the rate of change in the ex-

pansion ratio. Once the chemical foaming agent concentration reaches a certain level, fur-

ther increases lead to a diminishing change in the volume expansion ratio of grout [35]. 

  

(a) (b) 

Figure 11. The effect of the concentration of the chemical foaming agent on the expansion ratio and 

density of high polymer grouting: (a) expansion multiple; (b) density. 

Table 8. The final volume expansion multiple and density of the grouting at the concentration of the 

chemical foaming agent. 

Serial Number 1 2 3 4 

0
WC

/(mol/m3) 356.53 499.14 641.75 784.37 

Final volume expansion multiple 21.84 26.66 37.75 39.32 

Final density/(kg/m3) 37.12 30.42 21.49 20.66 

Increase in final volume expansion multiple / 4.82 11.09 1.57 

Reduction in final density/(kg/m3) / 6.70 8.93 0.83 

4.5. Analysis of the Influence of Various Factors on the Expansion Performance of Polymer 

Grouting 

Figure 12 presents the influence of changes in each component concentration on the 

expansion ratio of the grout under experimental conditions. It clearly shows that the mass 

fraction of the physical foaming agent and the concentration of the chemical foaming 

agent have the most pronounced effect on the final volume expansion ratio of the polyu-

rethane grout. The expansion ratios for these components span from 21.71 to 42.87 for the 

physical foaming agent and 21.84 to 39.32 for the chemical foaming agent, with influence 

ranges of 21.16 and 17.43, respectively. The isocyanate concentration has a relatively 
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smaller influence, with an expansion ratio range of 32.04 to 35.17 and an influence range 

of 5.68. The polyols concentration impacts the expansion ratio the least, with the upper 

limits of volume expansion ratio under the test conditions for each component being 42.87, 

33.28, 35.17, and 39.32, respectively. 

 

Figure 12. Sensitivity analysis of various factors on the final expansion multiple. 

In order to analyze the sensitivity of the grout expansion ratio to the changes in con-

centration of different components, we introduced j-iR  as the rate of change in the grout 

volume expansion ratio when the concentration of different components changed. The 

calculation formula is as follows: 

j i

j-i

i

S S
R

S


  (18)

where j-iR  is the change rate of the expansion ratio of the grout; jS  is the expansion 

ratio of the grout after the component concentration increases; iS  is the expansion ratio 

of the grout before the component concentration increases.  

According to the formula, the sensitivity of the grout expansion ratio to the concen-

tration of various factors is shown in Table 9. 

Table 9. Grout expansion ratio sensitivity factor to the component. 

Variable The Changes in the Component Concentration  Unit j-iR
 (%) 

0
NCOC

 

1360.68→2041.03 

mol/m3 

4.12 

2041.03→2721.37 3.24 

2721.37→3401.71 2.10 

1360.68→3401.71 9.76 

0
OHC

 

229.39→305.06 

mol/m3 

1.73 

305.06→381.33 / 

381.33→457.59 0.79 

229.39→457.59 2.53 

0
BLr  

0→0.03151 
/ 

22.98 

0.03151→0.06302 28.39 
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0.06302→0.09453 25.06 

0→0.09453 97.47 

0
WC

 

356.53→499.14 

mol/m3 

22.07 

499.14→641.75 41.60 

641.75→784.37 4.16 

356.53→784.37 80.04 

These results indicate that the mass fraction of the physical foaming agent and the 

concentration of the chemical foaming agent are the most influential factors in determin-

ing the final volume expansion ratio of the grout, followed by the isocyanate concentra-

tion. 

5. Conclusions 

This study focuses on a self-developed polyurethane polymer material, utilizing par-

ticle swarm optimization to identify the chemical reaction kinetic parameters of the grout 

based on free expansion test results. A chemical reaction model consistent with these re-

sults was established. Subsequent simulation analysis under different working conditions 

explored the impact of the composition ratio of isocyanate, polyol, and physical and chem-

ical foaming agents on the expansion performance of the polyurethane grouting material. 

