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CHAPTER I 

INTRODUCTION 
 

1.1  Statement of the problem 
The road structure consists of a base and a sub-base. The materials used in 

construction must be of high quality and follow construction standards, which can be 
examined from the laboratory test results. Settlement problems often occur with 
structures located on soft soils due to the consolidation of the soil mass. Excessive 
groundwater pumping is also a cause of subsidence (Peduto et al., 2020). Solving the 
settlement problem can be done in several ways, including cement or chemical 
injections to improve stiffness of clay layers. The use of lightweight materials as a 
substitute for soft soil and surface improvement with asphaltic concrete is an 
alternative means (Tanchaisawat et al., 2008; Youwai et al., 2011; Vardhanabhuti et al., 
2015; Wonglert et al., 2018; Lenart & Kaynia, 2019) . Each method has complex 
workflows and different budgets. 

Expanded polystyrene foam (EPS) is a lightweight material often used to solve 
the settlement problem because it is very light compared to the soil. The weight unit 
is in the range of 11.2 to 45.7 kg/m3 in accordance with ASTM D6817-07 (ASTM). A 
lightweight material decreased stress distribution within the soil mass. The applied 
stress lower than the yield stress of the material causes low deformation with less 
consolidation time (Youwai et al., 2011). Although expanded polystyrene foam is a 
powerful geomaterial, it is necessary to use butane (C4H10), flammable gas, in the 
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production process. Polystyrene (PS) expands with complex production procedures, 
causing the production process to be hazardous. Therefore, there is an attempt to 
develop a alternative safer lightweight materials for geotechnical and pavement 
applications (Sinnathamby et al., 2019). 

Polymeric foam, such as foam plastic, cellular plastic, or polymer foam, is a 
material that consists of solid and gaseous stages. The polymer foam can be 
manufactured from many polymers, such as polyurethane (PU), polystyrene (PS), 
polyisocyanate (PIR), polyethylene (PE), polypropylene (PP), ethylene-vinyl acetate 
(EVA), nitrile rubber (NBR), polyvinyl chloride (PVC), or other polyolefins. Polyurethane 
foam (PUF) dominates the world market, followed by PS and PVC foam ( Titow, 2001; 
Eaves, 2004; Lee, 2004) . Polyurethane foam is widely used in various industries, 
including lightweight construction materials. The first synthetic urethane was made in 
1849 by Wurtz. Otto Bayer developed polyurethane foams in 1937 based on Wurtz's 
discovery of the reaction between polyester and Ionescu (Ionescu, 2005; Szycher, 2006; 
Prisacariu, 2011; Sharmin & Zafar, 2012) from the reaction between the OH of the 
polyol and the NO group isocyanate, designated as "polymerization." ( Ionescu, 2005; 
Prisacariu, 2011). During the reaction, heat is also released. However, it is necessary to 
add more chemicals to improve the properties of PU foam for it to be appropriate 
according to the objectives of each type of work (Kausar, 2018) , such as improving its 
mechanical properties by adding cellulose and lignocellulose fibers (Coelho et al., 
2010; Otto & Moisés, 2017), micros fear glass or fiber (Yakushin et al., 2012; Marhoon 
& Rasheed, 2015 ; Serban et al., 2016), waste from egg shell, walnuts and hazelnuts 
and esparto fur (Antunes et al., 2011 ; Bry et al., 2016 ; Zieleniewska et al., 2016 ; 
Oushabi et al., 2017). The insulation improvement to control the heat can be done by 
adding carbon nanotube (Yan et al., 2011; you et al., 2011; he et al., 2013; Espadas-
Escalantte et al., 2017), graphene, carbon fibers (CNFS) or Fe3O4, Tio2, and Iron Oxide 
(Dolomanova et al., 2011; Hodlur & Rabinal, 2012; Mussatti et al., 2013; Zhang et al., 
2013; Yufei et al., 2015; Liu et al., 2016; Strankowski et al., 2016; Kim et al., 2017). 

In 2016, it was found that PU foam accounted for approximately 9% of the 
plastic used worldwide. In 2017, the amount of PU foam sold worldwide was worth 
up to 60.5 billion US dollars. In 2021, it was expected that PU foam in the polymer 
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foam market would be up to 29,357 thousand tons, worth 79 billion US dollars, and 
grow to 37,254 thousand tons in 2026, with a growth rate of 4.9% (Ionescu, 2005; Palm 
& Svensson Myrin, 2018; Statista Research Department, 2023). In 2020, polyurethane 
foam was expected to have the largest market share of all polymer foams, with a 
market share of approximately 51 percent. Currently, polyurethane foam has been 
used for a variety of purposes, including construction and automotive. Polystyrene 
foam had a 37% market share in 2020, most of which is used for packaging (Smithers, 
2023). Technological growth in many countries significantly contributes to the 
economic growth of many foam polymer industries such as automotive, building and 
construction, packaging, bedding, and furniture, for example, in building and 
construction areas. All of these things are contributing to the increasing demand for 
foam polymers. For the construction industry, there are 2 types of PU foam used: 
insulation and lightweight structure (sandwich panels). So far, many studies on 
engineering qualifications and behavior of PU foam has been reported, leading to its 
effective use. 

Witkiewicz and Zieliński (2006) studied the tensile strength and shear force of 
PU foam, which has two densities (16 kg/m3 and 62 kg/m3). The test results showed 
that both types of PU foam exhibited anisotropic behavior. Considering compressive, 
tensile, and shear strength, the PU foam, with a density of 62 kg/m3, is suitable for 
using as a lightweight rowing boat in shallow water, which is consistent with the study 
of Stirna et al. (2011), investigating the tensile and compressive strengths of the PU 
foam with 65–70 kg/m3 density. It was found that the tensile and compressive strengths 
increased when the PU foam density increased. In some cases, PU foam is used as a 
compound absorbing material for packaging to prevent product damage during 
transportation. The density is an essential factor for the mechanical properties and 
behaviors of rigid polyurethane foam because, under dynamic compression, modules, 
and plateau stress increase according to the increased density. It can be said that these 
values are a function of foam density (Walter et al., 2009). The load frequency, the 
material's orientation, and the temperature during the test also significantly influence 
behavior under compression. It was found that the foam cells stretched and exhibited 
anisotropic behavior. The bending of the strut that determines the edge of the foam 
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cells is the primary mechanism that controls the deformation and damage of the foam 
cells ( Ridha & Shim, 2008; Linul et al., 2013; Wiyono et al., 2016). PU foam has been 
added to create new materials or improve properties according to the purpose. 
Komurlu and Kesimal (2015) examined the compressive strength of artificial stone 
made from PU foam and mixed sand sediment in the ratios of 1/7, 1/8, and 1/9 to 
replace the lighter natural stone. The study found that all the ingredients provided 
compressive strength of more than 3 MPa with satisfactory impact resistance. Linul et 
al. (2018) studied on the compressive strength behavior of semi-rigid polyurethane 
foam reinforced by aluminum microfiber at 0, 0.5, 1.0, 1.5, and 2.0 percent of liquid 
foam weight. It was found that the compressive strength increased with the content 
of aluminum microfibers. Energy absorption increased by 61.81% and 71.29%, 
respectively, compared to the unreinforced case. Václavík et al. (2012) applied PU 
foam from demolished building to be used as aggregate in producing lightweight 
concrete to produce prefabricated parts. PU foam is digested by spinning with a high-
speed blade so that the PU foam size is not over 6 mm. It was found that lightweight 
concrete in its fresh state with 1,100 kg/m3 density had compression strengths of 2.9 
MPa and 5.1 MPa after 24 hours and 28 days. 

Nowadays, PU foam is also used as a grouting material for geotechnical 
applications to stabilize the soil by improving its essential properties, including shear 
strength, compressibility, water permeability. The basis of this method is similar to 
general cement grouting, but it uses two different chemicals: polyol and isocyanate.. 
Natural Soils with high organic matter content, such as peat soil, are greatly 
compressible. Using PU foam with a polyol and isocyanate ratio of 1:1 injected into 
the soil mass was found to decrease voids in the mass and resulted in reduced 
settlement (Mohamed Jais et al., 2019). Expansive soils that expand and cause swelling 
pressure can cause cracks within the soil mass. The PU foam could reduce the 
permeability of water through the soil mass and hence reduced their swelling ( Buzzi 
et al., 2007, 2008). For the sandy soil layer, Sidek et al. (2015) studied the influence of 
injected PU foam by varying the amount of PU foam in the range of 0–95% compared 
to the amount of sand in the samples. It was found that the compressive strength of 
sand increased with the amount of PU foam, which varied in the range of 20 kPa–500 
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kPa (10%–95%). Saleh et al. (2018) used polyurethane to improve the strength of 
marine soil in the laboratory by varying the amount of PU foam equal to 0%, 1%, 2%, 
3%, 4%, and 5% of clay weight. The uniaxial compressive strength test results showed 
that polyurethane could improve the shear strength of marine clay from 75 kPa to 250 
kPa (a 230% increase). It also reduces the accumulated stress on the soil from 5.18% 
to 2.92% (77% decrease). 

In addition, it was found that using PU Foam in soil nailing can increase the 
friction between the nail and the ground, reducing the subsidence of the ground before 
and after reinforcement from 5.33 mm to 2.002 mm and from 4.71 mm to 1.818 mm, 
respectively (Chun et al., 1997). For micro-pile applications, high-pressure injection of 
PU foam improved the response to ambient vibration, which affected the system's 
fundamental frequency and foundation behavior at small strains (Capatti et al., 2016; 
Valentino & Stevanoni, 2016). PU foam could improve bearing capacity and reduce 
compressibility of the pavement structure, which enhance the service life (Priddy et 
al., 2010; Vennapusa et al., 2016; Bagus, 2017; Mohamed Jais, 2017).  

The above information shows that PU foam will have a higher market growth 
trend in the future due to its wide range of applications. It has been used in various 
manufacturing industries and has started to play a role in the construction industry. It 
can be used as lightweight materials in buildings, heat insulating material and injection 
material for repair work.  

In this study, polyol and liquid diisocyanate were used for PU foam production 
under various influence factors: polyol content, polyol to diisocyanate ratio, 
temperature of mixing polyol and diisocyanate. The role of these factors on the 
compressive strength development was illustrated. The microstructural study via 
scanning electron microscopy (SEM) and energy dispersive X-Ray spectroscopy (EDS) 
was performed on the PU foam samples to investigate the structural changes with the 
influence factors. This study would yield the optimum ingredient to produce the cost-
effective PU foam. Finally, field investigation of the two studied road remedy projects 
using PU foam injection technique would be performed and the filed measurement 
data would be recorded and compared with simulated finite element results. All the 
studied results would be analyzed to develop a guideline for PU form injection 
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technique in Thailand, which will promote this technique as an effective solution 
alternative to conventional technique.   
 

1.2  Objectives of the study 
 This research has been undertaken with the following objectives: 

1.2.1 To investigate the effect of polyol content, polyol to isocyanate ratio, 
and mixing temperature of polyol and diisocyanate on the compressive strength and 
microstructure of rigid polyurethane foam (RPUF). 

1.2.2 To measure the performance of two road repaired projects using PU 
foam injection technique . 

1.2.3 To develop a guideline and code of practice for PU foam injection 
technique in geotechnical applications 
 

1.3  Organization of the thesis 
 This thesis consists of five chapters and outlines of each chapter are presented 

as follows: 
Chapter I presents the introduction part, describing the statement of the 

problems, the objectives of the study and the organization of the thesis. 
Chapter II  presents a literature review related to PU Foam, chemical 

development in production, applications in construction projects in the past, present 
and future trends. 

Chapter III presents the study results of the compressive strength of rigid PU 
foam (RPUF). Samples used in the study were prepared by mixing diisocyanate (d) and 
liquid polyol (p) and poured them into a PVC mold with a diameter of 7.5 cm and a 
height of 20 cm. During the reaction, the mold was closed to create a confinement-
limited state, resulting in a closed-cell structure of PU foam, a feature of rigid PU foam 
(RPUF). The study variables consisted of P contents of 23, 28, 34, 40, 45, 51, and 87 kg 
per 1 m3, p/d ratios of 0.8, 0.9, and 1.0, and p and d temperatures of 25 °C, 40 °C, 50 
°C, and 60 °C. The obtained RPUFs were trimmed to a size of 5 cm x 5 cm x 5 cm for 
compressive strength test using a universal testing machine (UTM). SEM and Energy EDS 
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were performed on the PU foam samples to examine the effect of p content, p/d 
ratio, and temperature of p and d on compressive strength and microstructure. 

Chapter IV presents the case studies data of solving the problem of road 
settlement and the connection point between approach slab and bridge using the PU 
foam injection technique in 2 patterns: shallow PU foam injection and deep PU foam 
injection. The case study of shallow PU foam injection included the settlement 
problem solving of the reinforced concrete pavement surface at the U-turn on rural 
highway number 3026, Sing Buri Province. The case studies of deep PU foam injection 
included 1) the settlement problem solving of connection between the road and 
bridge on Rural Road 4012, Chanthaburi Province. The holes that formed in the bridge 
neck were small but quite deep; 2) the settlement problem solving of the asphalt 
pavement on Highway 9 (Motorway), Bangkok Province. The soil beneath the pavement 
surface was found to be a loose sand layer with 2.7 meters thickness; and 3) the 
settlement problem solving of a pavement surface heading to Suvarnabhumi Airport. 
Cavities were found under the slab approach. For cost-effective construction, the 
remedy was the combined usage of PU foam and cellular lightweight concrete. The 
lightweight concrete was poured into the cavities to reduce the volume of the cavities-
filling material and then allowed it to harden before PU foam injection to completely 
fill the cavities. The current study results showed that the PU foam injection technique 
can effectively repair settled pavement surfaces at various damage levels. 

In addition, the researcher has proposed a code of practice (CoP) for applying 
the PU foam injection technique to solve the problem of road settlement based on 
engineering principles to be used as a minimum operating guideline. The guideline 
included methods for surveying physical characteristics, planning, safety measures, 
quality control, and preparing performance reports. This CoP can be extended to 
develop a working standard for relevant agencies such as the Department of Highways, 
the Department of Rural Roads, and the Department of Local Administration for 
repairing road settlement that will support the sustainable development of the 
country's transportation system. 

Chapter V presents the conclusion of each chapter and the overall 
conclusion. The suggestion for further study is also included in this chapter. 
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CHAPTER II 

LITERATURE REVIEW 
 

2.1  Introduction 
 Thailand is one of the fastest-growing developing countries among ASEAN 

countries. There has been a great deal of economic expansion and progress. Therefore, 
road infrastructure is essential to economic growth (Nikomborirak, 2004; DOH, 2012). 
Road construction is, therefore, a type of construction project that has continuously 
developed materials to reduce some limitations of traditional materials, such as 
increasing their bearing capacity, and reducing the weight of the material, etc. Road 
construction on soft soils with a high risk of subsidence of foundation soils resulting 
from the consolidation settlement caused by the heavy weight of traditional 
construction materials (Peduto et al., 2020). Therefore, using materials with high load-
bearing capacity and lightweight in construction for geotechnical engineering is 
necessary to overcome the above mentioned problems. 

 

2.2 Light Weight Material for Road Construction 
The issue of embankment failure is typically brought on by the foundation's 

poor bearing capability, which results in significant subsidence or movement of the 
embankment. The soft clay soil beneath the embankment generally causes this issue. 
Thailand has an area of soft clay covering up to 14,000 km2 around Bangkok and 
metropolitan area. The width of the estuary of the Gulf of Thailand from Ratchaburi 
Province to Chonburi Province is a distance of 140 kilometers, and the length extends 
north to Phra Nakhon Si Ayutthaya Province for a distance of 100 kilometers 
(Department of Rural Roads, 2009) as shown in Figure 2.1. 

This layer of soft clay is known as "Bangkok Clay". The precipitation of this soft 
clay layer is approximately 10–18 m thick and shaped like a basin (Moh et al., 1969). 
In general, soft clays are composed mainly of silty soil, clayey soil, or soils that contain 
organic matter (peat) and a high amount of moisture in the soil mass (Kamon & 
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Bergado, 1991). The undrained shear strength test results from the vane shear test at 
the same depth, even in different areas, differed by at most 10% (Eide, 1968; 1977). 
 

 
 

Figure 2.1 Area distribution and thickness of Bangkok soft clay (GERD, 2018). 
 
 Thailand has many highway construction projects on soft clay deposit. Stability 
issues arise when an embankment is too heavy for the soil beneath the foundation to 
support during road construction on this soft soil layer. Improvement methods may 
be implemented in several ways. In Thailand, popular methods are preloading with 
prefabricated vertical drains (PVD), geosynthetics reinforcement, pile, and soil-cement 
columns. Some may take a long time, and complex construction techniques with 
required specialized operators. 

In the 18th and 19th centuries, the only basic materials used in the building were 
wood, stone, brick, mortar, iron, and steel. Later in the 20th century, lightweight 
materials such as aluminum, magnesium, beryllium, titanium, titanium-aluminide, 
plastics, ceramics, and composites containing polymers, metals, and ceramics were 
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developed. The transportation, electronics, chemicals, and ceramics industries are the 
top four industries in terms of manufacturing in the US. (Campbell, 2012). Another 
method for resolving construction issues on soft soils has emerged due to the 
evolution of material development. This method reduces the load on soft soils rather 
than enhancing the foundation soils' bearing capabilities. This idea focuses on replacing 
traditional soil and stone construction materials with lightweight materials to build 
pavement structures. The foundation soil is also subjected to less vertical pressure 
when using lightweight materials. Additionally, it lessens the lateral pressure put on 
bridge approaches or retaining walls. Lightweight materials generally have a unit weight 
of less than 10 kN/m3 or slightly more. 

2.2.1  Air Foam Mixed Stabilized Soil (AMS) 
 Japan has a concept for promoting soil utilization in construction. 

Therefore, research has been conducted to improve the properties of low-quality soils 
so that they can be used continuously. Until the 1990s, Japan successfully enhanced 
the soil quality into a lightweight material called Air Foam Mixed Stabilized Soil, which 
may also be called "Air Foam Mortar." This can be achieved by mixing soil, cement, 
water, and chemicals that cause foaming (foam agents) to form a lightweight material 
weighing 6–12 kN/m3. Its compressive strength was in the range of 100–1,000 kPa, 
depending on the amount of cement or other cementinh agent used. In addition, this 
technique can also be used on sandy soil (Chen & Wang, 2003; Jamnonpipatkul et al., 
2009; Yang & Chen, 2016; Lim et al., 2017; She et al., 2018), such as embankment 
material and backfill material. AMS properties can be shown in Table 2.1. In a past 
study on AMS, Yajima et al. (1995) found that AMS with a cement mix ratio of 100 
kN/m3 had a compressive strength (qu) between 105 and 247 MPa. Hayashi (2000) 
found that AMS with a cement mix ratio of 200 kN/m3 had a compressive strength of 
570 to 2,240 kPa, showing that the compressive strength was proportional to the 
amount of cement used. Moreover, the development of compressive strength 
depends on curing time, where the modulus of deformation (E50) is about 150–300 
times the compressive strength. 
 
 



18 
 

Table 2.1 Properties of Air Foam Mixed Stabilized Soil Improved with Cement 
    (Mori, 2005) 

Properties value 
Unit Weight 

Compressive Strength 
Flowability 

Permeability 

6 – 12 kN/m3 
100 – 1,000 kN/m2 

16 – 20 cm 
10x10-5 – 10x10-6 cm/sec. 

  
   Hayashi (2002) studied the relationship between void ratio and 
consolidation pressure (p) under the 1D consolidation test on AMS samples incubated 
for 28 days and found that the yield stress was 1.19 qu (pc = 1.19 qu). This relationship 
was consistent with Tanaka and Terashi (1986)’s study (pc = 1.20–1.5qu). Hayashi et al. 
(2005) studied the relationship between the compressive strength and the California 
Bearing Ratio (CBR) of unsoaked and soaked AMS at 28 days of curing. Soaked and 
unsoaked had a significant relationship with uniaxial compressive strength.  
   Mori (2005) studied the settlement behavior of embankments built from 
AMS on soft soil layers constructed in Fukuoka, Japan. The AMS had a unit weight of 8 
kN/m3, and its compressive strength at 28 days was 400 kN/m2. After 13 months of 
construction, it was found that the subsidence of the embankment constructed from 
AMS was only 5–10 cm, while the embankment built from conventional material had 
a value of up to 123.5 cm. 

2.2.2  Expanded Polystyrene Block (EPS) 
 Foam block, or Expanded Polystyrene Block, also known as Geofoam, 

was developed by the Norwegian Road Research Laboratory (NRRL). In the 1960s, it 
was used as a lightweight material for construction and began to be used in 1972 as a 
lightweight material in road works around the bridge sections connecting roads in many 
projects. The settlement was satisfactorily reduced by replacing the 1 m-thick soft soil 
layer. By 1985, EPS foam became widely known, and approximately 10 years later, it 
was widely used, with 50% of EPS foam usage occurring in construction projects in 
Japan (Miki, 1996; Giuliani, 2020). In addition, Hotta et al. (1996) reported the 
performance of EPS foam under the magnitude of the earthquake of 6.6 to 8.1 on the 
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Richter scale and found no damage to EPS Foam in construction embankments. In 
Thailand, EPS foam has been used to repair the bridge approach due to the settlement 
of the road connecting Intercity Motorway No. 7 and the Bangna-Trad Highway. It is 42 
km southeast of Bangkok, which receives annual heavy traffic of about 9,300 vehicles 
per day (Malai et al., 2022). 