The key findings include the following: 

(1) The final volume expansion ratio of the polymer grouting increases with increased 

concentration of isocyanate and the physical and chemical foaming agent within the ex-

perimental range. Notably, the mass fraction of the physical foaming agent and the con-

centration of the chemical foaming agent significantly affect the final expansion ratio. The 

sensitivity of the expansion ratio to the component proportion was evaluated by analyzing 

the rate of change in final volume expansion multiple. The sensitivity coefficients for phys-

ical and chemical blowing agents were 97.47 and 80.04, respectively, indicating a signifi-

cant impact. In contrast, the effect of isocyanate was relatively modest, with a sensitivity 

coefficient of 9.76, while the polyol concentration had minimal impact, with a sensitivity 

coefficient of 2.53. 

(2) The expansion rate of the grout progressively increases with a higher concentra-

tion of isocyanate and chemical foaming agent. However, the incremental rise in the final 

volume expansion ratio diminishes with the same concentration increment. Each of these 

components has an upper limit concentration. In our study, the upper limits of concentra-

tion ratio for isocyanate, polyol, and chemical the blowing agent are 1:0.112:0.231, respec-

tively. Beyond this threshold, there are minimal changes in the final volume expansion 

ratio. 

(3) The volume increase in the grout is directly proportional to the mass fraction in-

crease in the physical foaming agent. The solubility of this agent at a given ambient tem-

perature sets its maximum addition amount and, consequently, its maximal contribution 

to the volume expansion ratio of the grout. When the mass fraction of the physical foam-

ing agent is 0.09453, the solubility reaches its maximum. 

This research provides a preliminary insight into the influence of the composition 

ratio on the expansion characteristics of the grouting. This was preliminarily studied for 

self-made polyurethane polymer grouting materials. Future studies will delve into the 

influence of environmental pressure, temperature, and multi-factor coupling on the ex-

pansion process of polyurethane materials, aiming to guide the customization of polyu-

rethane grout with specific expansion performance in geotechnical engineering. 
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Appendix A 

Table A1. Formula symbol identification. 

Formula Parameter Definition 

The kinetic 

equations 

OHX  The conversion rate of the hydroxyl component 

OHA  The pre-exponential factor of the gel reaction 

OHE  The activation energy of the gel reaction 

R
 

The ideal gas constant 

T  The current temperature 

OH

0C
 

The molar concentration of the hydroxyl component at the 

initial time 

NCO

0C
 

The molar concentration of the isocyanate component at 

the initial time 

W

0C
 

The initial molar concentration of the water component 

WX
 

The conversion rate of the water component 

WA  The pre-exponential factor of the foaming reaction 

WE  The activation energy of the foaming reaction 

Energy balance 

equation 

PC
 The heat capacity of the polymer grouting 

2COC
 

The heat capacity of carbon dioxide 

WC
 

The heat capacity of water 

BGC
 The heat capacity of the gaseous physical foaming agent 

BLC
 The heat capacity of the liquid physical foaming agent 

2COr
 

The mass fraction of carbon dioxide 

Wr
 

The mass fraction of water 

BGr
 The mass fraction of the gaseous physical foaming agent 

WH
 The heat of the foaming reaction 


 

The heat of the evaporation and absorption of the physical 

foaming agent 

Material proper-

ties of polyure-

thane 

W

0r
 

The initial mass fraction of water 

BL

0r
 

The initial mass fraction of the physical foaming agent 

gR  
The ideal gas constant 

BGr
 

The mass fraction of the gaseous physical foaming agent 

BLr  
The mass fraction of the liquid physical foaming agent 

Wr  The mass fraction of water 
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WM
 The molar mass of water 

BM
 The molar mass of the physical foaming agent 

BL
 The density of liquid physical foaming agent 

W  The density of water 

P  The density of the polymer mixture 

NCO,gelX
 

The conversion rate of the isocyanate gel 

F


 
The thermal conductivity of the grout 

F


 
The density of the grout 

The particle 

swarm optimi-

zation algorithm 

n
 

The population size
 

d
 

The particle search space range and dimension
 

1c  Learning factors 
2c  
t
 

The iteration count 

ε
 

The convergence accuracy 

P

0
 

The initial density of the grout 

0T  The initial temperature 

Tk The test temperature value 

Tk′ The calculated temperature value 

Dj The test density value 

Dj′ The calculated density value 

Flow control 

equations 

ρ The density 

u  The velocity vector 

u , v , w  
The velocity components of velocity vector u  in the x , 

y , and z  directions 

t  Time 

  The symbol of divergence 
p

 The pressure on the fluid element 

E  Energy 

'E  The average energy 

  The weighted average of thermal conductivity 

F  The volume fraction of the polyurethane polymer grout 

V,BAh
 

The endothermic evaporation of the physical foaming 

agent 

References 

1. Zhao, L.; Wang, C.; Guo, C.; Ma, X.; Li, Z.; Du, X.; Jiang, W. Properties of Low-Exothermic polymer grouting materials and its 

application on highway. Constr. Build. Mater. 2023, 408, 133771. 