Generally, EPS foam is 1 m wide, 2 m long, and 0.5 m thick. Its unit 
weight ranges from 0.1 to 0.3 kN/m3 (Miki, 2001). Its compressive strength ranges from 
70 to 180 kPa, depending on the unit weight. The American Society for Testing and 
Materials (ASTM) defines the minimum physical properties of the materials listed in 
Table 2.2. Figure 2.2 shows the production process of EPS foam by softening the 

polystyrene resin by continuously heating it in the form of steam at 90–100C and 
then adding a blowing agent, pentane gas (C5H12) for polystyrene plastic pellets to 
expand. After that, the inflated foam beads are kept in an airtight silo to allow the 
pentane inside to release both the internal pressure and the atmospheric pressure 
simultaneously. Only 2% of the volume comprises polystyrene; the remaining 98% is 
air. Then the foam beads are injected into the mold and compressed with a steam 

pressure of 100–110C to melt and compact the foam. Figure 2.3 shows polystyrene 
and polystyrene expansion due to blowing agents and EPS foam from the production 
process.  
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Table 2.2 Physical Property of Geofoam according to ASTM D6817 (ASTM, 2017) 

 
 
 

Property EPS12 EPS15 EPS19 EPS22 EPS29 EPS39 EPS46 

Density 
pcf 

kg/m3 
0.70 
11.2 

0.90 
14.4 

1.15 
18.4 

1.35 
21.6 

1.80 
28.8 

2.40 
38.4 

2.85 
45.7 

Compressive 
Resistance  

at 1% 
deformation 

Psi 
kPa 

2.2 
15 

3.6 
25 

5.8 
40 

7.3 
50 

10.9 
75 

15 
103 

18.6 
128 

Compressive 
Resistance  

at 5% 
deformation 

Psi 
kPa 

5.1 
35 

8.0 
55 

13.1 
90 

16.7 
115 

24.7 
170 

35.0 
241 

43.5 
300 

Compressive 
Resistance  

at 10% 
deformation 

Psi 
kPa 

5.8 
40 

10.2 
70 

16.0 
110 

19.6 
135 

29.0 
200 

40.0 
276 

50.0 
345 

Elastic  
Modulus 

Psi 
kPa 

220 
1500 

360 
2500 

580 
4000 

730 
5000 

1090 
7500 

1500 
10300 

1860 
12800 

Flexural 
Strength 

Psi 
kPa 

10.0 
69 

25.0 
172 

30.0 
207 

40.0 
276 

50.0 
345 

60.0 
414 

75.0 
517 

Water 
Absorption 

by total 
immersion 

Volume 
% 

4.0 4.0 3.0 3.0 2.0 2.0 2.0 

Oxygen Index 
Volume 

% 
24.0 24.0 24.0 24.0 24.0 24.0 24.0 

Buoyancy 
Force 

Pcf 
Kg/m3 

61.7 
990 

61.5 
980 

61.3 
980 

61.1 
980 

60.6 
970 

60.0 
960 

59.5 
950 
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Figure 2.2 EPS-geofoam manufacturing process (Elragi 2000) 
 

 
 

Figure 2.3 Three important forms of EPS (Hangzhou Fuyang Longwell Industry,2018) 
 

 Choo et al. (2007) studied the use of EPS foam as a filling material over 
pipes and found that EPS could reduce lateral force by up to 90% and vertical force 
by 17–30%. Bartlet and Lingwall (2014) studied the protection of underground pipes 
and structures by using EPS foam to solve the problem of ground settlement, using 
soil as fill material four times. Sayadi et al. (2016) studied the effect of EPS particles 
on fire resistance, thermal conductivity, and the compressive strength of lightweight 
concrete foam (LWC). They found that foam concrete with a large amount of EPS had 
low thermal conductivity with high fire resistance and compressive strength. In 
addition, applying LWC helps reduce the load on the structure, thereby reduces the 
impact of earthquakes. 
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 However, despite its lightweight nature, EPS foam can be used in various 
applications. But with a production process that requires pentane (C5H12) or, in some 
cases, butane (C4H10), which is the same gas group as LPG, as a blowing agent and has 
a highly complex production process, EPS production is hazardous without suitable 
precautions. When exposed to sunlight for an extended period, EPS blocks are easily 
burt and may shatter, not able to withstand some substances, including saturated 
aliphatic hydrocarbons, fuel water (hydrocarbon), oxidizing solid acids, fuming sulfuric 
acid organic solvents, etc. (Department of Rural Roads, 2009). If there is an accident on 
a road where EPS foam is used for construction and a vehicle fuel leakage occurs, 
there is a high chance that the road structure will be damaged. Therefore, the use of 
EPS foam for pavement construction is limited and must be used cautiously. 
 

2.3  Polyurethane 
 A polyurethane-containing polymer (-NHCOOH) in a molecular chain was first 

found in the 1930s by Otto Bayer et al. It is sometimes referred to as polycarbonate 
(Komurlu & Kesimal, 2012, 2014). Polyols and diisocyanates with equal weights, 
functionally acceptable values, and additional substances containing reactive 
hydrogen atoms in the molecular structure make up the polyurethane structure. Figure 
2.4 displays the overall chemical structure of polyurethane. Figure 2.5 depicts the 
reaction between the dioxide and the diisocyanate. Later, in the 1950s, they began to 
use more polyurethane by preparing polyurethane from toluene diisocyanate (TDI) and 
polyester polyol, which was used to make flexible foam and later invented to use 
polyether polyol instead. Polyester polyol, from which the invention of polyurethane 
came, has a wide range of properties and is widely used today (Walker & Rader, 1988; 
Pimpan, 2004; Ionescu, 2005). 
 

 
 

Figure 2.4 General structural characteristics of polyurethane (Herrington and Hock, 1997) 
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Figure 2.5 Polyurethane synthesis reaction (Ashida, 2005) 
 
The general structure and differentiation of polyurethane species depend on 

the nature of the alkyl groups (R and R). In addition, the alkyl group is the 
differentiating unit of each polyurethane. In addition, the structure of the alkyl group 
can be used as a trend indicator for polyurethane properties. Based on the general 
structure of the repeat unit, it can be divided into two segments: the soft segment 
(containing the diol group) and the hard segment (containing the diisocyanate group). 
As shown in Figure 2.6, polyurethane exhibits this behavior because the -C-O-C- in the 
diol portion is flexible, while the -NH-CO- from the diisocyanate has high stiffness. 
Then, in addition, the lower elastic bond angle also results in the formation of 
hydrogen bonds from the functional groups of this segment. 

However, the two alkyl groups' chemical structures affect softness and 
hardness differently. However, more than two functional groups have been added. 
Then, as depicted in Fig. 2.7, thermoset polyurethane will be created. This plastic can 
be worked into a sticky solid and then softened until it resembles a sponge in texture. 
It can be employed in different applications, from fibers to artificial rubber to adhesives 
or coatings (Herrington & Hock, 1997; Ashida, 2005). 
 

 
 

Figure 2.6 soft segment and hard segment in polyurethane chemical structure 
(Herrington and Hock, 1997). 
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Figure 2.7 Thermoset polyurethane synthesis reaction (Ashida, 2005). 
 
Polyurethane, often called PU, can achieve a wide range of properties due to 

the molecule's ratio between diol and diisocyanate. The high content of the 
diisocyanate groups gives polyurethane high strength, so polyurethane with such a 
structure can be said that, at high temperatures, it is a thermosetting plastic. At low 
temperatures, it is artificial thermosetting plastic with very high strength, chemical 
resistance, and abrasion resistance. Therefore, it is used in many applications, such as 
car seats, furniture, insulators, and heat and cool containers. Furthermore, as a 
component of ships to reduce weight, etc., 

In addition, polyurethane can be prepared as an elastomer, commonly used 
as solid tires, shoe soles, and oil-resistant rubber because it can withstand much 
friction, has good flexibility, and has good resistance to solvents and oils. PU foams 
can be classified into two main categories: flexible polyurethane foam and rigid 
polyurethane foam (in some cases, it can also be produced as a semi-rigid foam), with 
the properties shown in Table 2.3 (Herrington & Hock, 1997; Ashida, 2005; Szycher, 
2013; Gama et al., 2018). 

1) Flexible Polyurethane Foam  
Flexible PU foam has a molecular structure. Its density ranges from 10–80 

kg/m3. The foam has an open-cell structure. This allows air to flow easily through the 
structure. This flexible polyurethane foam has high tensile strength and resistance to 
many solvents. PU foam in a dry state can withstand heat up to 150 degrees Celsius. 
It is commonly used in the light industry, furniture, car seats, car headrest pillows, car 
steering wheels, car spoilers, various cushioning materials, etc. 
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2) Rigid Polyurethane Foam 
Rigid PU foam has a large amount of reticular molecular structure. The cell 

is a closed cell type. The walls of the gas bubbles within the foam remain structured. 
Therefore, the movement of gas bubbles cannot occur. This type of foam has chemical 
properties similar to flexible PU foam. It has good heat-insulating properties and can 
also withstand the corrosion of oil and gasoline, with a foam density of more than 30 
kg/m3. Rigid PU foam is mainly used as insulation (insulator) in refrigerators and the 
construction of cold storage walls. Hot and cold storage containers are also used as 
ship components to reduce ship weight and improve buoyancy. 
 
Table 2.3 Classification of different types of polyurethane foam (Ashida, 2005). 

polyol Rigid foam Semi-rigid foam Flexible foam 
     OH No. 
     OH Equivalent No. 
Functionally 

Elastic Modulus at 23 c 
     MPa 
     lb/in2 

350-560 
100-160 
3.0-8.0 

 

700 

100,000 

100-200 
280-560 
3.0-3.5 

 

70-700 

10,000-100,00 

5.6-70 
800-10,000 

2.0-3.1 
 

70 

10,000 
 

Chemicals or raw materials used in the production of PU foam can be 
classified into two main groups: 

1) Polyol 
Ninety percent of the polyols used in industrial production are polyether-

type polyols, an essential raw material in polyurethane structures. There are three 
hydroxyl groups. Polyurethane products with unique properties can be produced by 
using polyester-based polyols. However, polyester is more expensive than polyether. 
Therefore, the selection of polyols must consider the size and flexibility of the 
structure. Quality function (functionality) is the amount of isocyanate and the number 
of hydroxyl groups per polyol and the degree of reticular formation in molecules. 
Functionality value controls the stiffness and flexibility of the polymer; the stable foam 
requires a rigid molecular structure, requiring a polyol with a high level of net structure. 
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Nevertheless, polyols with a low degree of mesh formation are required for flexible 
foams. Polyols have been developed that can completely react with isocyanate and 
produce polyurethane with good properties. Characteristics of polyols needed for the 
polyurethane production industry are summarized as shown in Table 2.4. 

2) Isocyanate 
The type of isocyanate can determine the physical and chemical properties 

of polyurethane. Two types of isocyanates are commonly used: toluene diisocyanate 
(TDI) and diphenylmethane diisocyanate (MDI). Approximately 90 percent of the 
isocyanate used in industry is MDI. 

(1) Toluene Diisocyanate : TDI at room temperature is available in the 
liquid or crystalline state. It has a melting point of 22 degrees Celsius, reacts with water 
at temperatures above 50 degrees Celsius, and reacts violently with acid bases and 
alcohol, which poses a fire and explosion risk. Upon decomposition by combustion, 
the 2,4-toluenediamine is formed which is a dangerous substance for humans  

(2) Diphenyl Methane Diisocyanate : MDI at room temperature has a 
solid-state melting point of 37°C. It reacts violently with acids, bases, and alcohols, 
making it vulnerable to fire and explosion. When decomposition occurs in combustion, 
hydrogen cyanide, nitrous vapors, and carbon monoxide are produced, which affect 
human health. Produced from precursors such as aniline and formaldehyde, the 
product is polymeric MDI, which is used in producing polyurethane foam. In addition, 
in the production process of polymeric MDI, purified MDI can be isolated and used as 
a base chemical for further improvement of properties. 

The most common isomer in polyurethane foam production is a 4,4-
diphenylmethane diisocyanate. Figure 2.8 and Table 2.5 show the molecular structure 
of polyurethane foam. Diphenylmethane diisocyanate and the physical and chemical 
properties of TDI and MDI, respectively. 
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Figure 2.8 Molecular structure of diphenylmethane diisocyanate (Ashida, 2005). 
 
Table 2.4 Polyol specification (Szycher, 2013). 

Characteristic 
Elastomer Foam and 

Flexible foam 
Solid Foam and Rigid 

foam 
Molecular Weight Range 
Functionality 
Hydroxyl Value Renge 

1,000 to 6,500 
2 to 3 

28 to 160 

100 to 1,200 
3 to 8 

250 to 1,000 

 
Table 2.5 Physical and chemical properties of TDI and MDI (Szycher, 2013). 

Properties TDI MDI 
State 
Color 
Smell 

Molecular Weight 

Boiling Point, C 

Melting Point, C 
specific gravity 

liquid, crystalline 
white to light yellow 

fruity 
174.16 

251 
22 

1.22 

solid, sheet 
white light yellow 

no smell 
250.3 
314 
37 
1.2 

 
2.4  Polyurethane Synthesis Process 

 The polymerization is the process of creating substances with large molecules 
from substances with small molecules (monomers). Polymerization reactions will 
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occur under various conditions, such as catalysts, temperature, pressure, etc., resulting 
in different polymers. Both natural polymers and polymers synthesized by 
polymerization reactions can be classified into two types: 

1) Addition polymerization : This reaction occurs with unsaturated 
monomers such as ethylene, propylene, acrylonitrile, and styrene, with the suitable 
catalyst and temperature to break the double bonds. Then neighboring molecules are 
boneded until larger molecules have longer polymer chains. The reaction continues 
until the monomer is gone. This type of reaction takes place in which the carbon 
double bond is lost without any loss of atoms, so no other byproducts are formed.  

2) Condensation polymerization : This reaction takes place with a 
monomer with two functional groups on the left and right sides to condense with 
neighboring molecules on both sides and extend the chain length. Small molecules, 
such as H2O, NH3, HCl, and CH3OH, are removed from the reaction. Examples of 
polymers produced by this reaction are polyester, polyurethane, and polyamide. 

2.4.1  Polyurethane Foam Synthesis Reaction 
 The idea behind the creation of PU foam is that when a prepolymer 

with a N=C=O group at the end of the molecule is exposed to moisture (H2O), it can 
react to create a material with the N=C=O group. It produces urea (-NH(C=O)OH). The 
urea-bound polymer occurs simultaneously with the presence of air bubbles in the 
workpiece as it decomposes to carbon dioxide (CO2). The prepolymer self-
condensation from carbon dioxide gas breakdown occurs simultaneously with the 
carbon dioxide (CO2) foaming process. 

 Therefore, these two reactions compete, with the condensation 
reaction yielding urea bonds. This can cause linking reactions next to the isocyanate 
group remaining at the end of the prepolymer, resulting in the polyurethane foam that 
hardens before carbon dioxide forces the polymer to break down until it cannot 
maintain its shape. The key to controlling the appearance of the foam that occurs as 
rigid foam (or flexible foam) will depend on the diol substrate structure used. 

 If using polyether polyol, it tends to have soft foam. In addition, if a 
prepolymer with a high isocyanate group content is used (e.g., one molecule contains 
more than two isocyanate groups), there will be a chance to obtain cross-bonds or 
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high levels of intermolecular linkage. In addition, the number of hydroxy groups in the 
polyol has the same effect. A polyol with large hydroxyl groups, such as a polyhydroxy 
polyol, will produce a solid foam. 

2.4.2  Polymerization Reaction 
 2.4.2.1 The first (1st ) reaction of an isocyanate is divided into three 

parts: 
(1) Reaction of isocyanates with polyols 

 R-NCO  + R-OH → R-NH-COO-R' 
 Isocyanate               Hydroxyl      Urethane 

 
 The reaction between diisocyanates and polyols is an 

exothermic polymerization. The polymerization rate depends on the molecular 
structure of isocyanates and polyols, especially aliphatic polyols with hydroxyl groups. 
Primary polyols reacted with isocyanates about ten times faster than polyols with 
secondary hydroxyl groups. 

  The reaction rate of phenol with isocyanate is prolonged and 
the resulting polyurethane will decompose back to the substrate quickly. When 
heated, this reverse reaction is called “blocked isocyanate”. 

(2) Reaction of isocyanates with water 

           R-NCO  +  H2O →  [R-NH-COOH]   →  R-NH-CO-R +  CO2 
                                Isocyanate  Water  Cabamic Acid Amine Carbon  Dioxide 
 
 The reaction between diisocyanate and water yields the 

resulting product: Urea, and carbon dioxide, which are the immediate reactions of gas 
foaming in manufacturing flexible polyurethane foam. The initial product forms 
carbamic acid and breaks it into amines and carbon dioxide 

(3)  Reaction of isocyanates with amines 

 R-NCO     +     R-NH2     →     R-NH-CO-NH-R 
           Isocyanate       Amine               Urea 
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Diisocyanates react with primary and secondary amine compounds, especially 
diamines. The reactivity of amines increases with base activity, and aliphatic amines 
are more active than aromatic amines. 

2.4.2.2 The Second (2nd ) reaction of isocyanate 
 Under optimal conditions, isocyanates may react with hydrogen 

atoms. Biuret and allophonic bonds are formed in urea and urethane molecules, 
respectively. The urea group will develop more quickly and at lower temperatures 
than the urethane group. 

            R-NCO     +     R-NH-CO-NH-R     →     R-N-CO(NH-R-CO-NH-R 
           Isocyanate           Urea         Biuret 

RNCO     +     R-NH-CO-O-R     →     R-N-CO(NH-R")-CO-O-R 
           Isocyanate            Urethane                      Allophanate 

 

2.5  Enhancement of Properties and Use of Polyurethane Foams 
 Although polyurethane foams (PUFs) have good properties, they can be used 

in various applications. However, PUFs must be improved and developed following 
current operating conditions, including mechanical properties, thermal insulation, and 
thermal stability. Reaction to fire and sound-absorbing properties, susceptibility to 
mold in wet environments, and electrical conductivity can be improved by using fillers 
in the mixture, thereby increasing the range of applications of conventional PUFs. 

Beyond the building, construction, and automotive industries are radar 
absorbers, electromagnetic interference (EMI) suppression, oil absorbers, sensors, fire 
protection, shape memory or biomedical materials (Kausar, 2017).  

2.5.1  Mechanical Properties 
 The mechanical properties of PUFs are often the first to be considered 

in deciding applications. When considering strength, PUFs are suitable for almost all 
applications, which can be customized to meet the purpose of use as appropriate. The 
use of different types of fillers and nano-fillers, such as cellulose and lignocellulose 
fibers (Silva et al., 2010 ; Otto et al., 2017 ) , glass fibers, glass microspheres, or glass 
fibers (Yakushin et al., 2012 ; Ibrahim Marhoon & Kais Rasheed, 2015 ; Serban et al., 
2016), eggshell waste (Zieleniewska et al., 2016), dates particles (Oushabi et al., 2017), 
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Walnut and Hazelnut Shells (Bry´skiewicz et al., 2016 )  and Esparto wool (Antunes et 
al., 2011 )  can be used to improve the structural and mechanical properties of PUFs. 
However, it will affect the thermal and electrical properties. 

The use of carbon-based nanoparticle fillers, such as expanded graphite 
(EG), carbon nanotubes (CNTs), graphene, and carbon black, can be used to improve 
mechanical properties and reduce weight, power, and production costs (Kausar, 2018). 
Incorporating these particles into PUFs is known to enhance the mechanical efficiency 
of the particles (Athanasopoulos et al., 2012; Gama et al., 2017; Kim et al., 2017; Gama 
et al., 2018 ) .  However, the mechanical performance of these composite PUFs also 
depends on the amount used. Particle size and whether fillers are included in the cell 
wall  

 

 
 

Figure 2.9 Compressive stress-strain curves of PUFs-EG foams (Gama et al., 2017). 
 
  Gama et al. (2017)’s findings on the physical characteristics of bio-
PUF/EG composites revealed that there is no linear link between the increase in EG 
and the composite material's Young modulus (E), toughness, or compressive stress 
(10%). Figure 2.9, which depicts the relationship between stress and strain, 
demonstrates how decreasing the compressive strength by 0.75 Mpa while increasing 
the EG content is possible. This results from the foam's microstructure being altered 
by EG during the foaming process, as seen in Figure 2.10. The matrix fillers' alignment 
and the cross-linking density of the matrix polymer decreased. 
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Figure 2.10 SEM images of PUF-EG-0.00 (a), PUF-EG-0.25 (b), PUF-EG-0.50 (c), PUF-EG-

0.75 (d), PUF-EG-1.00 (e), PUF-EG-1.25 (f), PUF-EG-1.50 (g), PUF-EG-2.00 and 
(h), PUF-EG-2.50 (Gama et al., 2017). 

 
2.5.2 Thermal Regulation 

 The insulating capacity of PUFs depends on the cell structure, with 
closed-cell foams having thermal insulation properties. At the same time, open-cell 
foam is ideal for acoustic insulation applications. Due to the different sizes of foam 
cell aggregation and morphological ridges, PUFs with an average cell size of less than 
0.5 mm have a slight heat transfer capacity (Boetes, 1984; Diamant, 1986). Closed cells 
can trap heat and store it in the cell and are, therefore, often used in industrial 
refrigeration and sandwich panels for building walls (Lee & Ramesh, 2004). Hard and 
soft segments In PUFs, the thermal conductivity coefficient (or k) ranges from 
approximately 0.1–0.3 W.m-1.K-1 and 0.0146 W.m-1.K-1 (Clemitson, 2008; Thermal 
Conductivity of Common Materials and Gases, 2023). The heat transfer mechanism is 
caused by three parts: conduction, convection, and radiation (Cunningham & Hilyard, 
1994), as shown in Equation 2.1 and Figure 2.11. 
 

k = kconduction + kconvention + kradiation            (2.1) 
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Figure 2.11 Mechanism of heat transfer of polymer foam (Jang et al., 2008). 
 
  However, properly managing the foaming process could enhance PUF's 
thermal insulation qualities. Additionally, the amount of heat gained or lost from or to 
the environment decreases, and energy savings are more effective if a heat-retaining 
substance is added to the PUF (Sarier & Onder, 2007; Sarier & Onder, 2008; You et al., 
2008; Alkan et al., 2012; Rostamizadeh, 2012; Tinti et al., 2014; Yang, 2015). For 
instance, expanded graphite (EG) increases carbon-based materials' properties, such as 
corrosion resistance, flame retardancy, machinability, and cost competitiveness with 
metalloid fillers (Meng & Hu, 2008). 

2.5.3  Reaction to Fire 
 Evaluation of the ability of materials to exhibit fire resistance behavior 

can be classified as either fire resistance, which refers to how well a material can 
maintain its properties when exposed to fire, or fire reactivity, which refers to the 
development and spread of fire. During a fire, PUFs produce toxic fumes, namely 
carbon monoxide (CO) and hydrogen cyanide. Inhaling these gases can cause serious 
health problems or even death (Chattopadhyay & Webster, 2009). 

 When a material ignites, heat is generated. One important parameter 
used to assess the reactivity of material further is the heat release rate (HRR), expressed 
in terms of the amount of heat generated per unit area and time, with the adequate 
heat of combustion being the ratio of the amount of heat generated per unit area and 
time. Released to the measured mass loss rate at a point and is related to volatile 



34 
 

gases generated during combustion (Chung, 2009; Qian et al., 2014; Zhou et al., 2018;). 
PUFs have been developed to resist continuous reactions to fire for safe use. 

 Wen-Hui Rao et al. (2018) studied the synthesis of novel polyester 
polyols from dimethyl methylphosphonate and diethanolamine via transesterification. 
Significant unit flammability was found to be used as a flame retardant in flexible PUFs. 
Renata Lubczak et al. (2018) studied the production of boron-containing PUFs using 
oligoetherol as a retarder. The results showed a high oxygen index (24.7%) and high 
heat resistance. In addition, these materials showed good mechanical resistance before 
and after annealing at 175 °C. Xu et al. (2018) studied the production of rigid PUFs 
using a nanostructured additive mixture (zinc oxide (ZnO), zeolite, and montmorillonite 
(MMT)) and phosphorus flame retardants (ammonium phosphate (APP) and dimethyl 
methyl phosphate (DMMP)). It was found that the thermal release rate (HRR) of PUF 
added with zeolite, DMMP, or APP was 91 kW.m-2, which is lower than 56% of smooth 
foam and below 26% of foam filled with DMMP/APP. 

 Expanded graphite (EG) is widely used as a flame retardant in PUFs. 
When exposed to heat, EG forms low-density "worm"-like structures on the surface of 
PUFs that prevent heat transfer and oxygen consumption. It is a heat barrier and 
impedes the diffusion of oxygen. It prevents further material degradation, which 
provides good fireproof performance (Huang et al., 2017). The presence of EG can thus 
reduce the mass loss rate and increase the residual mass of PUFs after combustion. 
Moreover, this filler expansion causes the flame to suffocate, and the tiny carbon layer 
that forms there limits the heat and mass transfer from the polymer to the heat source. 
This expansion is caused by a redox process between H2SO4 (inside the graphite layer) 
and the gas-forming inner graphite surface. According to the reaction in Equation 2 
(Modesti, 2002). 

 

C + 2H2SO4 → CO2 + 2H2O + 2SO2                      (2.2) 
 

 According to Lorenzetti et al. (2017) the HRR caused by the heat shield 
generated by the expansion of the EG due to the gas attributable to EG was reduced 
by the influence of the expansion volume and the interfering agent on the EG flame 
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retardant in PUFs. The combustible gas, produced by the redox reaction of EG, is 
diluted. In addition, due to its chemical and structural characteristics, breakdown, an 
endothermic process, absorbs the heat produced during burning. EG can decrease the 
EHC value, stop combustion, and release heat when the matrix breaks down into a 
gaseous product. According to Jarosinski et al. (2009) some of the byproducts produced 
by flame retardants are to blame for this. This could remove the radicals formed from 
the matrix and stop the original combustible components from igniting. 

2.5.4  Sound Absorption Properties 
 In addition to excellent physical properties, PUFs have good sound 

absorption properties. It is often used in theaters, offices, sound studios, and many 
other applications due to the cavity, opening, or joints inherent in the structure 
(Diamant, 1986). When sound waves flow through the porous cells of the flexible foam, 
the friction between the airflow and the cell wall converts sound energy into thermal 
energy (Najib et al., 2011; Del Rey et al., 2012; Zhang et al., 2012). Determine the energy 
absorbed when a sound wave strikes a material in terms of the ratio of the sound 
absorbed (Wabs) to the sound incident (Winc) (Kleiner & Tichy, 2004; Jahani et al., 
2014).  

 The effectiveness of sound absorbers is also a result of a balance 
between the reflection of a small amount of sound and a large amount of sound 
dispersion. Foams with open and closed cell structures have different sound 
absorption mechanisms. The open-cell foam acts as a porous absorbent. In closed-
cell foam, it acts as a membrane absorber. In addition, in rigid polyurethane foam, the 
sound-absorbing behavior is related to the mechanical properties of the pore structure 
(Li & Crocker, 2006; Benkreira et al., 2011; Del Rey et al., 2012; Jahani et al., 2014;).  

 Producing PUFs with sound-absorbing performance can be achieved by 
adding certain materials to alter the cell structure; for example, studies have identified 
the possibility of using liquid coffee grounds and CG-derived foam as sound-absorbing 
materials. Tiuc et al. (2016) and Gama et al. (2017) studied improving the sound-
absorbing properties of rigid PU foam by incorporating textile waste. The homogeneity 
of the material is challenging to achieve. The influence of mechanical properties on 
the cell structure on the sound absorption coefficient was not discussed. The role of 
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fillers is essential for good absorption properties. Moreover, it does not have to be a 
PU network. Celebi and Kucuk (2012) used leaf fibers to prepare rigid and flexible 
foams. Although this filler significantly impacts the sound-absorbing properties of 
flexible foams, it has little effect in the case of solid PUFs. 

2.5.5 Other Properties and Applications 
 In addition to using PUFs as insulators for sound absorption or as 

lightweight parts such as building walls, the properties of PUFs in biological applications 
were also improved. Because the material is biocompatible and has biological stability 
and mechanical properties, PUFs can be used in biomedical applications. For example, 
composite breast implants covered with polyester and rigid PUFs are used for bone 
fixation. The elastomeric material used in cardiovascular applications is used as a 
central venous catheter. Vascular grafts, heart valves, breast prostheses, eyeball 
transplants, or drug delivery systems (Johnson, 1977; Motokucho et al., 2018) However, 
for biomedical applications, the material must have excellent biocompatibility. 

 Johnson (1977) and Davim (2012) have reported that the biostability of 
polyester-based PU is unstable in water and an oxygen environment; even polyether-
based PU is unstable in vivo but can improve its stability. Biodegradation of PU by 
using polysiloxane and polyolefins. In addition, the surface modification of PUs by 
adding nanoparticles such as graphene, graphene oxide (GO), and carbon nanotubes 
(CNTs) enables PUs to be widely used in biomedical applications such as structures in 
soft tissue engineering. Bio-fluid adsorption or bio-catalytic air filters with high pH 
resistance, solvent resistance, or high temperature (Sivak et al., 2009; Singhal, 2013; 
Kausar, 2017; Alves et al., 2022). 

 PUFs are also used in electrical engineering as conductive or insulating 
materials (Apyari et al., 2012; Mittal, 2014). Argin and Karady (2008) studied the 
dielectric strength of broken foams. Using three different AC voltages and lightning 
impulses under different humidity and temperature conditions, PUFs were found to 
have two- to three-times better dielectric strength than air. Conductivity in electronic 
devices such as communications, computing, or automation has increased. 
Electromagnetic interferences (EMI) lead to pollution; to reduce this pollution, 
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composite PUFs proved to be one of the best options for EMI shielding (Khatoon & 
Ahmad, 2017). 

 Kim et al. (2 0 1 7 )  studied electrical conductivity and shielding 
performance. Electromagnetic interferences (EMI) of a solid PUF containing nickel-
coated carbon fiber (3.0 php) The composite material has been found to have higher 
conductivity and electromagnetic interference shielding performance for improved 
electrical properties. Efficient fillers such as carbon nanotubes (CNTs) may be used to 
produce PUFs. Jatin Sethi et al. studied the effect of the morphology of multi-walled 
CNTs on the electrical and mechanical properties of PU nanocomposites. They found 
that longer carbon nanotubes conduct electricity better, and this conductivity depends 
on length and aspect ratio (Kim et al., 2017). Moreover, graphene was the most efficient 
filler to enhance the electrical and thermal conductivity of PUF composites. Xinzhao 
et al. (2018) reported that high electrical conductivity is due to graphene-induced 3D 
networks on the inner surface of PUFs. Graphene oxide (GO) is known to be used in 
applications like graphene "EMI" (Xinzhao et al., 2018; Sawai et al., 2018). 
 

2.6  Mechanicals Behavior of polyurethane foam 
 There are several mechanical properties of foam materials. Determining the 

importance of a treasure depends on its intended use. However, the outstanding 
property of this material is its load-bearing capacity, which is the most critical 
parameter as it is necessary for its design. This section reviews past research findings 
on the behavior of PUFs.  

 Walter et al. (2 0 0 5 )  studied the behavior of polymeric foams under 
compression and tension. They found that the stress-strain response of porous 
polymeric materials under compression had three distinct zones. It is the I elastic 
region, ii plateau region, and iii densification region, as shown in Figure 2 . 12 .  The 
densification region is subject to cell foam structure failure. Under compression, the 
total compressive strain of these three regions maybe 40 -80 .  %  and, in the case of 
tensile strength, may not occur at 10% ( Throne, 1982 ; Gibson & Ashby, 1999 ) , as 
shown in Figure 2 . 13 .  The material deforms under compression more than under 
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tension, indicating that polymeric foams are more susceptible to damage under 
compression than under tension. 

 

 
 

Figure 2.12 Typical compressive stress-strain response of a polymer foam 
 (Subhash et al., 2005). 

 
 Additionally, it was discovered that, when subjected to the same load, the 
material deformed more in compression than in tension. This result supports Kraatz et 
al. (2006) who used a CCD camera to record size changes during the test to study 
polymeric foams' behavior under long-term tension and compression. It was 
discovered that the stress under compression is higher than that under tension for the 
same amount of stress. The results confirmed that polymeric foams are easily 
damaged under compression. 
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Figure 2.13 Tensile and compressive responses of foam specimens of different  

densities (Subhash et al., 2005). 
 

 Miyase et al. (2016) investigated variations in foam density and cell rise ratio in 
polymeric foams. Foam density was linearly correlated with stiffness and strength. It 
was determined that the foam's density impacted its strength when compressed. 
Additionally, it was shown that the failure of foam cells was caused by cell bulking 
and the development of shear stress throughout the test sample's cross-sectional 
surface. Improving a foam's internal microstructure and mechanism is precious to 
enhance its mechanical qualities. 
 

 
 

Figure 2.14 Equipment used in compression tests of foams(Witkiewicz and Zieliński, 2006). 
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 Witkiewicz and Zielinski (2006 ) studied the compressive, tensile, and shear 
strengths of PU foam with two different densities (16kg/m3and62 kg/m3) on MTS 810.12 
No. 1012 as shown in Figure 2.14. The force-to-deformation relationship was recorded 
by computer and processed using the ExMTS software developed by the Naval Design 
and Research Center. Figure 2 . 15  shows the compressive strength test results of PU 
foams of different densities. 

 Compression test results show that foam with 16 kg/m3 has lower compressive, 
tensile, and shear strengths than foam with 62 kg/m3. Water absorption and buoyancy 
reduction are present. At high levels, which indicates a large number of open pores. 
At the same time, the foam with a density of 62 kg/m3 has mechanical properties 
consistent with the reference data for PU foam type EW 045-45-20-K polyurethane 
foam, which is an anisotropic material. The strength properties of the foam will increase 
as it moves upward. Especially for compressive and tensile resilient modules, where 
the internal structure results in compressive strength, tensile strength, and shear 
strength, PU foam with a density of 62 kg/m3 is suitable for use in construction 
lightweight pram for shallow water. 
 

   
(a)          (b) 

 
Figure 2.15 Results of compression tests of the polyurethane foam (a) 16 kg/m3 and  

(b) 62 kg/m3 (Witkiewicz and Zieliński, 2006). 
 
 This is consistent with a study by Stirna et al. (2011) that tested the tensile and 
compressive strength of PU foam with a density of 65–70 kg/m3. It was found that the 
compressive and tensile strengths increased as the density of PU foam increased. In 
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some cases, PU foam is used as a shock-absorbing material for packaging applications 
to protect the product from damage during transportation. Density is an essential factor 
affecting rigid polyurethane foam's mechanical properties and behavior under dynamic 
compression. The modulus, yield stress, and plateau stress increase with density. It 
can be said that these values are a function of foam density. Lung et al., 60–250 kg/m3. 
Under compressive strength, the peak stress and plateau stress properties were found 
to depend on the density and the rate of failure of this material due to the buckling 
of cell walls. The strain rate relationship for each foam density is expressed as a power 
equation. 

 Poapongsakorn and Kanchanomai (2011) studied the effects of time on tensile 
behavior, fracture strength, and fatigue crack propagation. Tensile creep tests were also 
performed on PVC foams of densities 113  and 176  kg/m3 ( H130  and H200 ) .  The 
microstructure is shown in Figure 2.16. The tensile test was performed using a servo-
hydraulic testing machine. The strain rate during the test was 10 - 5–10 - 1s-1 ( load rate 
0 . 1 –1 0 0 0  mm/min), and the strain rate was 1 0 - 5s-1 , indicating a low strain rate 
application (such as pressure vessels), while a strain rate of 10 - 1s-1  indicates a high 
strain rate application (such as the structure of an airplane's wing.). The results shown 
in Figure 2.17 shows the relationship between stress and real strain in H130 foam at 
various strain rates. 

 

 
 

Figure 2.16  True stress–strain curves of H130 foam at various strain rates 
      (Poapongsakorn & Kanchanomai, 2011). 
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Figure 2.17   (a) Moduli, (b) yield strengths, and (c) ultimate tensile strengths of H130    

  and H200 foams at various strain rates (Poapongsakorn & Kanchanomai ,   
  2011). 

 
 The effect of strain rate on the deformation of PVC foam can be observed. In 
other words, an increase in strain rate leads to an increase in strain and a decrease in 
strain with a ratio between true stress and true strain at small deformations (<0 . 1 y). 
The moduli of H130 and H200 foams at various strain rates are shown in Figure 2.17(a) 
while yielding. (obtained from the offset method, 0.2%), Furthermore, Figures 2.17 (b) 
and (c) show the maximum tensile stress at various strain rates.  

 For both H130 and H200 foams, similar behavior was observed for the modulus. 
Yield strength and tensile stress, i.e., they increase with strain rate; on the other hand, 
fracture strain decreases with increasing strain rate. In addition, the study's results 
showed that at room temperature, PVC foam exhibited time-dependent behavior, i.e., 
creep and/or stress. When considering the mechanical properties of PVC foam, the 
loading rate must always be considered. 
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 Mane et al. (2017) used uniaxial planar compression testing at quasi-static, 
static, and dynamic strain rates to investigate the responsiveness and deformation 
effect of PU foam. With the help of UTM and the Drop Weight Tower (DWT), the 
performance under quasi-static testing was assessed for PU samples. It is a high-density 
polyurethane foam composite material with dimensions of 50 mm x 50 mm x 50 mm 
and a density of 288 kg/m3. Figure 2.18 shows the study's findings. Polyurethane foam's 
plateau stress and density strain under dynamic loading (80 s-1) were discovered to be 
larger than in the quasi-static loading situation. (0.0033 s-1). 
 

  
 

Figure 2.18 A comparison of stress- strain curves for rigid polyurethane foam                         
subjected to quasi-static and dynamic compression (Mane et al., 2017). 

 
 When increasing the strain rate under dynamic loading, it was found that the 
mechanical behavior of the foam was affected by the strain rate, as shown in Figure 
2.19 and plateaued with longer spans and higher densification. This resulted in a higher 
strain compared to the dynamically obtained behavior. Locking occurred at about 44% 
strain in the deformed quasi-static foam, while at 20%, 18%, and 14% lower strain for 
the deformed quasi-static foam at the transformed 80  s- 1 , 120  s-1 , and 160  s- 1 , 
respectively. Although the curve characteristics were similar in both cases, lockup 
behavior in the loading case was observed. Dynamic action (at a stress of 33%) occurs 
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at a lower stress than the stress at the point of cell wall collapse (lockup) in the case 
of quasi-static loading (at 44% strain). 
 

 
 
Figure 2.19 Dynamic response of polyurethane foam subjected to different strain rates 

(Mane et al., 2017). 
 

 The results also showed significant changes in mechanical properties, and 
densification occurred at low loading rates under quasi-static loading. In addition, 
energy absorption depends on the stress value, length of the compression period, and 
strain rate, which means that PU foam exhibits different mechanical response 
behaviors depending on the direction of force action (rise direction and transverse 
direction), strain rate, and temperature during the test. 

 Saha et al. (2009 )  studied the behavior of quasi-static rigid PU foam with two 
densities of 240 and 320 kg/m3 (PUR240 and PUR320) with microstructure as shown in 
Fig. 2.20. Under pressure at strain rates of 0.001 s-1, 0.01 s-1, and 0.1 s-1, the peak stress 
and energy were found to depend on density, foam structure, and strain rate. In 
addition, the relationship between maximum stress and density is a power equation 
constant at each loading rate. The structure shows that spherical polyurethane foam 
(PUR) was completely damaged at 1 6 0 0  s-1 .  Figures 2 . 2 1  ( a) and (b) show the 
relationship between strain rate and peak stress and strain rate and absorbed energy, 
respectively. 



45 
 

 
                                    (a)                                                             (b) 
 
Figure 2.20 SEM micrographs of PUR foams with different density:  ( a)  PUR240 and          

(b) PUR320 (Saha et al., 2009). 
  

 
 

Figure 2.21 Relationship between strain rate and peak stress and absorbed energy of  
       PUR with different densities (Saha et al., 2009). 

 
 Zenkert and Burman (2007) studied the fatigue behavior of closed-cell foams 
under tensile, compressive, and shear stresses with testing frequencies of 5 Hz (tension 
and compression) and 2 Hz (shear). The foam used in the study is a high-performance 
closed-cell rigid polymer, Rohacell WF grade. The cell structure of this foam is shown 
in Figure 2.22. Rohacell is a predominantly closed-cell polymetacrylimide (PMI) foam, 
which is relatively brittle and tensile with a yield stress of approximately 2–3%. Three 
different densities were used for the test: WF51, WF110, and WF200, with 52, 110, and 
205 kg/m3 , respectively; the test results are shown in Figure 2 .23 .  It was found that 
shear fatigue was similar to that of compression, with compression fatigue being lower 
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than tensile stress due to how the cell bends during compression. However, if the 
density is increased, the results will be different. For WF110, the correlation between 
stress (S) and the number of cycles (N) for compression is higher than SN for both loads 
in the case of shear and tensile. 
 

 
 

Figure 2.22 Cell structure of WF51. (Reprinted with permission of Röhm GmbH) 
 (Zenkert & Burman, 2007) 

 

 
 
 

Figure 2.23 Fatigue stress-life diagrams for (a) WF51, (b) WF110 and (c) WF200 
                       (Zenkert & Burman, 2007). 
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2.7  Microstructural Analysis Techniques 
 Microstructural and mechanical characteristics control the mechanical 

properties of materials. Miyase et al. (2016)  studied the microstructure and chemical 
composition, and therefore it is necessary to study the mechanical response behavior 
of materials. Here are the tools used to analyze this study's microstructure and 
chemical composition. 