2. Wang, Y.; Shao, L.; Wan, Y.; Jiang, R.; Yu, X. Three-dimensional reliability stability analysis of earth-rock dam slopes reinforced 

with permeable polymer. Probabilistic Eng. Mech. 2023, 74, 103537. 

3. Guo, C.; Cui, C.; Wang, F. Case study on quick treatment of voids under airport pavement by polymer grouting. J. Mater. Civ. 

Eng. 2020, 32, 05020006. 

4. Arndt, B.; DeMarco, M.; Andrew, R. Polyurethane Resin (PUR) Injection for Rock Mass Stabilization; Federal Highway Administra-

tion Central Federal Lands Highway Division: Lakewood, CO, USA, 2008 

5. Özdemir, İ.B.; Akar, F. 3D simulation of polyurethane foam injection and reacting mold flow in a complex geometry. Heat Mass 

Transf. 2018, 54, 1281–1288. 

6. Ferkl, P.; Karimi, M.; Marchisio, D.L.; Kosek, J. Multi-scale modelling of expanding polyurethane foams: Coupling macro- and 

bubble-scales. Chem. Eng. Sci. 2016, 148, 55–64. 

7. Rao, R.; Mondy, L.; Noble, D.; Brunini, V.; Long, K.; Roberts, C.; Wya�, N.; Celina, M.; Thompson, K.; Tinsley, J. Density pre-

dictions using a finite element/level set model of polyurethane foam expansion and polymerization. Comput. Fluids 2018, 175, 

20–35. 



Materials 2024, 17, 1835 21 of 21 
 

 

8. Geier, S.; Winkler, C.; Piesche, M. Numerical Simulation of Mold Filling Processes with Polyurethane Foams. Chem. Eng. Technol. 

2009, 32, 1438–1447. 

9. Lipshi�, S.D.; Macosko, C.W. Kinetics and energetics of a fast polyurethane cure. J. Appl. Polym. Sci. 2010, 21, 2029–2039. 

10. Bouayad, R.; Bikard, J.; Agassant, J. Compressible flow in a plate/plate rheometer: Application to the experimental determina-

tion of reactive expansion’s models parameters for polyurethane foam. Int. J. Mater. Form. 2009, 2, 243–260. 

11. Dimier, F.; Sbirrazzuoli, N.; Vergnes, B.; Vincent, M. Curing kinetics and chemorheological analysis of polyurethane formation. 

Polym. Eng. Sci. 2004, 44, 518–527. 

12. Raimbault, C.; Laure, P.; François, G.; Boyer, S.; Vincent, M.; Choquart, F.; Agassant, J.F. Foaming parameter identification of 

polyurethane using FOAMAT® device. Polym. Eng. Sci. 2021, 61, 1243–1256. 

13. Jia, H.; Li, X.; Hao, M.; Li, Y.; Zhong, Y.; Zhang, B. Test Method for the Solubility Model of Physical Blowing Agent of Self-

Expanding Polymer. Math. Probl. Eng. 2021, 2021, 5566754. 

14. Abdessalam, H.; Abbès, B.; Li, Y.; Guo, Y.-Q.; Kwassi, E.; Romain, J.-L. Parameter identification and computational simulation 

of polyurethane foaming process by finite pointset method. Int. J. Mater. Form. 2016, 9, 85–100. 

15. Yang, C.; Wang, G.; Zhang, A.; Zhao, J.; Xu, Z.; Li, S.; Zhao, G. High-elastic and strong hexamethylene diisocyanate (HDI)-based 

thermoplastic polyurethane foams derived by microcellular foaming with co-blowing agents. J. CO2 Util. 2023, 74, 102543. 

16. Vipulanandan, C.; Kazez, M.B.; Henning, S. Pressure-Temperature-Volume Change Relationship for a Hydrophilic Polyure-

thane Grout. In Proceedings of the International Conference on Grouting & Deep Mixing, New Orleans, LA, USA, 15–18 Feb-

ruary 2012. 