2.7.1  Scanning electron microscopy (SEM) 
 There are two types of microscopes: optical microscopy (OM) and 

scanning electron microscopy (SEM), with their respective magnification ranges. 400–
1,000 and 300,000 times the original size, respectively. Duxson et al. (2006) stated that 
scanning electron microscopy (SEM) allows the viewing products from millimeters to 
micrometers, providing clear microstructure information for crystalline and amorphous 
materials. It can explain mechanical behavior that other techniques may not detect. 
 

 
 

Figure 2.24 Scanning Electron Microscopy (SEM) Device 
                                       (Thermo Fisher Scientific Inc, 2023). 
 
  Figure 2.24 shows a scanning electron microscope (SEM) based on the 
principle of scattering electrons onto the sample surface by a high-energy electron 
beam emitted from an electron beam gun when such electrons hit the surface. Tasks 
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containing atoms emit signals that can be processed and provide information on the 
object's surface, composition, and other properties, such as electrical conductivity. 

 The components of SEM can be seen in Figure 2.25, which consists of 
the topmost part, which is a source of electrons called electrons. The electron gun 
from the source is accelerated down the vacuum column. Accelerating voltage in the 
range of 0–30 kV (some machines up to 50 kV) with the direction of movement is 
controlled by electromagnetics; two or more lenses are used, and the amount of 
electrons is controlled by different apertures (Goldstein et al., 2003; Zhang & Ulery, 
2018). 
 

 
 

Figure 2.25 Components of Scanning Electron Microscopy (SEM)  (Australian  Microscopy 
and Microanalysis Research Facility, 2023) 

 
2.7.2  Energy Dispersive X-Ray Spectroscopy (EDS)  

 Energy-Dispersive X-ray Spectroscopy (EDS) is an analysis of chemical 
composition by energy-dispersive X-ray spectrometry used in conjunction with 
scanning electron microscopy. It comes from a penetrating gun and interacts with the 
subsurface volume of the sample (Mohammed & Abdullah, 2018). The analysis sample 
splits when the electron beam strikes it. To produce ionization, the sample's electrons 
must be pushed away from the atoms to keep them stable. The electrons in the 
subsequent orbital layer will take their place and release energy in the form of 
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characteristic X-rays, which are X-rays with a characteristic frequency. (X-ray) When this 
form of X-ray reaches silicon drift detectors (SSD), as shown in Figure 2.26, the energy 
is particular to the element type. 

 

 
             (a)           (b) 
 
Figure 2.26 EDS Device and Mechanism (a) Scintillator detector for both secondary  

                   and backscattered electrons (b) Different penetration level of electron 
through the sample (A Caen group company, 2023; Zhang and Ulery, 
2018) 

 
 The probe generates an electrical signal directly proportional to the 

energy of the incident radiation. It will analyze the signal for its height and send it to 
the computer system to evaluate and report the spectral value of further X-rays 
(Goldstein et al., 1992, 2003). The advantage of using EDS is that it can perform 
qualitative analysis quickly and detect many elements simultaneously. The sample 
object has lost its original state and can be used with sample objects in a solid state. 
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Figure 2.27 Results of chemical composition analysis by EDS technique 
         (Integrating Research and Education, 2016) 

 
 Rachan (2009) states that elemental analysis can be tested with 

scanning electron microscopy tests by installing an optional accessory called an 
analytical electron microscope. Elemental analysis is spot analysis. Spot Electron    
Probe Microanalysis (EPMA) uses elemental analysis using characteristic X-ray 
measurements, which are both Wavelength Dispersive X-Ray Spectrophotometry (WDS) 
and Energy Dispersive X-Ray Spectrophotometry. Tometry (Energy Dispersive X-Ray 
Spectrophotometry, EDS) The difference between the above elemental analyses is 
different. The radiation separation principle for the energy order measured by the 
electron detector can be obtained from Figure 2.27. Demonstrates an example of the 
results of the analysis of elemental content in metal alloys by EDS technique. 

 Alves et al. (2 0 2 2 )  studied the microstructures of polyurethane 
composites containing vermiculite clay at ratios of 0% , 5% , 10% , 15% , and 20% for 
use. It is a material for vertical flame retardants. Scanning electron microscopy 
(SEM/EDS) analysis techniques were used to observe the microstructures under the 
vertical combustion test principle. Figure 2.28 presents an analysis showing that clay 
addition controls the particle size of the polyurethane foam and gives the structure a 
spherical structure with relatively uniformly distributed closed cells. Figure 2.29 shows 
the results of the chemical composition analysis by EDS. It was found that the 

https://serc.carleton.edu/research_education
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composition of the PU/VMT non-clay composites in the PU foam substrate presented 
typical constituents such as carbon (53.3%), oxygen (20.4%), and gold (26.3%), which 
come from the device sample holder. Other composite materials containing boron, 
aluminum, silicon, and magnesium are formed by the decomposition of aluminosilicate 
clays containing many chemical elements by Containing residual chlorine and bromine 
in 5% PU/VMT and 10% PU/VMT, respectively. 

 

 
 

Figure 2.28 SEM micrographs of the composites PU/VMT: (a) 0%, (b) 5%, (c) 10%,          
(d) 15%, and (e) 20% (Alves et al., 2022). 
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Figure 2.29 EDS profile of the composites PU/VMT: (a) 0%, (b) 5%, (c) 10%, (d) 15%, 

 and (e) 20% (Alves et al., 2022). 
 

  Phuong et al. (2009) used a field emission scanning electron 
microscope (FESEM) and EDS to analyze surface characteristics, particle shape, and 
phase distribution characteristics in the microstructure to construct antibacterial water 
filters by coating silver nanoparticles (Ag) and silver type nitrate (AgNO3) on flexible 
polyurethane foam. FE-SEM/EDS analysis results are shown in the figure. 2.30 clearly 
showed the presence of Ag nanoparticles in polyurethane foam sheets. Furthermore, 
it can show interactions between nitrogen (bonds N-H), oxygen (C-O or N-C-O bonds), 
and silver nanoparticles obtained from EDS analysis results. 
 

 
 

Figure 2.30 FE-SEM image and EDS analysis of Ag-coated Polyurethane foam  
   C%:92.32; O%:1.39; Ag%:6.29 (Phuong et al., 2009). 
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2.8  Use of polyurethane foam for soil improvement 
 Soil improvement techniques mainly aim to improve soil engineering properties 

by focusing on increasing strength or bearing capacity, reducing compaction, reducing 
seepage, etc. The soil property improvement method selection must consider 
suitability in various aspects. The admixture technique is widely used due to its low 
improvement cost and uncomplicated operation method. Popular materials include 
cement, pozzolanic materials, and chemicals injected into the soil mass, known as the 
grouting technique (Weaver & Bruce, 2007 ) .  The foam continuously improves soil 
properties in various ways (Che Lat et al., 2020).  

 Injecting polyurethane foam in soil nailing can increase the friction between 
nails and soil mass and reduce ground subsidence before and after reinforcement 
(Chun et al., 1997) and horizontal impact force polyurethane injection. The foam can 
modify the dynamic response at small strains, influencing the system's fundamental 
frequency and directional behavior (Capatti et al., 2016; Valentino & Stevanoni, 2016). 
In addition, polyurethane injection foam is injected into the pavement layer to 
strengthen strength, stiffness, and bearing capacity, which decreases volume change. 
In addition, during the injection process, the pavement concrete slab can be lifted to 
the required level (Mohamed Jais, 2017), avoiding high uplift levels above the level 
needed (Vennapusa & Zhang, 2016). Foam injected into rock crevices for tunnel 
construction can also block water entering the construction system and reduce the 
pressure exerted on the tunnel structure. 

 Mohamed Jais et al. (2 0 1 9 )  studied the compressibility of polyurethane-
enhanced peat soil with a 1 :1  ratio of polyol and isocyanate by oedometer test with 
compressive units between 10 kPa and 640 kPa. The peat soil used in the study had a 
very high moisture content of about 345% , 92% organic matter, and a very low dry 
density. The test results showed that polyurethane foam fills the gaps within the soil 
mass, resulting in a decrease in the compression index (Cc) and swelling index (Cs) 

while the pre-consolidated pressure (Pc) increases. 
 The use of polyurethane to improve the strength of marine clay has been 

studied in the laboratory with rigid polyurethane foam (RPU), with PU foam content 
variations of 0%, 1%, 2%, 3%, 4%, and 5% of soil weight. The marine clay samples 
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used in the study were disturbed by backhoe excavations at a depth of 1.5 m at the 
University Tun Hussein Onn Malaysia (UTHM), Batu Pahat campus. Untreated marine 
clay has a natural moisture content of 67%, the liquid limit. And plastic limits of 65% 
and 26%, respectively. 
 

 
 

Figure 2.31  UCS test result of marine clay at varying dose of Polyurethane  
     (Saleh et al., 2018). 

 
 Figure 2.31 presents the UCS test results of modified marine clays with different 
amounts of RPU, showing that RPU can improve the marine shear strength of clay by 
using RPU 5% to improve the shear strength of untreated marine clay from 75 kPa to 
250 kPa (more than 230%) and make the cumulative stress decrease from 5.18% to 
2.92% (reduce 77%) compared to the cumulative stress of untreated marine clay. 
Untreated marine clay in its natural state, unsuitable for subgrade material or as 
foundation materials, can improve its strength properties with RPU (Saleh et al., 2018). 

In sandy soil, Sidek et al. (2015) studied the effect of injecting PU foam to 
improve the shear strength of different amounts by varying the amount of PU foam in 
the range of 0–95 percent. The UCS test obtained the shear strength; the test results 
are presented as a stress-strain relationship. Figure 2.32 shows the relationship 
between the uniaxial compressive strength and the amount of PU. Foam test results 
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show that the compressive strength gradually increased with increasing PU content, 
with a variation of 20 kPa – 500 kPa (10%–95% of PU in sand). 
 

 
 

Figure 2.32 Compressive Strength of Modified Sand with PU Foam  
          (Sidek et al., 2015). 

 
 It is well known that infrastructure is an essential element in any country's 
overall economic and social development. The largest infrastructure network is a road 
(high-speed highway or corridor) serving public road users. Over long periods of use, it 
tends to deteriorate, especially on soft ground and weak road bases. Therefore, it must 
be maintained to be used safely by using a method that should be stable, reduce the 
frequency of repair and correction, and reduce working time. Pavement structure can 
be improved for sufficient strength and smoothness to ensure safe use (Mounanga & 
Gbongdon, 2008; Jong-Pil et al., 2010).  

Saleh et al. (2019) noted that polyurethane could improve weak soil types for 
infrastructure development. Foam for solving soil subsidence problems by elevating 
the road surface by injecting PUR into the subsoil mass in the road ridge repair work in 
Malaysia, namely FT31, Jalan Banting Semenyih, Petronas MTBE, Km 88.78 Ayer Hitam, 
and Km 48.7 Kuala Lumpur-Karak Expressway The injection pattern is shown in Figure 
2.33. 
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Figure 2.33 Schematic layout of shallow PU foam injection (courtesy of Progrout 
Injection Sdn. Bhd., Malaysia) (Mohamed Jais, 2017). 

 
 Figure 2.34 shows an example of axial displacement versus time between the 
grouting and slab-raising processes of the secondary concrete road at the Kota toll 
gate. Damansara, Selangor, Malaysia, can be divided into several stages. 

stage 1 – injection of PU foam at point 1 (furthest from the toll plaza). 
stage 2 – demobilisation and mobilisation of the injector and generator to point 2. 
stage 3 – injection of PU foam at point 2 (inset of point 1). 
stage 4 – demobilisation and mobilisation of the injector and generator to point 3. 
stage 5 – injection of PU foam at point 3 (inset of point 1). 
stage 6 – demobilisation of the injector and generator. 

 In step 1, during PUR injection, the concrete pavement near the injection site 
is lifted with a drop of approximately 1.2 mm where the tool is located. It starts to lift 
by about 6.4 mm. In phase 2, the value decreases slightly to 5.5 mm as the PU foam 
expands and loosens. In step 3, PUR was injected for approximately 8 minutes, and 
the expansion caused the concrete to be raised substantially to 30 mm. In stage 4, the 
PU foam was allowed to expand freely, but extreme subsidence occurred due to the 
movement of heavy vehicles on the concrete pavement. Immediately causes the 
pavement to press about 26 mm. In step 5, the injection continues, and the concrete 
pavement is raised to the required level of approximately 46.8 mm, thus completing 
the slab process (step 6) (Mohamed Jais, 2017). 
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Figure 2.34 Axial displacement against time of the concrete slab uplifting work at           
Kota Damansara toll plaza, Malaysia (Mohamed Jais, 2017). 

 
 Fakhar and Asmaniza (2016) presented a road maintenance experience using a 
polyurethane (PU) injection foam system and a patented chemical grout process using 
liquid isocyanate and polyol. Both chemicals are environmentally friendly, non-toxic 
products. PU foam is based on a high-strength, three-dimensionally networked, rigid 
polymer produced by heating and volumizing when mixing liquid isocyanates and 
polyol (Wolf, 1956; Ulrich, 1982; Wood, 1982).  

Therefore, the product obtained by mixing isocyanate and polyol can enhance, 
level, seal, fill gaps, and strengthen the soil structure (Soltesz, 2002; Gaspard & 
Morvant, 2004). The compressive strength is about 90% of the maximum (minimum 
compressive strength 0.276 N/mm2) within 15 minutes (Puppala et al., 2009) and the 
bridge can be opened for traffic the next day. 

The PU grouting method is the same as cement grouting. General grouting By 
injecting isocyanate and polyol through boreholes inserted into the soil, efficiency 
needs to be improved, as shown in Figure 2.35. It helps to level the soil surface. In 
addition, the lightweight nature of PU also reduces the settlement rate (Sidek et al., 
2015). 
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Figure 2.35 PU injection illustration (Fakhar and Asmaniza, 2015). 
 
The case study presented here is at the KLIA Toll Plaza, the North-South Central 

Link of Malaysia, which faces the problem of undulating roads on concrete sidewalks. 
Therefore, 2 types of polyurethane chemicals have been proposed: rapid polyurethane 
(for soil conditioning and compaction) and dense polyurethane (to increase density 
and lift concrete structures). Using a mixture of isocyanate and polyol in the ratio of 
1 . 1 : 1 . 0 , respectively, with additional chemicals to catalyze the reaction that uses 
nitrogen to improve foam expansion, the operation area is 51 m x 45 m, which covers 
4 smart tag slots, 3 touch-and-go slots, and 2 cash slots, as shown in Figure 2.36. There 
is a PU injection point of 621  with a hole diameter of 16  mm for fast polyurethane 
injection and 32  mm diameter holes for dense polyurethane injection, respectively. 
Under the concrete structure, polyurethane is injected into each site twice: once 
quickly, at a depth of 2.0 m, and once densely, at a depth of 1.0 m. Soil samples are 
drilled before and after injection to assess the soil's strength, stiffness, and 
compressibility using the unconfined and one-dimensional consolidation tests. 
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Figure 2.36 Points identified for PU injection (Fakhar and Asmaniza, 2015). 
 
 Table 3 shows the testing results of the strength properties of the soil mass in 
natural conditions and the mass of PU-treated soil nature 1–3 times (62.10–145.00 
kPa), and hardness increases about 5–6 times. In terms of compressibility, it was found 
that the PU-treated soil mass had an initial void ratio (eo) of 0.435, which decreased 
by about 31.5% compared to In the natural soil (eo = 0.635), PU expansion fills most 
of the gaps, and together with the expansion pressure, the water or moisture trapped 
in the soil is expelled, resulting in The inflation index also declined. 60.9% (0.009) 
compared to soil in its natural state (0.023), indicating that volumetric changes in the 
settlement rate and plastic deformation are infrequent. 

However, although there are studies on the properties of polyurethane, foam 
is widely accepted in various applications. However, most of them are the results of 
laboratory studies with precise production control, resulting in products with high 
homogeneity properties of the material. 

Buzzi et al. (2008) studied the structure and properties of polyurethane foam 
for foundation rehabilitation injected into the expansive. Soil using scanning electron 
microscopy and physical testing. It was found that when applied to modified 
polyurethane foundations, foam quality control during the manufacturing process is 
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difficult compared to in the lab, causing macro-voids and affecting the integrity of the 
interface. As a result, the foam material is non-uniform. Figure 2.37 shows the foam's 
closed cell structure at 37 kg/m3. From the scanning electron microscopy images 
obtained in the laboratory, the basal cells range in size from 0.1 mm to 0.4 mm, and 
the cell has an irregular polyhedron. Figure 2.38 shows the closed-cell structure of 
foam of the same density injected to improve the foundation. There is a big difference 
in the size of the closed-cell foam, which can be divided into 2 zones, with zone 2 
being different. Zone 1 is more extensive and longer, with the longer axis likely 
indicating the direction of foam diffusion from Figures 2.37 and 2.38. It can be 
confirmed that the production or use conditions affect the microstructure of the foam 
cell, which in turn affects its physical properties. 
 

      
       (a)                                                          (b) 

 
Figure 2.37  Image of the free expanded polyurethane foam obtained by Scanning             

Electron Microscope. (a) Magnification x 100. (b) Magnification x 200 (Buzzi 
et al., 2008). 
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                  (a)                                                          (b)                                     

 
Figure 2.38 (a) Magnification of the foam specimen. (b) Microstructure of Polyurethane 

foam at Magnification x 45 (Buzzi et al., 2008). 
 

 The compressive strength test results of the homogeneous foam obtained in 
the laboratory compared with the foam injected into the soil for foundation 
improvement clearly show that the foam injected into the soil is stressed. Yields range 
from 250 to 500 kPa, 40% to 80% lower than homogeneous materials. In addition, the 
permeability test revealed almost no water permeability in the homogeneous foam 
due to its relatively complete closed-cell structure, whereas in the soil-injected foam 
test, which had a cellular structure, due to local cell structure damage resulting from 
multiple injections and expansion, a small amount of water is allowed to pass 
(approximately 10–10 m/s) (Buzzi et al., 2008). 
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CHAPTER III 

COMPRESSIVE STRENGTH AND MORPHOLOGY  
OF RIGID POLYURETHANE FOAM  

FOR ROAD APPLICATIONS 
 

3.1  Introduction 
 Road construction is the leading utility that drives national and global 

economies. For convenient transportation, road construction often occurs in areas 
where soil conditions are unsuitable for supporting the load of the road structure. But 
it is necessary to take action to drive the economy in the area. Engineering soil 
improvement techniques are often used to make the soil layer suitable for carrying 
loads. One popular method is the deep mixing and jet grouting technique with cement 
paste as the binder, often called Soil Cement Column (SCC). With much expertise, it's 
convenient and fast. However, in the working process, it is necessary to use high 
pressure to inject the binder. The soil mass structure is disturbed by changes in stress 
and strain conditions the vertical movement of the soil mass. The ground surface is 
elevating. And lateral displacement throughout the depth results in a varying diameter 
of the SCC (Wang et al., 2013), which directly affects the load-bearing capacity. Shen 
et al. (2013) presented a generalized approach for the prediction of jet grout column 
diameter based on the theoretical framework of turbulent kinematic flow and soil 
erosion. Flora et al. (2013) The kinetic energy at the nozzle position versus the field 
experiment results. In addition,
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computer processing by an artificial neural network (ANN) model is also optimized 
using differential evolution (DE) and a network model. bidirectional long short-term 
memory (Bi-LSTM) (Ochmaski et al., 2015; Atangana Njock et al., 2021; Shen et al., 
2021). Despite attempts to resolve unevenness by forecasting on-field conditions, 
implementing it is still challenging. In addition, because many other factors affect the 
diameter consistency of SCC, lightweight materials are used to replace conventional 
materials in the construction process. 

The development of lightweight materials for the construction industry has 
been continuing for a long time to improve their engineering properties at reasonable 
production costs. Lightweight materials are continually manufactured under various 
concepts with the main objective of reducing the load on the structural system (Lee 
& Ramesh, 2004; Sulong et al., 2019). Due to the superior properties of foam when 
compared to other similar lightweight materials, the foam is often considered as the 
first priority. Foam applications may also be found in other forms, such as electronic 
and automotive equipment, food packaging, and thermal insulation in aerospace 
industries (Eaves, 2004; Ashida, 2006; Wellnitz, 2007; Das et al., 2017). In the 
construction industry, it is often used as the core of the structural insulated panel, 
principal exterior wall, framing, partition wall, roof, floor, and structural framing 
(Manalo, 2013; Chen & Hao, 2014; Chen et al., 2015). 

 In addition to being used as a component of building structures, foam materials 
can be used in the construction of roads and highways to overcome the settlement 
problem. In 1965, expanded polystyrene (EPS) foam was used as insulation in road 
construction in Norway. In 1972, the Norwegian Public Roads Authority developed a 
standard for the use of EPS foam as a lightweight material to replace the traditional 
backfill material in road construction projects. It was found that the EPS foam 
successfully minimized the settlement of the road structure (Frydenlund, 1991; 
Frydenlund & Aabøe, 2001; Norwegian Public Roads Administration (NPRA), 2002; Aabøe 
& Frydenlund, 2011). Norway is therefore the pioneering country in the use of foam in 
construction projects. In the early 1980s, the EPS foam was used in construction 
projects in Europe, the USA, and Japan and has became more popular since then 
(Sanders, 1996; National Cooperative Highway Research Program (NCHRP), 2004).        
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The EPS foam has been widely applied to geotechnical engineering applications such 
as improved slope stability, retaining wall structures, and fill material for road and 
bridge approaches (Refsdal, 1985; Duskov, 1991; Duskov, 1997; Jutkofsky et al., 2000; 
Negussey, 2002; Riad et al., 2003; Stark et al., 2004; Meguid et al., 2017). 

 Polyurethane foam (PUF) is a plastic foam in the same group of polymer foam 
group as EPS foam but it is manufactured more safely because the manufacturing 
process of PUF is simple and does not require flammable gasses such as Butane (C4H10) 
or Pentane (C5H12). PUF was first synthesized in 1937 by Otto Bayer through a reaction 
between polyester diol and diisocyanate (Ionescu, 2005; Prisacariu, 2011; Sharmin & 
Zafar, 2012; Szycher, 2013). PUF is produced by polymerizing two organic compounds 
: isocyanates in the NCO group and hydroxyl alcohol, resulting in a urethane group 
with polymerization. When the urethane decomposes, it produces carbon dioxide 
(CO2), which causes bubbles inside the foam. At the same time, heat will be released 
(Herrington & Hock, 1997; Król, 2008). Figure 3.1 shows the urethane reaction diagram 
where Riso is an isocyanate monomer and Rpolyol is a polyol component (Ionescu, 2005). 
PUF is classified according to its structure into two types: flexible and rigid PU foams . 
The flexible PUF structure is connected by a strut network without wall cells 
(membrane) that rises under atmospheric pressure, called "open-cell". Because of its 
flexibility, low density, and lightweight, it is often used in furniture production as a 
cushioning material. The structure of the rigid PUF (RPUF) is similar to that of flexible 
PUF, but its cell walls are connected by the struts under pressure from the closed 
cells. It has a higher density than the flexible PUF, with a compressive strength in a 
range of 100–500 kPa (Padopoulos, 2005; Villasmil et al., 2009).  

 

 
 

Figure 3.1 Reaction of urethane product (Ionescu, 2005). 
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 In 2017, global use of PU foam was reported to have reached US$60.5 billion. 
With a continued upward trend, it was estimated that by 2021, PU foam usage would 
be more than US$79 billion. With advanced manufacturing technology and superior 
properties compared to other lightweight materials, PUF has gained a wide application 
popularity. Berardi and Madzarevic (2020) investigated the effect of microstructure and 
concentration of the foaming agent in PUF on the insulating properties over time. The 
results showed that the cell wall thickness increased over time, resulting in the 
reduced heat transfer. Stirna et al. (2011) investigated the mechanical properties of 
RPUFs. The test foam samples were obtained by drilling a sheet of RPUF produced by 

a pouring process under 222C. Their density was in a range of 65–70 kg/m3. Its 
mechanical properties, such as the compressive strength, depend on two factors 
working together: one is the covalent bonds of the polymer network. The other is 
polymer matrix and compaction energy of the foam, which are independent of 
covalent bonds. 

 Wiyono et al. (2016) studied physical and mechanical properties of RPUF made 
from a polyol and diisocyanate mixture at a 1:1 ratio. It was found that the cell 
structure was anisotropic and the compressive strength and elastic modulus linearly 

increased with foam density. Witkiewicz and Zieliński (2006) studied the mechanical 
properties of RPUFs at densities of 16 kg/m3 and 62 kg/m3. The compressive strength 
depended on the structure of closed-cell foam, density, and temperature. Ridha and 
Shim (2008) investigated tensile strength, compressive strength, and the microstructure 
of RPUFs with three different densities. The authors reported that the cell foam was 
stretched when RPUF was under tensile force, indicating its anisotropic property; the 
strut was deformed under compression, shrinked from bending, and eventually failed. 
In other words, the deformation of the strut under load causes a loss of RPUF's 
capability due to the reduction in the force acting on the foam cell's longitudinal 
orientation. 

 Koyama et al. (2022) studied the dynamic uniaxial compressive properties of 
RPUF under seismic load using the stress control method with 0.1 Hz. The results 
reported showed that the dynamic properties depended on the RPUF's confining 
pressure direction and deformation direction. Linul et al. (2013) studied the factors 
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influencing the dynamic compressive strength of RPUFs with densities of 100 kg/m3, 
160 kg/m3, and 300 kg/m3. The modulus, yield stress, and plateau stress increased with 
the increased density of RPUFs and the speed of loading, and material orientation 
under loading. To the authors’ best knowledge, there has been no complete research 
undertaken on the effect of production factors on the compressive behavior and 
microstructure of RPUF, which is the focus of this research. The studied production 
factors included polymer content, polyol to isocyanate ratio, and mixing temperature 
of polyol and diisocyanate. The scanning electron microscope (SEM) technique was 
utilized to explain the compressive behavior of RPUF under the various production 
factors. The outcome of this study will facilitate the road engineers and manufacturers 
to select the suitable production factors to develop RPUF with a target compressive 
strength at a reasonable cost. This promotes the usage of the RPUF as a lightweight 
material for retaining structure and road applications, which has the simpler and safer 
production process with comparable properties than the traditional lightweight EPS 
foams. 
 

3.2  Materials and Methods 
3.2.1  Materials 

 The RPUF specimens in this study were made from various 
combinations of two liquid components: polyol and diisocyanate, at various 
temperatures. The diisocyanate was a combination of diphenylmethane diisocyanate, 
isomer, and homologs (4,4-methylene diphenyl diisocyanate (MDI)) (POLYONE-200), 
while the polyol was polyether polyol (POLY-225). 

3.2.2  Preparation of Specimens 
 The RPUF specimen was prepared by mixing diisocyanate (D) and liquid 

polyol (P) at various ingredients. To prevent foam expansion due to the chemical 
interaction, the RPUF was prepared in a confined PVC mold with dimensions of 75 mm 
diameter and 200 mm height. As a result, the liquid foam underwent pressured 
compression, forming an interlocking closed-cell foam structure with a high cell 
density. The studied P contents were 23, 28, 34, 40, 45, 51 and 87 kg per 1 m3 of the 
specimen and the difference mixture content of the two chemicals in terms of the 
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polyol to diisocyanate (p/d) ratios were 0.8, 0.9 and 1 to determine the effect of the 
mixture on the compressive strength and microstructure. The prepared RPUF 
specimen, along with the mold, was left in the laboratory for three hours. This was to 
make sure that the foaming process had fully taken place and allowed the reaction 
heat to be decreased to room temperature. Subsequently, the RPUF specimen was 
demolded and trimmed to have a dimension of cubic 50 mm x 50 mm x 50 mm for 
compressive tests (Public Roads Administration, 1992). The ingredient of each RPUF 
mixture is summarized in Table 1. 

3.2.3  Experimental Program 
 The tests were performed on RPUF specimens after 1 day of curing. For 

each test condition, test reports were based on the mean compressive strength values 
of five specimens to ensure the consistency of test results. In all tests, the deviation, 
SD, was found with SD/x < 10%, in which x is the mean value of the test result. 

3.2.3.1 Compressive Test 
 Compressive strength tests were performed in accordance with 

the Norwegian Directorate of Public Roads (Public Roads Administration, 1992). Cubic 
50 mm x 50 mm x 50 mm specimens were tested by a universal testing machine (UTM), 
and the compressive strength was determined at 1% strain. Presently, there is no clear 
definition for the compressive strength of PUF material. It is dependent upon the 
purpose of users. However, ASTM (2017) has established a standard for extended 
polystyrene (EPS) geofoam materials. where the compressive strength at 1% strain is 
recommended as the typical design load limit of foam for general work. 
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Table 3.1 RPUF mixing proportion 

Mix 

Total Weight of  

p and d per Volume 
(kg/m3) 

Mixing Proportion 
(kg/m3) p/d 

ratio 

Specimen 

Unit Weight 
(kg/m3) 

Polyol 
(P) 

Diisocyanate 
(D) 

P23p/d1.0 46 23 23 1.0 70 

P28p/d1.0 56 28 28 1.0 73 

P34p/d1.0 68 34 34 1.0 75 

P40p/d1.0 80 40 40 1.0 78 

P45p/d1.0 90 45 45 1.0 80 

P51p/d1.0 102 51 51 1.0 82 

P57p/d1.0 114 57 57 1.0 84 

P23p/d0.9 48 23 25 0.9 72 

P28p/d0.9 59 28 31 0.9 74 

P34p/d0.9 71 34 38 0.9 77 

P40p/d0.9 84 40 45 0.9 79 

P45p/d0.9 95 45 50 0.9 81 

P51p/d0.9 108 51 57 0.9 83 

P57p/d0.9 119 57 63 0.9 86 

P23p/d0.8 52 23 29 0.8 77 
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Table 3.1 RPUF mixing proportion (Continued) 

Mix 

Total Weight of  

p and d per Volume 
(kg/m3) 

Mixing Proportion 
(kg/m3) p/d 

ratio 

Specimen 

Unit Weight 
(kg/m3) 

Polyol 
(P) 

Diisocyanate 
(D) 

P28p/d0.8 65 28 36 0.8 79 

P34p/d0.8 77 34 42 0.8 83 

P40p/d0.8 89 40 49 0.8 85 

P45p/d0.8 102 45 56 0.8 89 

P51p/d0.8 114 51 63 0.8 92 

P57p/d0.8 127 57 70 0.8 94 

 
 Since the RPUF is a manufactured temperature-dependent material, the mixing 
temperatures of P and D were varied at 25°C, 40°C, 50°C, and 60°C to determine the 
effect of temperature on compressive strength as well as the microstructural 
characteristics of RPUF at different p/d ratios and P contents. The P and D were heated 
in a basin at the target temperatures, as shown in Figure 3.2, for 1.5 hours. The 
temperatures of heated P and D were measured using an infrared thermometer, which 
is commonly used in the manufacturing sectors and capable of measuring 
temperatures from -50 °C to 400 °C with a resolution of 0.1 °C and a measurement 
error of only 1.0 °C. 
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Figure 3.2 Temperature control bath and device 
 

3.2.3.2 Scanning Electron Microscopy (SEM) 
 The microstructural investigation on RPUF was performed via 

scanning electron microscopy (SEM). The specimens were prepared at various P 
contents, p/d ratios, and mixing temperatures of P and D. The SEM specimens were 
gold-coated (Sukmak et al., 2013). The SEM analysis was based on the X-ray energy 
dissipation theory using the Tescan brand (model MIRA), manufactured from the Czech 
Republic. This testing machine meets world-class standards. In addition, the tests were 
performed by experienced material microstructural analysis scientists. Over ten years 
of work have made SEM data analysis results highly reliable. The SEM images were 
analyzed to evaluate the role of P content, p/d ratio, and temperature on the 
microstructural changes. 

 

3.3  Results 
3.3.1  Compressive Strength for Ambient Mixing Temperature 

 The compressive strength at 1% strain of the RPUF specimens at various 
P contents with p/d ratios of 1.0, 0.9, and 0.8 at ambient mixing temperature (25 oC) is 
presented in Figure 3.3 The higher P content resulted in a greater compressive strength 
for the same p/d ratio. For instance, specimens with P = 57 kg/m3 exhibited the highest 
compressive strength for all p/d ratios tested when compared to the specimens with 
other lower P contents. Specimens P57p/d1.0, P57p/d0.9 and P57p/d0.8 (P content = 
57 kg/m3) had the highest compressive strengths of 0.22, 0.24, and 0.26 MPa, 
respectively while specimens P23p/d1.0, P23p/d0.9 and P23p/d0.8 (P = 23 kg/m3) had 
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the lowest compressive strengths of 0.11, 0.11, and 0.11 MPa, respectively. The lower 
p/d ratio resulted in the higher compressive strength for the same P content. The 
compressive strength of RPUF with P23 and P28 was between the lower and upper 
limits (0.015 MPa and 0.128 MPa) of EPS geofoams according to ASTM D6817 (ASTM., 
2017). However, the RPUF with higher P contents was found to have greater 
compressive strength than the upper limit for all p/d ratios studied. 
 

 
 

Figure 3.3 Compressive Strength of RPUF for ambient mixing temperature 
 

 The increase in P content from 23 to 57 kg/m3 increased compressive 
strength by 100%, 118%, and 136% for p/d ratios of 1.0, 0.9, and 0.8, respectively. For 
a given P content at ambient mixing temperature, increasing the D content (decreasing 
the p/d ratio) results in a higher amount of chemically reactive urethane and urea, 
which leads to the stronger hydrogen bonds in the hard segments, to strengthen the 
foam structure network. The high D content causes a large amount of urea and when 
the urea decomposes, only CO2 is left while the pressure inside the cell is retained 
(Ashida, 2006; Shufen et al., 2006; Wellnitz, 2007; Prisacariu, 2011; Szycher, 2013). This 
CO2 results in a high cell-contact pressure and hence the higher strength was evident 
at a lower p/d ratio. 
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3.3.2  Stress-Strain Relationship 
 

 
 

Figure 3.4  Compressive stress-strain relationship of RPUF prepared at ambient  
   temperature 
 
 Figure 3.4 shows the stress-strain relationship under the compression 

strength test on RPUF specimens P28 series prepared at ambient mixing temperature 
and different p/d ratios. The stress-strain relationships at all p/d ratios were similar. 
Walter et al. (2005) reported that although the strength of the RPUF was different, the 
relationship between stress and strain was similar under the compression and tensile 
tests. The stress-strain relationship of RPUF consisted of three regions: the elastic, 
plateau, and densification regions. The elastic behavior started from the position where 
the stress was equal to zero and increased to the first yield stress, during which elastic 
bending stress occurs at the cell edge. The plateau behavior occurred later when the 
stress was increased sufficiently to cause the cell edge to deform until it is unable to 
recover into the plastic bending of the edge state. The strain increased while the stress 
remained almost constant. Densification occurs after a cell collapses due to deflection 
of the cell wall. The deflection of the cell wall results in the compression of the 
intracellular space, resulting in a sharp increase in the compressive stress with 
increasing the strain. The strain at the start of this densification state is called the 
densification strain (Ashby & Lu, 2003; Outllet et al., 2006). 
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 Figure 3.4 depicts the effect of the p/d ratio on stress-strain behavior. 
The results showed that at lower p/d ratios of 0.9 and 0.8, linear elastic, plateau, and 
densification zones started at lower strain with higher yield stress and compressive 
strength when compared to the case where the p/d ratio was 1.0. Densification strains 
of RPUF specimens were 45%, 50%, and 54% for p/d ratios of 1.0, 0.9, and 0.8, 
respectively. The longer densification zone was found for the lower p/d ratio. 

 However, the stress-strain relationship of the semi-rigid PUF structure 
has a smooth transition from the elastic to the plateau ranges; without a clear traction 
point due to no drop in stress (Linul et al., 2013; Leng et al., 2017; Movahedi & Linuk 
2017; Serrano et al., 2017; Gunther et al., 2018). The energy absorption capacity of 
RPUF per unit volume can be illustrated by the area under the stress-strain diagram. 
When considering the area under the diagram in Figure 3.4, the RPUF absorbed more 
energy when the p/d ratio was lower. The energy absorbed by the RPUF decays 
continuously as the foam progresses from the plateau region to densification (Lu and 
Yu. 2003). The compressive test results at the ambient mixing temperature revealed 
that the lower p/d ratio and the higher P content yielded the higher compressive 
strength and toughness (energy absorbability). 

3.3.3  Influence of Mixing Temperature 
 Figure 3.5 shows the compressive strength at 1% strain versus mixing 

temperature of RPUF specimens at different P contents (P23, P28 and P34) and p/d 
ratios. The specimens P23 and P28 seires at ambient mixing temperature had 
compressive strengths lower than the upper limit of 0.128 MPa for EPS foam specified 
by ASTM D6817. However, the elevated mixing temperature could booth up the 
compressive strength. 

 The role of p/d ratio on the compressive strength of the RPUF at high 
temperatures (> 40oC) was different from that at ambient temperature. For all P 
contents studied, the compressive strength of RPUF prepared at > 40oC mixing 
temperature decreased with the decrease in p/d ratio. For low P contents of 23 and 
28 kg/m3, an increase of mixing temperature from 25oC to 40oC increased the 
compressive strength of the specimen for a given p/d ratio (Figure 3.5(a) and (b)). 
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(a) 

 
(b) 
 

Figure 3.5 Effect of P content and mixing temperature on compressive strength 
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(c) 
 

Figure 3.5 Effect of P content and mixing temperature on compressive strength  
 (Continued) 
 
 The same is not true for high P content of 34 kg/m3. For all p/d ratios, 

the increased mixing temperature from 25oC to 40oC caused the reduction in 

compressive strength. The compressive strengths of RPUF at mixing temperatures  
40oC were found to be lower than the compressive strength of RPUF at 25oC mixing 
temperature for all p/d ratios (Figure 3.5(c)). In other words, the ambient mixing 
temperatures was the most suitable for high P content of 34 kg/m3. To meet the upper 
limit of 0.128 MPa for EPS foam, the increased temperature could improve compressive 
strength at low P contents of 23 and 28 kg/m3; the 40oC and p/d = 1 were considered 
as the best ingredient. Figure 3.6 shows the damage characteristics of the RPUF 
specimens due to the elevated temperature (40°C to 60°C) and the decreased p/d 
ratios at P content = 23 kg/m3. The most serious damage was found at a mixing 
temperature of 60oC and p/d ratio of 0.8 (Figure 3.6(c)). This indicated that the macro-
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cracks and pore space were larger with a higher mixing temperature and lower p/d 
ratio. 
 

 
(a) 

 
(b) 

 
(c) 

 
Figure 3.6  RPUF specimens with various mixing temperatures and p/d ratios at 

            P content = 23 kg/m3 
 

 At a mixing temperature of 40oC, the specimen with p/d ratio = 1.0 had 
a relatively complete structure compared to the specimens with higher temperatures 
and lower p/d ratios. As such, the specimen with p/d ratio = 1.0 and 40oC mixing 
temperature exhibited the highest compressive strength. Comparing Figure 3.6(a) with 
Figure 3.6(c) at the same mixing temperature, a decrease in p/d ratio increased foam 
cell-contact pressure as seen by more micro-cracks in the RPUF. In addition, with 
excess amount of D (p/d = 0.8), some parts of the D did not react with the monomer 
link (Jiao et al. 2013), causing liquid isocyanate residual in the test specimen. 

 It is therefore evident from Figure 3.6 that for low P contents of 23 and 
28 kg/m3, the elevated mixing temperature of P and D to 40oC resulted in the rapid 



92 
 

gasification reaction and high cell-contact pressure, hence high compressive strength. 
However, the excessive mixing temperatures (> 40oC) and very low p/d ratio led to the 
extremely large cell-contact pressure; and eventually the large macro-cracks generated 
within the foam. This led to the reduced compressive strength. It was noted that the 
higher mixing temperature of P and D resulted in more cracks than the decreased p/d 
ratios. For high P content of 34 kg/m3, both the increased mixing temperature and 
reduced p/d ratio caused the excessive large cell-contact pressure and hence the 
reduction in compressive strength. The data showed a tendency that if using higher 
amounts of polyol than diisocyanate (p/d ratio > 1.0), it may result in lower 
compressive strength due to incomplete reaction. On the other hand, using a very high 
amount of diisocyanate (p/d ratio < 0.8) will decrease the compressive strength due 
to foam cell wall damage. Increasing the content of chemicals in both cases increases 
the production cost. 
 

3.4  Microstructural Analysis 
 Figure 3.7 shows the chemical composition analysis of the RPUF specimens at 

P content of 23 kg/m3 and p/d ratio of 1.0 with mixing temperatures in the range of 
40oC to 60oC using Energy Dispersive X-Ray Spectroscopy (EDS). The cell wall and the 
monomer link were mainly composed of carbon (C) and oxygen (O), forming covalent 
bonds, strengthening the hard segment through urethane linkage, and increasing the 
compressive strength (Thirumal et al., 2008). The EDS result showed that the change 
in mixing temperature did not alter the chemical compositions of the RPUF structure 
as seen by the similar amount of C and O. In other words, the compressive strength 
development with mixing temperature and p/d ratio did not result from the change in 
chemical compositions. 
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Figure 3.7 EDS analysis results of RPUF specimens at P content of 23 kg/m3 
     and p/d ratio of 1.0 
 

 
  

Figure 3.8 Foam cells of RPUF specimens at P content of 28 kg/m3 
 

 The microstructure and cellular structure morphology of the RPUF specimens 
at P = 28 kg/m3 with different p/d ratios were studied via SEM analysis as illustrated in 
Figure 3.8 The specimens were prepared at the mixing temperature of 40oC, which 
exhibited the highest compressive strength, to investigate the role of the decreased 
p/d ratio on compressive strength. The equivalent diameter per SEM image frame 

(3,700 m x 2,800 m) of each specimen was measured. The SEM image showed that 
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the foam cells were polygonal in shape and the cell diameters varied across the 
specimen’s section. 