17. Sabri, M.M.; Shashkin, K.G. The mechanical properties of the expandable polyurethane resin based on its volumetric expansion 

nature. Mag. Civ. Eng. 2020, 6, 9811. 

18. Zhuang, H.T.; Zhang, L.; Bao, J.B. Enhanced foaming behaviors and compression properties of thermoplastic polyurethane via 

constructing micro-crosslinking structure assisted by chain extender. Colloid Polym. Sci. 2022, 300, 851–859. 

19. Lai, J.; Huang, F.; Huang, A.; Liu, T.; Peng, X.; Wu, J.; Geng, L. Foaming behavior of polyamide 1212 elastomers/polyurethane 

composites with improved melt strength and interfacial compatibility via chain extension. Polym. Eng. Sci. 2023, 63, 1082–1093. 

20. Oppon, C.; Hackney, P.M.; Shyha, I.; Birke�, M. Effect of Varying Mixing Ratios and Pre-Heat Temperature on the Mechanical 

Properties of Polyurethane (PU) Foam. Procedia Eng. 2015, 132, 701–708. 

21. Karimi, M.; Marchisio, D.L. A Baseline Model for the Simulation of Polyurethane Foams via the Population Balance Equation. 

Macromol. Theory Simul. 2015, 24, 291–300. 

22. Karimi, M.; Droghe�i, H.; Marchisio, D.L. PU Foam: A novel open-source CFD solver for the simulation of polyurethane foams. 

Comput. Phys. Commun. 2017, 217, 138–148. 

23. Nofar, M.; Küçük, E.B.; Batı, B. Effect of hard segment content on the microcellular foaming behavior of TPU using supercritical 

CO2. J. Supercrit. Fluids 2019, 153, 104590. 

24. Ye, C. Study on preparation of reticulated polyurethane foam by one step method. Polyurethane Ind. 2017, 32, 33. 

25. Ireka, I.E.; Niedziela, D.; Schäfer, K.; Tröl�sch, J.; Steiner, K.; Helbig, F.; Chinyoka, T.; Kroll, L. Computational modelling of the 

complex dynamics of chemically blown polyurethane foam. Phys. Fluids 2015, 27, 85–92. 

26. Baser, S.A.; Khakhar, D.V. Modeling of the Dynamics of Water and R-11 blown polyurethane foam formation. Polym. Eng. Sci. 

1994, 34, 642–649. 

27. Baser, S.A.; Khakhar, D.V. Modeling of the dynamics of R blown polyurethane foam formation. Polym. Eng. Sci. 1994, 34, 632–

641. 

28. Seo, D.; Youn, J.R. Numerical analysis on reaction injection molding of polyurethane foam by using a finite volume method. 

Polymer 2005, 46, 6482–6493. 

29. Yu, Y. Numerical Simulation on Refrigerator Mold Filling Processes with Rigid Polyurethane Foams. Master’s Thesis, University 

of Science and Technology of China, Hefei, China, 2011. 

30. Castro, J.M.; Macosko, C.W. Studies of mold filling and curing in the reaction injection molding process. AIChE J. 1982, 28, 250–

260. 

31. Rojas, A.J.; Marciano, J.H.; Williams, R.J. Rigid polyurethane foams: A model of the foaming process. Polym. Eng. Sci. 1982, 22, 

840–844. 

32. Harper, C.A. Handbook of Plastics and Elastics; McGrAl-Hill: New York, NY, USA, 1975. 

33. Eberhart, R.C.; Shi, Y.H. Particle swarm optimization: Development, application and resources. In Proceedings of the Evolutionary 

Computation; IEEE Press: New York, NY, USA, 2001; pp. 81–86. 

34. Li, Y. Research on the Inversion of Chemical Reaction Kinetics Parameters of Polymer Slurries Based on Particle Swarm Opti-

mization Algorithm. Master’s Thesis, Zhengzhou University, Zhengzhou, China, 2020. 

35. Liu, Y.L.; Wang, L.; Pan, Z.Y.; Liu, F.Y.; Dou, Z.S. Preliminary study on the effect of density on the performance of water-foamed 

polyurethane rigid foam. Polyurethane Ind. 2020, 35, 23–25. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