The data from the SEM images were statistically analyzed in the form of a 
frequency-distribution diagram of the mean cell foam diameter in the SEM image 
frame, as shown in Figure 3.9. The mean diameters of RPUF specimens were 691±116 

m, 622±122 m, and 681±25 m for p/d ratios of 1.0, 0.9, and 0.8, respectively. This 
indicates that foam cell size varied with the p/d ratio. Figure 3.10 shows the percent 
distribution of foam cells with various ranges of foam cell size for the p/d ratios of 1.0, 
0.9 and 0.8 in the SEM image frame. It is worthwhile mentioning that the majority of 

the cells in specimens was greater than 400 m, 300 m and 200 m for p/d ratios 
of 1.0, 0.9 and 0.8, respectively. The specimens with the lowest p/d ratio of 0.8 
possessed the lowest volume of > 800 mm foam cells while the specimens with the 
highest p/d ratio of 1.0 possessed the highest volume of > 800 mm foam cells. This 
implied that the lower p/d ratio was associated with the more small sized foam cells. 
 

 
 

Figure 3.9 Distribution of foam cell diameters of RPUF specimens at P content  
of 28 kg/m3 
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Hejna et al. (2017) investigated the cell size of RPUF at p/d ratios of 1.5, 2.0, and 2.5 
and reported that an increase in D content (decrease in p/d ratio) tended to decrease 
the foam cell size, which was associated with an increase in crosslink density due to 
the rise in allophanate and biuret groups. Consequently, a decrease in the p/d ratio 
increased the specimen’s density, as shown in Table 3.1. In other words, the low-
density specimen has larger cell size than the high-density specimen. Considering the 
minimum energy principle of thermodynamics, the increased contact area between 
the cells results in more energy at the contact surfaces. 
 

 
 

Figure 3.10 Distribution of foam cell for different ranges of cell size of RPUF  
   specimens at P content of 28 kg/m3 

 
 Figure 3.11 shows the closed foam cell structure of specimens at P = 28 kg/m3 
with different p/d ratios at the mixing temperature of 40oC. The cell wall deformation 
due to the cell-contact pressure can be observed for different p/d ratios. The cell 
structure with a p/d ratio of 1.0 was subjected to less deformation (less pressure) than 
the cell structures with p/d ratios of 0.9 and 0.8, respectively, which is associated with 
the relatively complete specimen (Figure 3.6). The very high D (very low p/d ratio) 
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caused an excessive amount of urea and CO2. When CO2 decomposed the extremely 
large cell-contact pressure developed and resulted in large damage (macro-cracks). 
 

 
 

Figure 3.11 Closed cell structure of RPUF at different p/d ratios at 40oC mixing  
       temperature and P content of 28 kg/m3 for p/d ratios a) 1.0 , b) 0.9  

          and c) 0.8 
  

Figure 3.12 shows the results of SEM analysis at 50 times magnification of RPUF 
specimens at P content = 28 kg/m3 with different mixing temperatures and p/d ratios. 
At a mixing temperature of 25oC, as shown in Figure 3.12(a), the cell wall damage 
(indicated by the dotted circle) increased with decreasing the p/d ratio, which is 
approximately 8%, 15%, and 27% of the total cell for the p/d ratios of 1.0, 0.9, and 
0.8, respectively, compared to the total number of cells in each image. However, even 
with larger damage, the higher cell-contact pressure resulted in higher compressive as 
seen by the highest strength at p/d ratio of 0.8. 
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(a) 

 
(b) 
 

Figure 3.12 Closed cell structure of RPUF at P content of 28 kg/m3 for a) mixing  
           temperature of 25oC and p/d ratios of 1.0, 0.9 and 0.8 and b) mixing  
           temperature of 40, 50 and 60oC and p/d ratios of 1.0, 0.9 and 0.80  

 
Comparing Figure 3.12(a) to Figure 3.12(b), it was evident that the cell size was 

dependent upon both the mixing temperature and p/d ratio. The higher mixing 
temperature and the lower p/d ratio resulted in the smaller cell size and the higher 
cell-contact pressure. At a mixing temperature of 40oC with p/d ratio of 1.0, the cell 
foam damage was less than that with lower p/d ratios, as shown in Figure 3.12(b). At 
p/d of 0.9, when the mixing temperature was raised from 25oC to 50oC, the cell damage 
increased to 19%, while at p/d ratio of 0.8, when the temperature was raised from 
25oC to 60oC, the cell damage increased to 34% compared to the total number of 
cells. 

From the critical analysis of the test results, it was evident that the cell-contact 
pressure controlled the strength development. With the increase in mixing 
temperature and the reduction in p/d ratio, the sufficient cell-contact pressure 
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enhanced the strength and toughness improvement whereas the extremely high cell-
contact pressure damaged the foam cell and caused the strength and toughness 
reduction. 
 

3.5  Conclusions 
 This research investigated the role of production factors on the compressive 

strength development of rigid polyurethane foam (RPUF). The production factors 
included polyol (P) content, polyol to diisocyanate (p/d) ratio and mixing temperature 
of polyol to diisocyanate (D). The microstructure and morphology of RPUF were 
investigate to understand the mechanism controlling the compressive strength 
development with various production factors and to suggest the optimal production 
factors. The following conclusions can be drawn from this research study: 

1) The stress-strain relationship of RPUF was found to have three zones: linear, 
plateau and densification. At ambient mixing temperature, for a given P content, the 
lower p/d ratio resulted in the lower strains at the start of each zone and higher yield 
stress, toughness and compressive strength. 

2) Unlike at the ambient mixing temperature (25oC), for a particular P content, 
the compressive strength of RPUF prepared at high temperatures (> 40oC) decreased 
with the decrease in p/d ratio. For low P contents of 23 and 28, an increase of mixing 
temperature from 25oC to 40oC increased the compressive strength of RPUF for a given 
p/d ratio. However, for high P content of 34 kg/m3, the increased mixing temperature 
from 25oC to 40oC caused the reduction in compressive strength. In other words, the 
ambient mixing temperatures was the most suitable for high P content of 34 kg/m3. 

3) The EDS results showed the unchanged in the chemical compositions in the 
RPUF structure with the elevated mixing temperatures as seen by the similar amount 
of C and O for all the mixing temperatures tested. The compressive strength 
development with mixing temperature did not result from the chemical bonding 
development but was due to the increased cell-contact pressures. 

4) The microstructural analysis results showed that both the elevated the 
mixing temperature and reduced p/d ratio stimulated gasification, resulting in the 
small-sized cells with high cell-contact pressures. The sufficient cell-contact pressure 
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increased the compressive strength of RPUF and toughness while the extremely large 
cell-contact pressure caused the cell damage and the reduction in strength and 
toughness. At low P content, both the elevated mixing temperature to 40oC and the 
reduced p/d ratio improved compressive strength of RPUF. However, at high P content, 
the elevated mixing temperature resulted in the cell damage; the reduced p/d ratio 
was recommended to enhance the compressive strength. 

5) To meet the upper limit of 0.128 MPa for EPS foam, the increased mixing 
temperature from ambient to 40oC could improve compressive strength at low P 
contents of 23 and 28 kg/m3; the 40oC and p/d ratio of 1 were the best ingredient. The 
ambient mixing temperature and p/d = 0.8 were however the best for high P content. 
With high cost of P and D, the usage of low P content of < 28 kg/m3 with 40oC mixing 
temperature is therefore recommended in practice. 

6) The outcome of this research will promote the usage of the RPUF as a 
lightweight material in geotechnical structures such as retaining wall and road 
embankment. It had a comparable compressive strength to EPS but with safer 
manufacturing process. The RPUF can also be adopted as a filling material under 
eroded geotechnical structures such as road concrete pavement and bridge approach 
slab due to its large expansion nature. 
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 CHAPTER IV 

PERFORMANCE OF THE POLYURETHANE FOAM INJECTION 
TECHNIQUE FOR ROAD MAINTENANCE APPLICATIONS 

 

4.1  Introduction 
 The population of Thailand has been gradually growing over the years resulting 

in increased economic development and hence a steady rise in traffic volume (DOH, 
2012; Nikomborirak, 2004). Development of road transportation networks are crucial in 
facilitating the economic development of a nation. Roads are composed of pavement 
surface and pavement structure, i.e. subgrade, embankment, subbase, and base. The 
pavement surface is classified into two primary types: asphalt concrete pavement 
(flexural pavement) and concrete pavement (rigid pavement). Nevertheless, both 
pavements frequently undergo substantial damages around the country after a certain 
duration of utilization. 

 The central region of Thailand is located on a vast soft clay deposit over an 
area of approximately 14,000 square kilometers. This area includes the Bangkok and 
its surrounding metropolitan provinces (Department of Rural Roads, 2009). This soft 
clay deposit is generally known as "Bangkok Clay" and has a basin-like form. It consists 
mostly of silty or clayey soil with a high moisture content (Moh et al., 1969; Kamon 
and Bergado, 1991). The soft Bangkok clay layer is uniform with a thickness ranging 
  from 15 to 20 meters, according to research by the Norwegian Geotechnical 
Institute (NGI) and the Asian Institute of Technology (AIT). The shear strength at 
different depths was found to have a low variation which does not exceed 10 percent 
within the same depth level (Eide, 1968; Eide, 1977). 

 Roads constructed on soft clay deposits often encounter the surface 
settlement and subsidence of the road structure. This problem results from the 
excessive groundwater pumping and consolidation settlement of the soft clay (Peduto 
et al., 2020). In addition, the quality control of the road construction also plays a crucial 
role in contributing to the deterioration of the pavement surface and structure. This 
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includes issues such as material compaction in restricted areas or in the presence of 
obstacles, leading to subsequent settlement due to the low stiffness of soil foundation 
and the large voids beneath the pavement, particularly around bridge abutments. 

 To address the settlement issues resulting from the aforementioned factors, 
various methods can be employed. These include chemical stabilization and the usage 
of lightweight materials. The chemical stabilization enhances soil characteristics and 
fill the voids under the pavement surface. Lightweight materials are utilized as 
alternatives to replace the damaged pavement structure and then the pavement 
surface improvement is achieved through the use of asphaltic concrete (Jongpradist et 
al., 2011; Lenart & Kaynia, 2019; Tanchaisawat et al., 2008; Vardhanabhuti et al., 2015; 
Wonglert et al., 2018). Each technique has its own operational procedure and financial 
requirements. The chemical injection approach is favored for its cost-effectiveness and 
straightforward operation, commonly utilizing substances such as cement. The process 
of chemicals injection into the soil is referred to as the grouting technique (Weaver & 
Bruce, 2007). When selecting a maintenance approach, it is crucial to consider the 
longevity of the repaired road, the time required for remedy and the performance of 
the repaired road, including its strength and smoothness. This is essential to ensure 
safety during usage (Mounanga et al., 2008; Patil & Molenaar, 2011). 

 Currently, there are several ongoing studies exploring the use of polyurethane 
(PU) foam in various applications to enhance soil properties (Lat et al., 2020). One such 
application involves injecting PU foam in conjunction with soil nailing, to enhance the 
adhesion and a slope stability. Another application combines PU foam injection with 
pile foundations to improve the resistance to vibration and horizontal forces of the 
piles (Capatti et al., 2016; Valentino & Stevanoni, 2016). The technique of injecting PU 
foam was initially invented in Italy in 1996 by the Uretek Company and later adapted 
for high-pressure injection systems (Sabri et al., 2018; Sabri & Shashkin, 2018; Guo et 
al., 2019). The PU foam is injected to the desired depth; it is formed from two 
compounds: polyols and isocyanates. These compounds are mixed in a hydraulic 
system and injected to the soil foundation at high pressure using a spray gun or nozzle 
through a drilled hole with a diameter of approximately 12–30 mm (Buzzi et al., 2010; 
Fityus et al., 2011; Sánchez et al., 2017; Sabri et al., 2018; Sabri & Shashkin, 2018; Sabri 
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& Shashkin, 2020). The ensuing chemical reaction produces a product that can expand 
up to 30 times its original volume and rapidly harden within seconds. The reaction 
time is dependent on the specific type of resin injected and the mixing temperature 
(Buzzi et al., 2008; Sánchez et al., 2017; Sánchez Lavín et al., 2018; Sabri & Shashkin, 
2020). 

 Boonsung et al. (2023) reported the impact of various parameters, including 
polyol content, the ratio of polyol to diisocyanate (p/d), and the mixing temperature 
of polyol (P) and diisocyanate (D), on rigid polyurethane (PU) foam’s microstructure 
and compressive strength. At a specific concentration of polyol, an increase in mixing 
temperature and a decrease in the p/d ratio produced a large number of compact 
cells with high cell contact pressure. A sufficiently substantial increase in this pressure 
will result in a corresponding enhancement of the compressive strength and durability 
of the PU foam. Excessive contact pressure can cause harm to the cell, resulting in a 
reduction in its strength and resilience. At 1% strain, the minimum compressive 
strength requirement for geofoam is 0.015 MPa, according to ASTM D6817: 2017. For P 
contents between 23 and 28 kg/m3, a p/d ratio of 1.0 and a mixing temperature of 
40°C are recommended. When the P content is 34 kg/m3, it is recommended to utilize 
at an ambient mixture temperature and a p/d ratio of 0.8. 

 The chemical grouting procedure for road maintenance utilizing a PU foam 
injection system, according to Fakhar and Asmaniza (2016), consists of liquid P and D. 
This procedure is secure for the environment because the PU foam is non-toxic. PU 
foam, a three-dimensional network polymer product of exceptional strength, is 
produced through the thermal combination of liquid P and D (Wolf, 1956; Ulrich, 1982; 
Wood, 1982). This material has been found to have various beneficial properties, 
including the ability to elevate, realign, seal leaks, fill voids, and fortify soil structures 
(Soltesz, 2002; Gaspard & Morvant, 2004; Yu et al., 2013; Mohamed Jais, 2017). The 
molecular weight of the polyester polyols influences the properties of PU; flexible PU 
foams are produced by polyols with a high molecular weight, whereas rigid PU foams 
are generated by those with a low molecular weight (Sharmin & Zafar, 2012). Within 
15 minutes, PU foam injected into the soil reaches 90 percent of its maximal 
compressive strength of 0.276 MPa; the road can subsequently be reopened to traffic 
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the following day (Puppala et al., 2012). Similar to conventional cement grouting, PU 
grouting involves the injection of P and D via a nozzle inserted through drilled holes 
in the soil layer that needs to be improved. By expanding and filling the cavities in the 
soil mass, PU foam increases the load bearing capacity of the composite ground. 
Moreover, the low unit weight of PU serves to alleviate the rate of settlement in soft 
clay layer (Sidek et al., 2015). 

 The use of PU foam injection techniques to address soil settlement problems 
has become very popular in Thailand. This approach finds extensive application, 
ranging from fortifying soil layers to support machinery and level industrial 
manufacturing floors to enhancing road surfaces in various public and private 
construction projects. This paper includes case studies that demonstrate the utilization 
of PU foam injection techniques to effectively overcome pavement settlement 
concerns in Thailand. The method entails using shallow injection to uplift the 
pavement and deep injection to address soil mass loss beneath the pavement 
structure. This soil enhancement technique signifies a groundbreaking strategy in the 
construction industry of Thailand. It is crucial to provide a thorough framework or set 
of rules in order to inspire trust in the construction quality for engineers and 
stakeholders participating in the projects.  

 This research work will provide a detailed and systematic approach  for the PU 
injection technique, doing a complete analysis of its performance and evaluating the 
behavior of the pavement after the process of restoration. The practical requirements 
include survey processes, attentive work planning, strict safety measures, effective 
quality control, precise monitoring, and systematic reporting of practice outcomes. The 
results of this study are intended to promote the extensive implementation of the PU 
foam injection technique as an environmentally friendly substitute for treating road 
surface settlement problems in Thailand. 
 

4.2  Polyurethanes 
4.2.1  Chemical Composition 

 Polyurethane (PU), alternatively known as polycarbonate, constitutes a 
class of polymers characterized by recurring urethane groups (-NHCOO-) within a 
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molecular chain, possessing two primary attributes: rigidity and flexibility (Islam et al., 
2014; Akindoyo et al., 2016). Otto Bayer first discovered PU in 1930. The molecular 
structure of PU is comprised of P and D, which share similar chemical characteristics, 
equal weight, functional values (Komurlu and Kesimal, 2012, 2014), or other 
compounds. Reactive hydrogen atoms are integral to its molecular structure 
(Herrington & Hock, 1997; Ashida, 2006). The general chemical structure of PU is 
depicted in Figure 4.1. The synthetic production of PU involves the condensation 
reaction between P and D, as illustrated in Figure 4.2. 
 

 
 

Figure 4.1. General structural characteristics of polyurethane 
 

 
 

Figure 4.2. Polyurethane synthesis reaction 
 
The key constituents utilized in the production of PU foam consist of two main 
components: 

4.2.1.1 Polyol 
 Polyol serves as a crucial raw material in the industrial 

production of PU. It encompasses various related compounds. The polyols utilized for 
PU production fall into three main categories: 1) polyether polyols 2) polyester polyols 
and 3) polyester-biological polyols, constituting 90%, 9%, and 1% of the industrial 
usage volume, respectively, in relation to the overall market share of all polyols. Table 
4.1 illustrates the specific properties of polyols. 
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Table 4.1 Specific properties of polyols (Szycher, 2013). 

Characteristic 
Elastomer Foam and 

Flexible foam 
Solid Foam and Rigid 

foam 
Molecular Weight Range 
Functionality 
Hydroxyl Value Renge 

1,000 to 6,500 
2 to 3 

28 to 160 

100 to 1,200 
3 to 8 

250 to 1,000 

 
4.2.1.2 Diisocyanate 

 The properties of polyurethane, including its physical and 
chemical attributes, depend on the particular type of isocyanate used. Two commonly 
used forms of diisocyanates are toluene diisocyanate (TDI) and diphenylmethane 
diisocyanate (MDI). The industry primarily relies on MDI, which accounts for about 90 
percent of isocyanate use. Table 4.2 presents a comprehensive overview of the 
physical and chemical characteristics of both TDI and MDI. 
 
Table 4.2 Physical and chemical properties of TDI and MDI (Szycher, 2013). 

Properties TDI MDI 
State 
Color 
Smell 

Molecular Weight 

Boiling Point, C 

Melting Point, C 
specific gravity 

liquid, crystalline 
white to light yellow 

fruity 
174.16 

251 
22 

1.22 

solid, sheet 
white light yellow 

no smell 
250.3 
314 
37 
1.2 

 
4.2.2  Characteristics of Polyurethane 

 The molecule characteristics of PU foam depend on the ratio of P to D. 
PU foam can be classified into two primary types: flexible PU foam and rigid PU foam 
(often manufactured as semi-rigid foam). Table 4.3 summaries the characteristics of PU 
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foams, as reported by Herrington and Hock (1997), Ashida (2006), Szycher (2013), and 
Gama et al. (2018). 

4.2.2.1 Flexible polyurethane foam  
 Flexible PU foam possesses a reticular molecular structure and 

exhibits a density that varies between 10 and 80 kg/m3. With its open-cell structure, 
this material allows for efficient airflow. This form of PU foam demonstrates 
exceptional tensile strength and displays resistance to a wide range of solvents. This 
PU exhibits thermal stability up to 150 °C when it is in a dry state. Extensively employed 
in the automobile and furniture upholstery sector, it is used for various purposes like 
as car headrest pillows, car steering wheels, car spoilers, shock-absorbent materials, 
and more. 

4.2.2.2 Rigid polyurethane foam 
 Rigid PU foam is distinguished by its extensive reticulated 

molecular structure, which consists of gas bubble-encircling cells with closed walls. In 
contrast to flexible PU foam, this rigid PU foam cultivates an enclosed configuration that 
restricts airflow. With chemical properties resembling those of flexible polyurethane 
foam, this substance exhibits exceptional thermal insulation capabilities and a high 
strength-to-weight ratio. Furthermore, it demonstrates remarkable resistance to corrosion 
caused by petroleum and oil, exhibiting a foam density that covers a range of 30 to 80 
kg/m3. As insulation, rigid PU foam is utilized in refrigerators, cold room walls, heated 
and cold storage containers, and an assortment of other container types. Additionally, it 
is employed in marine apparatus to decrease mass and improve buoyancy. 
 
Table 4.3 Classification of polyurethane foam (Ashida, 2006) 

polyol Rigid foam Semi-rigid foam Flexible foam 
OH No. 

OH Equivalent No. 
Functionally 

Elastic Modulus at 23 c 
MPa 
lb/in2 

350-560 
100-160 
3.0-8.0 

 

700 

100,000 

100-200 
280-560 
3.0-3.5 

 

70-700 

10,000-100,00 

5.6-70 
800-10,000 

2.0-3.1 
 

70 

10,000 
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4.3  PU Foam Injection Technique 
 An individualized strategy that focuses on resolving the issue at this point is 

necessary when repairing the pavement surface with PU foam injection. Determining 
optimal injection points while minimizing compound usage is an essential aspect of 
developing efficient work procedures. Area type, injection site placement, and the 
dimensions of the expansion area are all elements that should be taken into account 
during operation planning. These factors contribute to the efficient operation of PU 
foam and assist operators in its evaluation. Moinda (2004, 2008) identified variables 
such as pressure and injection patterns that influence the expansion capacity of PU 
foam. 

 
Figure 4.3 Characteristics of deep injection of PU Foam 

      (modified after Rao et al., 2019) 
  

 A simulation diagram illustrating substantial settlement that takes place on 
flexible surfaces, as is commonly observed in asphalt pavements, is presented in Figure 
4.3. Extensive soil mass deficiency beneath the pavement causes the formation of 
expansive cavities at a considerable depth beneath the surface, which in fact causes 
this settlement. The expansion of cavities in the pavement is a consequence of 
dynamic forces generated by the vehicle load. This expansion directly influences 
surface settlement, as illustrated in Figure 4.3(a). By injecting PU foam into these voids 
beneath the pavement, compressive stress in the pavement structure is evenly 
distributed and tensile stress concentrations are reduced, thereby preventing further 
surface settlement. Following this, the surface is modified through the application of 
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a overlaying surface material (Figure 4.3(b) and (c)). The process by which PU foam is 
deeply injected to minimize settlement concerns is called "deep injection." 

 

 
 

Figure 4.4  Characteristics of shallow injection of PU Foam 
    (modified after Rao et al., 2019) 

 
Figure 4.4 presents a simulated diagram illustrating minor settlement commonly 

seen in rigid or concrete pavements. The weight of vehicles induces dynamic stress on 
the pavement surface, leading to differential settlement within the pavement structure 
and on the surface. This is particularly noticeable around connection joints, as depicted 
in Figure 4.4(a). This disruption can result from factors like weakened soil bearing 
capacity due to water seeping through connection joints, uneven compaction near 
connection joints, issues with construction quality control, and external factors beyond 
control, such as variations in the properties from different material sources. Even slight 
initial settlements can significantly escalate with increased traffic, affecting driving 
safety. 

 The injection of PU foam in this case aims to readjust the surface level to a 
usable state by harnessing the lifting force generated from the chemical reaction of 
both mixed compounds. This type of PU foam injection is referred to as 'shallow 
injection' (see Figure 4.4(b) and 4.4(c)). The injected PU foam expands and fills voids 
rapidly within 30-60 seconds. 

 The method of introducing PU foam, whether it be for deep or shallow 
injection, is occasionally referred to as 'Compaction Grout Injection' (Yu et al., 2013). 
Although the method of injecting PU foam to resolve settlement problems may differ 



115 
 

depending on the unique circumstances, the primary procedures can be outlined as 
follows: 

1) Prepare the work area by setting up road barriers to limit the working space 
and prevent vehicles from entering during operations. This includes arranging safety 
equipment to protect individuals during work, involving the steps of surveying the area, 
and during the injection process. 

2) Verify the settlement values of the area to be addressed using precise 
measurement tools. Additionally, create a detailed map outlining the scope of work 
and develop a plan detailing the operational steps (the surveying process). 

3) In situations involving observable settlement in the work area, the 
implementation of deep injection techniques becomes imperative. To determine how 
deeply and in what pattern the PU foam should be injected, the designer must first 
determine the strength of the soil on-site through the use of techniques such as a light 
hammer test. 

4) Determine the injection positions and drill the pavement surface to create 
holes of sufficient size for the PU foam injection pipes. Inject the PU foam until reaching 
the desired depth for soil improvement according to the proposed operational plan. 
While injecting the PU foam, monitor the movement of the surface level to ensure 
confidence that the foam adequately fills the voids beneath the surface and achieves 
the desired level of lifting. 

 After the completion of the PU foam injection, it is recommended to provide 
a resting period of 15 minutes. Subsequently, seal the drilled holes with cement grout 
and proceed to reopen the roadway after the expiration of one hour. 
 

4.4  Application of PU Foam for Road Maintenance 
 The use of PU foam to enhance the stability of road structure in Thailand is 

gaining popularity and steadily growing. This is due to its advantages in terms of 
streamlined work processes, avoiding the need for digging or damaging the surface to 
address soil issues below. Importantly, it can be completed within a relatively short 
timeframe. To address surface settling problems in Thailand utilizing PU foam injection, 
three distinct applications are identified, as illustrated in the following case studies. 
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4.4.1  Flexible Pavement 
 Motorway Number 9 (Bang Na - Bang Pa-in) is a vital main route that 

encircles and connects the peripheral regions of Bangkok, including Nonthaburi, 
Pathum Thani, and Samut Prakan. Additionally, it extends through Phra Nakhon Si 
Ayutthaya province. The motorway spans 181 km and comprises an eight-lane mainline 
roadway with a concrete surface, along with two additional asphalt concrete lanes 
designated for westbound and eastbound traffic, capable of handling a daily traffic 
volume of 8,000 passenger car unit (PCU). This infrastructure plays a crucial role in 
connecting the central and eastern areas. Construction was completed in 1998 (B.E. 
2541). According to data provided by the Motorway Authority of Thailand (Department 
of Highways, 2022), the average daily traffic volume in 2022 peaked at 271,860 PCU. 
Figure 5 displays the attributes of Motorway Number 9 and its road structure. 
 

 
 

Figure 4.5 Characteristics of Highway No. 9 (Bang Na-Bang Pa-in) and road structure 
 



117 
 

  This motorway is built on the soft Bangkok clay, with a thickness ranging 
from 15 to 18 meters. The soil has low shear strength and is prone to settling, coupled 
with a high liquid limit and water content. After its completion in 1998 (B.E. 2541), a 
significant settling issue emerged on December 25, 2022, affecting the westbound lanes 
at STA 29+400 and making that section impassable, as shown in Figure 4.5. To address 
this, the Motorway Authority of Thailand temporarily used asphalt concrete to raise 
the level, allowing traffic to resume on January 10, 2023, as illustrated in Figure 4.6. 
However, settlement issues continued until the intervention of the S-Class Engineer 
Company, which applied PU foam on February 6, 2023. The repair activities were 
conducted between 2:00 p.m. and 8:00 p.m. 

 

 
 

Figure 4.6 Settlement location of the asphalt-covered pavement. 
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Figure 4.7 Results of the Kunzelstab Penetration Test (KPT) and the pavement structure 
 

  Figure 4.7 illustrates the results of the Kunzelstab Penetration Test (KPT) 
conducted to evaluate the soil's bearing capacity beneath the settled pavement 
surface. The objective is to determine the depth at which PU foam injection is required 
for enhancing the soil's engineering properties and to plan the remedial work. The 
assessment spans from the soil surface level (level 0.00) to a depth of 0.45 meters 
(level -0.45 meters). The base and subbase are identified as a moderately compacted 
layer with a KPT number around 40. Next to the subbase, there is an embankment 
layer susceptible to depressions due to damaged water pipes. This embankment layer 
has a thickness of 2.75 meters (ranging from level -0.45 meters to level -3.20 meters) 
and consists of coarse sand with a KPT number less than 8. Beneath the sandy soil 
layer, there is a dense soil layer with a KPT number exceeding 40. Consequently, the 
engineering enhancement of the soil involves injecting PU foam to a depth of -3.20 
meters. 
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Figure 4.8 Steps for deep PU foam injection. 

 

 
 

Figure 4.9 Location and spacing of drill holes (red dots) for foam injection. 
 
 The PU foam employed for soil improvement is a mixture of P and D 

at a 1:1 ratio. Diphenylmethane diisocyanate, its isomers, and homologs like 4,4-
methylene diphenyl diisocyanate (MDI) (POLYONE-200) are all parts of the diisocyanate 
part. The P used is polyether polyol (POLY-225). The process of injecting PU foam 
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began with the calibration of tools, measuring the quantity of foam fluid injected per 
cycle, commonly known as a "stroke." It was determined that the volume of foam fluid 
utilized per stroke averaged 0.0939 kg based on three measurements (the quantity of 
chemical injected per cycle relative to applied pressure). This value was employed to 
compute the overall amount of liquid foam utilized for the complete repair process 
once the total number of strokes used for maintenance was established. 

 Figure 4.8 outlines the steps involved in PU foam injection until the 
process was complete. In Figure 4.8(a), holes were drilled using an electric drill with a 
16-millimeter diameter, slightly beyond the desired depth (level -3.20 meters from the 
ground), and spaced 2.00 meters apart. There are a total of 6 drill points covering an 
area of 8 square meters, as shown in Figure 4.9. Following this, aluminium pipes, 12 
millimeters in diameter and 4.50 meters in length, were prepared and marked at 500-
millimeter intervals to control the PU injection pipe's lifting speed (Figure 4.8(b)). The 
P and D solvents were heated to 40°C at the injection head position and injected under 
pressure of approximately 13.8 MPa (2,000 psi). PU foam was injected from the bottom 
up, and the number of strokes was calculated by dividing the amount of chemical 
needed per 500 millimeters of depth by the average amount of liquid foam used per 
stroke. The injection was carried out by gradually moving the conduit upward while 
injecting PU foam to achieve a chemical quantity of 10 kilograms per 500 millimeters 
of depth. The final injection depth was set slightly below the surface to ensure 
complete foam filling. The practitioner measures the surface movement using a 
transmitter (Figure 4.8(c)). PU foam injection stopped when the pavement surface was 
lifted by 2.0–3.0 millimeters compared to the adjacent undamaged pavement surface. 
Following this, the practitioner closed the drill holes with non-shrinkage grout, cleaned 
the area, and reopened the pavement for use after approximately 1 hour. The total 
chemical used for this surface repair was 436 kg (P = 218 kg and D = 218 kg). 

4.4.2 Rigid Pavement 
 Rural Road No. 3026 (km. 0+000 to 5+000) is a road that branches off 

from Rural Road No. 3030, spanning a distance of 5.6 kilometers. It is a four- to six-lane 
road intersecting at Rural Road No. 3032 (Bypass), which is designed to divert urban 
traffic. The purpose of constructing Rural Road No. 3026 is to channel the traffic volume 
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from the urban area to the western side of the central region of Thailand. The 
pavement surface is reinforced concrete, and the pavement structure consists of a 
base course with a CBR value > 80%, 15 centimeters thick, and a subgrade with a CBR 
value > 4%. It was opened on April 24, 2009, and has been in operation for 11 years. 
Damage started occurring in February 2023, specifically at STA 5+200, due to 
differential settlement at the concrete pavement near the connection joint in the 
curve area close to the shoulder of the road. This settlement is believed to result from 
challenges in compacting the base course in the narrow area, as shown in Figure 
4.10(a). The damage to the pavement occurred both longitudinally and transversely 
to the traffic direction. Additionally, this area serves as a U-turn point, causing vehicles 
to decelerate significantly while entering the curve and accelerate when exiting the 
curve. Consequently, this area experiences higher compressive and shear forces 
beneath the pavement surface than other areas. Figure 4.10(b) illustrates the damage 
to the pavement in the transverse direction, indicating a settlement of 25 millimeters 
compared to the original surface. 

 

 
(a)                                                           (b) 

 
Figure 4.10 Physical characteristics of the road (a) pavement damage (b) settlement surface 
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Figure 4.11 PU foam injection location to raise the pavement surface. 
 

  The soil investigation demonstrated the stability of the subgrade. 
However, problems with the concrete surface occurred due to soil settlement at a 
shallow depth below the pavement surface. The most notable settlements measured 
25 mm in width and 15 mm in length. In order to enhance the bearing capacity of the 
pavement, it was necessary to strengthen the shallow foundation (base course) and 
raise the concrete surface to a level that can be used. As illustrated in Figure 4.11, this 
required the implementation of PU injection technique at the particular site. 

  Since the concrete pavement includes reinforcing steel bars, it was 
necessary to cut them along the crack line. This enables the original pavement on the 
settling side to lift during PU foam injection, as shown in Figure 4.12(a). Following the 
cutting process, holes were drilled on the settlement's pavement surface, reaching a 
depth 20-30 mm below the pavement surface. These holes, spaced at 1.00 m intervals 
along the length, served as installation points for a liquid PU foam injection tool. The 
tool has a volume of 0.0875 kg per stroke and operates within a pressure of 
approximately 10.4 MPa (1,500 psi), as illustrated in Figure 4.12(b). 

  Throughout the PU foam injection procedure, careful monitoring was 
carried out on the raised area of the settled pavement. The injection of PU foam was 
stopped when a raised concrete surface was 5.0 mm above the level of the adjacent 
undamaged pavement, as shown in Figure 4.12(c). Figure 4.12(d) clearly depicts the 
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concrete surface after the uplift and repair process. The total chemical usage for this 
project was 150 kg, with 75.5 kg of P and 75.5 kg of D. 
 

 
 

Figure 4.12 Shallow PU injection process. 
 
  After the injection of PU foam and the regular operation of the road 

over a six-month period, the authors conducted an examination of the repair 
outcomes. This involved a thorough survey of the pavement surface level and a 
comparative analysis with the levels observed both before and after the PU foam 
injection. Figure 4.13(a) illustrates the concrete pavement that experienced damage, 
where the settlement on the left-hand side caused it to descend below the 
operational level. The repair was executed through PU injection, effectively restoring 
it to its original position. The pavement surface exhibited a width of 3.0 meters and a 
length of 6.0 meters, segmented into horizontal intervals of 0.5 meters and longitudinal 
intervals of 1.5 meters. 

  The intersection point of the two lines was designated as the reference 
point for collecting position level data. The level value data were then collected, as 
illustrated in Figure 4.13(b). Figure 4.14 presents the measurement results of the 
pavement surface level both before and after the PU foam injection. It indicated that, 
prior to the injection, the highest longitudinal settlement occurred at grid line 1, a 
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specific section of the pavement surface, with an average transverse settlement of 25 
mm. Following the PU foam injection to improve the shallow foundation (base course) 
beneath the pavement and elevate the surface level, the road demonstrated the 
capability to sustain traffic loads without succumbing to settlement-related damages. 
This was evident from the minimal difference between the level measured 
immediately after the PU foam injection and the level measured after a six-month 
period. 
 

     
                                          (a)                                                        (b) 
 

Figure 4.13 Post-injection inspection of PU foam (a) repaired pavement 
           (b) data collection location. 
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Figure 4.14 Level values of the pavement before and after PU foam injection. 
 

4.4.3 Bridge Approach Slab 
 Bridges conventionally depend on pile foundations, while bridge 

approaches are supported on compacted soil. In other words, they are built on 
supports with varying stiffness. Compacting the pavement structure, particularly near 
the bridge approach, remains a consistent challenge, requiring more efficient 
compaction methods than those used in other locations. 

 Moreover, dynamic forces generated by acceleration in the bridge 
approach cause the soil mass to flow beneath the concrete pavement, resulting in 
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different settlements between the bridge abutment and the pavement surface. In 
Figure 4.15, there was a visible opening on the side of the bridge approach where the 
soil mass flowed out, measuring approximately 200 millimeters in width and 300 
millimeters in length. Such damage is common in Thailand, especially in the central 
region, where bridge approach slabs are often built on soft clay. One potential solution 
to this issue involves using lightweight EPS materials instead of traditional compacted 
soil. A study by Malai et al. (2022) found that EPS foam, when installed for 100 days, 
significantly reduced stress intensity on the soft clay foundation, resulting in minimal 
settlement. However, this approach requires the excavation of open areas for 
construction, which is time-consuming and impacts project costs. 

 

 
 

Figure 4.15 Opening due to soil flew out of the bridge approach slab 
 

  The Rural Road No. 4012 located in Chanthaburi Province, eastern 
Thailand, spans 36 kilometers and features a four-lane asphalt pavement with two 
lanes in each direction. The area is susceptible to monsoons, which leads to frequent 
flooding and the accumulation of sand at the bridge approach, resulting in a large 
cavity and settlement issues on the pavement surface. Figure 4.16(a) displays 
noticeable cracks on the pavement surface at the intersection between the road and 
the bridge approach, stretching along the entire approach length. Cavity 
measurements, performed by inserting a small steel rod beneath the pavement 
surface, revealed a continuous cavity extending across the road and the bridge 
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approach. Although the depth ranges from 0.5 to 1.0 meters, it was not excessively 
deep. To address this, deep injection PU foam technique was employed to fill the 
cavities beneath the pavement surface for maintenance. The process commenced with 
the injection of PU foam to fill the cavities between the asphalt concrete pavement 
edge and the shoulder, as depicted in Figure 4.16(b). PU foam filled the left and right 
cavities along the shoulder of the bridge abutment slab. Following this, PU foam was 
injected into each asphalt concrete. 

 

 
(a)                                                            (b) 

 
Figure 4.16 (a) Pavement crack line (b) Injection to seal the opening. 

 

 
(a)                                                                 (b) 

 
Figure 4.17 Work steps (a) Drilling holes to install foam injection equipment (b)  

  Measuring the level of surface movement. 
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  Figure 4.17(a) shows the layout of the pavement drill line situated 
between the pavement surface and the bridge approach. The drill holes are 16 mm in 
diameter, spaced at intervals of 1.50 m. Afterward, a aluminium pipe with a 12 mm 
diameter was inserted, extending from 0.5 to 1.0 meters along the road and spanning 
the bridge connection down to the level of hard soil. The subsequent step involved 
injecting liquid PU foam at a rate of 0.0851 kg per stroke, employing a working pressure 
of approximately 13.8 MPa (2,000 psi). The injection process began from the bottom 
and proceeds upward. The number of injection strokes was calculated based on the 
required chemical amount per 0.5 meters of depth, divided by the average liquid foam 
amount per stroke. Following this, the pipe was moved upward to inject the next layer. 
To ensure thorough distribution beneath the concrete pavement surface, the final 
injection depth was slightly below the pavement level. The injection process stopped 
when the asphalt concrete pavement surface rises by 5 mm compared to the adjacent 
undamaged pavement surface, as shown in Figure 4.17(b). Subsequently, the drilled 
holes were sealed with non-shrink cement. The total chemical consumption for 
maintenance in this project was 320 kg (P = 160 kg and D = 160 kg). 

  Pavement settlement caused by widespread cavities is a frequent issue 
in the central region of Thailand, characterized by a prevalent soft clay sediment basin 
with a thickness ranging from 10.0 to 18.0 meters. Exclusively depending on 
conventional PU foam injection procedures, operational expenses will be elevated. In 
order to save costs, lightweight materials and PU foam can be utilized together. The 
utilization of lightweight materials helps reduce both the vertical stress on the 
foundation and the horizontal stress on the retaining structure or bridge approach. A 
commonly employed method for producing lightweight materials involves integrating 
foam agents into the mortar mixture, referred to as air foam mortar (AFM), which leads 
to the creation of lightweight materials (Neramitkornburi et al., 2015a; Neramitkornburi 
et al., 2015b). The strength characteristics of this low-density material are contingent 
upon the amount of cement and additives employed. This method can be applied to 
several types of fine aggregates, including sandy soil and soft clay (Jamnonpipatkul et 
al., 2009; Horpibulsuk et al., 2012; Yang & Chen, 2016; Lim et al., 2017; She et al., 2018). 
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  The bridge at km 11+050 in Bangkok, a route to Suvarnabhumi 
International Airport, is built on Bangkok's soft clay layer, featuring a road structure 
(Figure 4.18). Settlement problems between the road and the bridge approach have 
resulted in pavement collapse, forming a notable sinkhole, as observed in Figure 
4.19(a), documented through a walkthrough survey and distance measurements. Upon 
inspection, a sizable void was discovered beneath the pavement, situated between 
the abutment and the road, approximately 2.0 meters deep from the pavement level. 
As illustrated in Figure 4.19(b), the repair process began with the injection of PU foam 
to fill the cavities along the road shoulder, limiting the spread of the foam before 
further injection beneath the pavement surface. 

 

 
 

Figure 4.18 Subsoil and road information (a) Arrangement of the Bangkok Soft Clay 
         (Eide, 1977) (b) Road structure 
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(a)                                                             (b) 

 
Figure 4.19 (a) Pavement damage (b) Cavities under the pavement 

 

 
 

Figure 4.20 Preparing Lightweight concrete for pouring to fill a cavity 
 
Due to the extensive size of the cavity, cellular lightweight concrete, with a 

volume of 10 cubic meters, was used to fill the space beneath the pavement. It was 
poured from the roadside, allowing the concrete to flow and fill the cavity. The 
lightweight concrete was designed to have a unit weight ranging from 800 kg/m³ to 
1,200 kg/m³ (with a tolerance of ±10%) when in a liquid state. On-site checks are 
conducted to verify the unit weight of the liquid-state lightweight concrete before 
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filling the bottom of the cavity. As depicted in Figure 4.20, the concrete underwent an 
11-day curing process. Subsequently, the PU foam injection process commenced by 
drilling the pavement with a 16-mm diameter, preparing for the installation of the PU 
foam injection equipment. The drill holes were strategically placed at intervals of 1.50 
m. An aluminum pipe, measuring 12 mm in diameter, was then inserted into the 
bottom for PU foam injection at a depth of 2.00 m (reaching the hard soil level). 

  Utilizing lightweight concrete in such cases significantly reduced 
maintenance costs compared to using PU foam injection alone. The liquid PU foam 
was injected at a rate of 0.0806 kg/stroke, and the injection progress was monitored 
by measuring the pavement uplift with a laser level instrument. The injection was 
stopped when the pavement surface lifted by a minimal 5 millimeters compared to 
the adjacent undamaged pavement level. The total chemical quantity used for PU 
foam injection in this maintenance project was 220 kg (P = 110 kg and D = 110 kg). 
 

4.5  Compressive Strength of PU Foam Samples 
 The compressive strength of PU foam injected in the field could be evaluated 

by injecting PU foam into a mold under conditions simulating practical applications in 
terms of chemical composition and pressure. After allowing the molded PU to set for 
24 hours, the mold was removed, and the resulting samples were cut to dimensions 
of 50 x 50 x 50 millimeters, following the standards set by the Norwegian Directorate 
of Public Roads (Public Road Administration, 1922). These cubic samples then 
underwent compressive strength testing using a Universal Testing Machine (UTM). 
Figure 4.21 visually illustrates a PU foam sample obtained through mold injection, 
highlighting an uneven distribution of the liquid PU foam, leading to a non-uniform 
solid PU foam product. Buzzi et al.'s study (2010), employing scanning electron 
microscopy to investigate the microstructure of field-injected PU foam samples for 
foundation improvement, found that the PU foam samples displayed an incomplete 
structure. This discovery aligns with the present study's results, indicating a consistent 
non-uniform distribution observed in field-injected PU foam samples compared to 
those prepared under laboratory conditions. 
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Figure 4.21 PU foam texture of the specimen obtained by injection into the mold. 
 

 Figures 4.22(a) and (b) show the results of compressive strength tests on PU 
foam samples prepared under working pressures of 10.4 MPa and 13.8 MPa, used for 
shallow and deep injection methods, respectively. The average peak compressive 
strength was found to be 14.3 MPa and 24.7 MPa, respectively. Notably, the 
compressive strength at 1% strain, a key parameter for designing lightweight foam 
materials in road construction, was measured at 1.1 MPa and 1.64 MPa, respectively. 
These values significantly surpassed the recommended threshold (which should not 
be less than 0.015 MPa) specified by ASTM (ASTM, 2017). 

 Furthermore, Figure 4.22(a) illustrates the impact of imperfections on the 
chemical reaction, leading to two types of samples exhibiting distinct behavior in the 
relationship between stress and strain: 1) PU foam samples that displayed incomplete 
chemical reactions had a brittle nature, which was characterized by a certain 
compressive strength value (No. 1-4). The stress-strain relationship exhibited the 
elastic-plastic properties typically observed in brittle materials and 2) PU foam samples 
resulting from complete chemical reactions (No. 5–6) exhibited a stress-strain 
relationship characterized by three phases: elastic, plateau, and densification (Subhash 
et al., 2005). In the elastic phase, the material yields as the stress increases. When the 
yield point is exceeded, the sample moves into the plateau phase, undergoing 
deformation to a degree where it cannot return to its original state and entering the 
densification period. This results in compaction of the sample, leading to a sudden 
increase in compressive strength (Ashby & Lu, 2003; Outllet et al., 2006). Figure 4.22(b) 
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illustrates the sample's behavior following high-pressure injection (13.8 MPa). All 
samples exhibited brittle material behavior (No. 1–6) with values surpassing the 
standard values for lightweight foam materials commonly used in road construction. 
The failure characteristics of both sample types (brittle and three-phrase behaviors) 
are shown in Figure 4.23. 
 

 
(a) 

 
(b) 

 

Figure 4.2 2 Compressive strength test results of PU foam samples prepared by    
injection pressures (a) 10.4 MPa (b) 13.8 MPa 
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 Boonsung et al. (2023) conducted a study that investigated the compressive 
strength and microstructure of PU foam. They created the PU foam samples by 
combining P with D at different ratios and temperatures inside a PVC mold that had a 
diameter of 75 mm and a height of 200 mm. The liquid foam generated pressure and 
expanded inside the mold when its cover was closed, without requiring high-pressure 
injection. The test results showed that reducing the ratio of p/d was associated with 
an increase in the compressive strength of PU foam. An examination under a 
microscope revealed that a decrease in the p/d ratio caused chemical processes to 
occur more quickly and increased the internal pressure. This resulted in smaller foam 
cells that were somewhat compressed, ultimately leading to an increase in the unit 
weight of PU foam. The compressive strength was achieved at a value of 0.132 MPa, 
with a p/d ratio of 1 and a mixing temperature of 40 °C. Hejna et al. (2017) conducted 
a separate investigation to examine the sizes of PU foam cells produced with three 
different p/d ratios: 1.5, 2.0, and 2.5. The results indicated an inverse correlation, 
whereby an augmentation in D quantity (leading to a diminished p/d ratio) tended to 
diminish the dimensions of foam cells, consistent with the findings of Boonsung et al.'s 
research (2023). 

 

 
 
      Figure 4.23 Failure characteristics of the PU foam samples (a) brittle behavior 

 (b) three-phrase behavior 
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 Figure 4.24 illustrates the relationship between the unit weight and PU foam 
samples that were generated under different injection pressures. The samples created 
at a higher pressure of 13.8 MPa had a larger unit weight value than those made at a 
lower pressure of 10.4 MPa. The average density values for the two groups were 42.1 
kg/m3 and 88.8 kg/m3, respectively. The results presented in Figure 4.22 are consistent 
with these observations regarding compressive strength. Nevertheless, upon comparing 
the compressive strength measurements of PU foam samples made in the laboratory 
(Boonsung et al., 2023), it became apparent that the compressive strength of field-
injected samples exceeded that of laboratory samples. The difference is attributed to 
the compression of foam cells caused by pressure in the field, which arises from two 
main factors: the chemical reaction and the injection pressure. Conversely, the 
pressure inside the laboratory mold is only produced by the chemical reaction. This 
comparison highlighted the crucial significance of the pressure exerted during the 
injection of PU foam in affecting the strength of the foam used to improve pavement 
structures. 
 

 
 

Figure 4.24 Unit weight of PU foam injected at different pressures. 
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4.6  Guidelines for Repairing the Pavement Structure Using PU Foam 
 Injection 
 Improving pavement structure in Thailand with settlement issues through PU 

foam injection techniques can be approached in various ways, depending on the 
specific problem and the physical characteristics of the work area. While this method 
effectively deals with pavement settlement, there are currently no established 
standards for its implementation based on engineering principles. In this paper, the 
authors have presented a practical step-by-step work guideline. The guideline was 
designed for use by agencies or service organizations to ensure that the requested 
service and performance results align with consistent standards. 

4.6.1  Survey of Physical Characteristics 
 The area survey covers several aspects, including geographical features 

(like the shape of the area and its surroundings), soil properties, water pathways, and 
essential road information such as location coordinates, road use, and surface type. 
To understand the damage characteristics, cavity dimensions (measured through 
resistivity imaging), and pavement settlement values, the accurate measurements are 
essential, typically obtained with specialized equipment. When dealing with significant 
settlement issues and deep injection methods, it is crucial to conduct an in-situ soil 
investigation. This assessment helps determine the required depth, injection pattern, 
and contributes to creating a diagram outlining the scope of work. 

4.6.2  Planning 
 The planning provides a clear description of the solutions and 

techniques used for the task, including the specific methodology for injecting PU foam 
(deep or shallow injection), the precise position and depth of the injection, the mixing 
temperature, and the ratio of polyol to diisocyanate (p/d ratio). The recommended 
injection pressure range is 3.45 to 13.80 MPa (500 to 2,000 psi). Table 4.4 suggests the 
suitable injection pressures according to the repair goal. The comprehensive strategy 
should also encompass the subsequent inspection procedure following the 
modification. It is advisable to maintain a mixing temperature of 40°C and a p/d ratio 
of 1.0 (Boonsung et al., 2023). 
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Table 4.4 Pressure range of PU foam injection sequence for soil improvement 
    (Mohamed Jais, 2017) 

Description Pressure, psi Pressure, kPa 
Void/Cavity Filling 
Soil Strengthening and Compaction 
Hydrofracturing and Friction Resistance 
Compensation and Uplifting 

500 – 800 
800 – 1,200 

1,200 – 1,500 
1,500 – 2,000 

3,450 – 5,515 
5,515 – 8,275 
8,275 – 10,345 
10,345 – 13,790 

 
4.6.3  Safety Measures 

 In work areas, proper equipment must be prepared to prevent 
accidents during operations. This involves installing warning signs and setting speed 
limits for vehicles on the route. Workers are required to wear personal protective 
equipment consistently while on duty. PU foam injection systems and equipment must 
be regularly inspected, well-maintained, and prepared for use. Chemicals must be 
stored in secure containers within confined spaces. In the case of a leak, immediate 
prevention of the spread and seepage of chemicals into the soil must be implemented. 
Immediate cleaning should be conducted using appropriate disposal or cleaning 
equipment at the work site. 

4.6.4  Quality Control 
Ensure the chemical dosing system's performance by injecting liquid PU 

foam into a container at atmospheric pressure, allowing the foam to expand freely. 
Then, weigh the expanded foam to calculate the amount of chemical released per 
injection (stroke), denoted in units representing the total weight of P and D per stroke. 
This calculation is crucial for determining the overall amount of liquid PU foam used 
upon completing the work. Additionally, the operating pressure and the number of 
injections throughout the pavement repair process until its completion must be 
documented. 

Begin by drilling a hole with a diameter ranging from 12 to 30 mm, 
adapting the size based on the equipment and PU foam nozzle in use. An injection 
pipe type is selected to suit the application, such as steel, copper, or aluminum. The 
selected pipe is inserted into the soil foundation at the desired depth. The compounds 
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(P and D) are then transported through a hydraulic system and mixed in a temperature-
controlled nozzle. The injection is initiated by slowly introducing the liquid PU foam 
into the soil through a small hole at the end of the injection pipe. For deep PU foam 
injection, the injection process is divided into 0.5-meter intervals, gradually lifting the 
injection pipe and allowing PU foam to be injected slowly upward. During each stroke 
of PU foam injection, the injection is waited for a 10-second period to allow the foam 
to harden before proceeding to the next stroke. If injecting PU foam at a shallow level 
with the intention of raising the surface, the injection is continuous and stopped when 
the pavement surface reaches the desired level. 

During injecting PU foam, a high-precision laser level meter (with a 
resolution of at least 0.01 mm) is recommended to measure the movement of the 
pavement surface. The expansion of PU foam will gradually raise the pavement surface 
to the desired level in the final injection stage, slightly below the pavement surface. 
The injection is continued until the pavement surface raises by at least 5 mm above 
the desired level, to ensure effective filling of the cavity with liquid PU foam. The 
complete chemical reaction takes at least 15 minutes for transition from liquid to solid, 
developing the necessary mechanical properties. Afterward, the drilled holes are 
sealed with non-shrink cement. The pavement can then be leveled for immediate use, 
using the same material as the original pavement, and can be opened for regular use 
after a 2-hour period. 

PU foam samples are generated by injecting liquid PU foam into a rigid 
mold, replicating the field conditions. The collected samples are undergone laboratory 
testing to evaluate physical and engineering properties, including unit weight and 
compressive strength. Testing is conducted on cubes with dimensions of 50 mm x 50 
mm x 50 mm, following the guidelines set by the Public Roads Administration 484E 
(1992). The results of the compressive strength test must indicate stress levels at strains 
equivalent to 1%, 5%, and 10%, along with illustrating the stress-strain relationship up 
to at least 80% strain. The compressive strength at 1% strain and at failure should not 
fall below 0.015 MPa and 0.128, respectively, in accordance with the standard 
specification for rigid cellular polystyrene geofoam (ASTM D6817, 2017).  
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In situations where the cavity beneath the pavement structure is large, 
a lightweight material is recommended to fill the space before injecting liquid PU foam 
over it to manage production costs. However, it is crucial to design the lightweight 
material with a specific unit weight (8 to 12 kN/m³) and compressive strength (100 to 
1,000 kPa). This design can involve various production techniques, such as adding foam, 
using additives that create air bubbles, and incorporating lightweight composite 
materials. 

4.6.5 Monitoring 
 The pavement surface-level is immediately recorded after completing 

the PU foam injection and before opening for operation. The level data and physical 
characteristics are also recorded one, two, and four weeks after commencement, along 
with presenting comparative charts. 

4.6.6  Performance Report 
 The post-maintenance work report must include various information, 

including at least an executive summary, project background and history, project 
details consisting of location, current situation, repair methods, and work plans. It 
should also cover the results of testing foam samples and/or lightweight materials, 
along with the total quantity of PU foam used in the project. The project's outcomes 
are finally summarized. The pavement repair using the PU foam injection technique 
can be outlined as steps, as illustrated in Figure 4.25. 
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Figure 4.25 Schematic of the steps for pavement repair by injecting PU foam into the  

pavement structure layer. 
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4.7  Conclusions 
  Employing the PU foam injection technique to strengthen the pavement 
structure proves highly effective and advantageous in terms of budget, time, and 
environmental considerations compared to traditional methods. However, its 
implementation requires a thorough understanding of specific issues and constraints. 
The primary discoveries of the study can be summarized as follows: 

1) Polyurethane (PU) foam is created through a chemical reaction between 
polyol and diisocyanate, which forms the strong molecular chain. In pavement surface 
maintenance, liquid foam is injected into the pavement structure, filling the gaps in 
the soil mass and expanding under the ambient pressure exerted by the soil. Upon 
hardening, PU foam with closed cells exhibited high bearing capacity of soil foundation. 

2) Pavement surface settlement manifests in two distinct forms. The first is 
settlement arising from the compressibility of pavement materials due to inadequate 
compaction quality control. This settlement type is commonly observed in pavement 
concretes near connection joints, particularly on the road shoulder at U-turn locations. 
Employing a shallow PU foam injection technique can effectively rectify this damage, 
restoring the pavement surface to a normal and usable condition. The second is the 
loss of soil mass beneath the pavement surface, typically occurring at connection 
points between bridge approach slab and bridge deck, where compaction is difficult. 
Soil loss occurs when water infiltrates or a water stream passes through, creating voids 
beneath the bridge approach slab surface. Addressing this issue involves employing a 
deep injection technique utilizing a nozzle to convey liquid PU foam to the layer 
required improvement. 

3) In scenarios where the pavement structure contains numerous substantial 
voids, relying solely on PU foam may pose constraints on the operational budget. The 
incorporation of a lightweight material as partial backfill, combined with PU foam, 
proves to be a cost-effective solution, as lightweight materials are more economical 
than PU foam. Nonetheless, it is essential to ensure that the selected lightweight 
material is designed with suitable properties concerning compressive strength, unit 
weight, and working time. 
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4) While the PU foam injection technique proves effective for pavement 
repairs in Thailand and is gaining widespread adoption, the absence of a standardized 
operational framework or quality assessment by government agencies remains a 
challenge. To address this, the comprehensive step-by-step guideline tailored for this 
technique is introduced in this paper. This guideline encompasses spatial data 
collection, data analysis for plan preparation, establishment of safety protocols during 
work, quality control measures, and the specifics of compiling performance reports to 
ensure adherence to engineering principles throughout operations. 
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 CHAPTER V 

CONCLUSION AND RECOMMENDATION 
 

5.1  Summary and conclusion 
 This thesis consists of three main objectives. The first is to investigate the 

factors influencing compressive strength and microstructure of rigid polyurethane (PU) 
foam. The second is to present case studies of pavement structure improvement using 
shallow and deep PU foam injection techniques to remedy the damaged concrete 
pavements and asphalt concrete pavement. The third is to propose a guideline for 
applying the PU foam injection technique to solve the problem of road settlement 
based on engineering principles. 

5.1.1  Compressive strength and morphology of rigid PU foam for road 
 applications 

 This chapter discusses the influence of polyol content, polyol-to-
isocyanate ratio (p/d ratio), and temperature when mixing polyol and isocyanate on 
the compressive strength and microstructure of rigid PU foam. The stress-strain 
relationship of PU foam was found to have three zones: linear, plateau, and 
densification. At ambient mixing temperature (25°C), for a given P content, the lower 
p/d ratio resulted in lower strains at the start of each zone and higher yield stress, 
toughness, and compressive strength. At the ambient mixing temperature, for a 
particular P content, the compressive strength of RPUF prepared at high temperatures 
(> 40°C) decreased with the decrease in p/d ratio. For low P contents of 23 and 28, an 
increase in mixing temperature from 25°C to 40°C increased the compressive strength 
of PU foam for a given p/d ratio. However, for a high P content of 34 kg/m3, the 
increased mixing temperature from 25°C to 40°C caused a reduction in compressive 
strength. The EDS results showed unchanged chemical compositions in the PU foam 
structure with the elevated mixing temperatures, as seen by the similar amount of C 
and O for all the mixing temperatures tested. The compressive strength development 
with mixing temperature did not result from the chemical bonding development but 
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was due to the increased cell contact pressures. The microstructural analysis showed 
that the elevated mixing temperature and reduced p/d ratio stimulated gasification, 
resulting in small cells with high cell contact pressures. The sufficient cell-contact 
pressure increased the compressive strength and toughness, while the extremely large 
cell-contact pressure caused cell damage and reduced the strength and toughness. At 
low P content, the elevated mixing temperature to 40°C and the reduced p/d ratio 
improved the compressive strength of RPUF. However, the elevated mixing 
temperature at high P content resulted in cell damage; the reduced p/d ratio was 
recommended to enhance the compressive strength. To be economical and to meet 
the upper limit of 0.128 MPa for EPS foam, the increased mixing temperature from 
ambient to 40°C could improve compressive strength at low P contents of 23 and 28 
kg/m3; the 40°C and p/d ratio of 1 were the best ingredients. The ambient mixing 
temperature and p/d = 0.8 were the best for high P content. With the high cost of P 
and D, a low P content of < 28 kg/m3 with a 40°C mixing temperature is recommended. 

5.1.2  Performance of the PU foam injection technique for road 
 maintenance applications 
 This chapter presents the solution to the problem of road settlement 

with the PU injection technique. PU foam is created through a chemical reaction 
between polyol and diisocyanate, which forms a strong molecular chain. In pavement 
surface maintenance, liquid foam is injected into the pavement structure, filling the 
gaps in the soil mass and expanding under the ambient pressure exerted by the soil. 
Upon hardening, PU foam with closed cells exhibited a high soil foundation-bearing 
capacity. Pavement surface settlement manifests in two distinct forms. The first is 
settlement arising from the compressibility of pavement materials due to inadequate 
compaction quality control. This settlement type is commonly observed in pavement 
concrete near connection joints, particularly on the road shoulder at U-turn locations. 
A shallow PU foam injection technique can effectively rectify this damage, restoring 
the pavement surface to a normal and usable condition. The second is the loss of soil 
mass beneath the pavement surface, typically occurring at connection points between 
the bridge approach slab and the bridge deck, where compaction is difficult. Soil loss 
occurs when water infiltrates, or a water stream passes through, creating voids beneath 
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the bridge approach slab surface. Addressing this issue involves employing a deep 
injection technique utilizing a nozzle to convey liquid PU foam to the layer requiring 
improvement. In scenarios where the pavement structure contains numerous 
substantial voids, relying solely on PU foam may constrain the operational budget. 
Incorporating a lightweight material as a partial backfill, combined with PU foam, 
proves to be a cost-effective solution, as lightweight materials are more economical 
than PU foam. Nonetheless, ensuring that the selected lightweight material is designed 
with suitable properties concerning compressive strength, unit weight, and working 
time is essential. 

5.1.3  Guidelines for repairing the pavement structure using PU Foam 
 Injection 

  While the PU foam injection technique proves effective for pavement 
repairs in Thailand and is gaining widespread adoption, the absence of a standardized 
operational framework or quality assessment by government agencies remains 
challenging.  
 This chapter presented the proposed guideline for applying the PU 
foam injection technique to solve the problem of road settlement based on 
engineering principles. The guideline included methods for surveying physical 
characteristics, planning, safety measures, quality control, and preparing performance 
reports. This CoP can be extended to develop a working standard for relevant agencies 
such as the Department of Highways, the Department of Rural Roads, and the 
Department of Local Administration for repairing road settlements that will support 
the sustainable development of the country's transportation system. 
 

5.2  Recommendations for future work 
5.2.1  This study only examined the static compressive strength of PU foam. 

The flexural strength, compressibility, and behavior of PU foam under repeated loads 
can be considered for future study.  

5.2.2 The stress-strain behavior and load-bearing capacity of PU foam 
improved soils, such as sand, silt, clay, etc., can be investigated via laboratory test and 
numerical simulation for future research.  
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5.2.3 The durability against wetting-drying cycles of PU foam is recommended 
for future research. 
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