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Abstract.  

The construction of high-speed railway in Southwest China must traverse extensive 

regions of red mudstone. However, due to the humid subtropical monsoon climate in 

Southwest region, the red mudstone is often exposed to a high-water content or 

saturated state for extended time, and the poor mechanical properties under such 

condition cannot satisfy the requirements of high-speed railway subgrade. This paper 

proposes the use of lime and cement to improve the saturated unconfined compression 

strength (UCS) of the red mudstone fill material. Comprehensive tests, including UCS 

tests and scanning electron microscopy, were conducted on cement-lime modified red 

mudstone. Results show that lime stabilisation can significantly enhance the UCS and 

elastic modulus with the increase of dry density and modifier content. For the 

specimens with 4% lime and 6% cement, both peak strength and elastic modulus of the 

modified samples are more than 10 times higher than those of the untreated ones. The 

modulus exhibits nonlinear degradation with the development of shear stress, but the 

degradation can be improved with the increase of dry density and modifier content. At 

60% of initial tangent modulus, the corresponding stress for untreated soil, lime 

stabilised and cement-lime modified filler are 0.74, 0.92 and 0.99. As for the energy 

evolution, the increasing dry density can enhance elastic and dissipated energies 

through denser particle arrangements, while a higher modifier content raises total 

energy. When the cement content is 6%, the total energy is more than 8 times higher 

than that of the untreated material, reflecting increased brittleness to a sudden fracture. 

The improvements are attributed to the formation of acicular and platy hydration 

products, which can tighten the pore structure. The study underscores the importance 

of lime and cement in ensuring subgrade stability for high-speed railways in Southwest 

China's red bed regions. 

Key words: High-speed railway subgrade fill material, lime stabilisation, cement-lime 

modification, UCS, SEM 

 



1.  Introduction 

Red mudstone, widely distributed in Southwest China, poses significant challenges for 

railways and other types of infrastructure due to its weak mechanical properties(Zhang 

et al. 2016, 2018; Xu et al. 2024b). According to the national policy, the vast of existing 

and intended railway lines must inevitably pass through the red bed region. In parallel, 

the fill material of the high-speed railway is required to fall within group A and B, as 

specified by the Code for Design of High Speed Railway (TB 10621-2014) (Ministry 

of Railways of the People’s Republic of China 2015). However, fully weathered red 

mudstone falls into Group C due to its high fine particle content requirements(China 

Railway First Survey and Design Institute Group Co., Ltd. 2005; Chen et al. 2014, 

2022; Xu et al. 2024a). Nevertheless, due to the mountainous topography of Southwest 

region, the transportation of the high-quality fill material is restricted which may lead 

to a significant increase in investment. Besides, the improper disposition of the red 

mudstone waste might cause environmental pollution or even trigger secondary 

disasters. Therefore, there is a clear and pressing need to utilise red mudstone waste as 

subgrade fill material for high-speed railways. 

So far, red mudstone has been used as the fill material for the highway and the 

conventional railway. However, poor mechanical properties and high water sensitivity 

may lead to cracks, uneven settlement and collapse of the subgrade. Therefore, the 

modification is required before subgrade construction. Generally, the modification 

strategy for high-speed railway subgrade fill material still follows the relevant methods 

used in conventional railway, including mixing the lime, cement and fly ash with the 

filler, which can mitigate the water sensitivity and enhance the strength. Jiang (Wang 

et al. 2008, 2010; Zhan et al. 2009; Hu et al. 2010; Kong et al. 2013) has complemented 

site dynamic investigation of the lime stabilised red mudstone fill material in Da-cheng 

and Sui-yu railway lines. The results indicate that the water sensitivity was significantly 

improved and the stabilised filler could satisfy the requirement of bottom layer of 

200km/h railway subgrade(Al-Mukhtar et al. 2010; Aldaood et al. 2014; Maubec et al. 

2017; GhavamShirazi and Bilsel 2021). Other studies have shown that the addition of 



cement could further enhance the strength and modulus of the soil to a greater extent 

(Wang et al. 2023b; Wassie and Demir 2024; Ayers et al. 2024; Onyelowe et al. 2024). 

Some other studies also focused on the energy evolution of the modified soil (Wang et 

al. 2023a; Huang et al. 2023). Moreover, several researchers have also carried out 

macroscopic and microscopic laboratory tests on the modified fill materials. The 

hydration products of lime and cement including Calcium Aluminate Hydrates and 

Calcium Alumino-Silicate Hydrates could fill within the soil particles and adhere them 

together(Alvarez et al. 2013; Tran et al. 2014; Wang et al. 2015).  

As the designed operating speeds of high-speed trains increase, the subgrade would 

be subject to more stringent requirements. While the addition of lime can improve the 

strength characteristics of red mudstone fill material, cement addition would lead to 

even more significant enhancements. Although some research has been conducted on 

lime-stabilised red mudstone fill material, studies on the mechanical properties of 

cement-lime modified fill material remain limited, and the quantitative comparisons 

before and after modification are not clear. This study intends to fill this gap at both 

macro- and micro- scales. 

In this study, a series of unconfined compression strength (UCS) tests under different 

initial dry densities and modifier contents were implemented on the saturated red 

mudstone fill material, lime stabilised and cement-lime modified fill materials. The 

study was completed by microstructural analysis using scanning electron microscopy. 

The results are initially discussed from the viewpoint of strength and energy. The 

modification mechanism was then analysed considering the coupling among the soil 

particles and the hydration product of the cement-lime. The results provide valuable 

insights for addressing subgrade stability challenges in red bed regions of Southwest 

China with the addition of lime and cement, directly supporting the acceleration of 

high-speed railway.  

2.  Materials  

A fully weathered red mudstone used for the experiments was sourced from Tianfu 

district in Chengdu, China. After pre-disintegration and hammer crushing, the particles 



with a diameter smaller than 1mm were chosen as the testing material. The particle size 

distribution of the red mudstone was thoroughly measured using a Malvern laser 

particle size analyser. The resulting distribution curve (as shown in Fig. 1(a)) clearly 

indicates that the coefficient of uniformity Cu is equal to 6, and the coefficient of 

curvature Cc is equal to 1.5. To further understand the physical properties of the red 

mudstone, the standard proctor compaction test (Fig. 1(b)) was conducted, determining 

the maximum dry density (ρdmax) of 1.77 g/cm³ and the optimum water content (wopt) 

of 16.3%. Additionally, X-ray diffraction (XRD) analysis was performed and the results 

(as shown in Fig. 2) indicate that the red mudstone consists of multiple minerals, 

primarily including calcite, quartz, muscovite, montmorillonite, and albite. The basic 

physical properties of red mudstone are shown in Table 1. 

  

 

Fig. 1 (a) Particle distribution curve (b) Compaction curve
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Fig. 1 X-ray diffraction pattern of red mudstone 

Table 1. Physical and mechanical parameters of red mudstone. 

Maximum dry density 

/(g.cm-3) 

Optimal water 

content /% 

Liquid limit 

/% 

Plastic 

Limit /% 

Specific 

gravity 

1.77 16.3 32.5 13.8 2.69 

Portland cement of grade 42.5, the most common type used in civil engineering 

construction, was selected for stabilisation. The lime used in the test was Grade I 

quicklime with a CaO content of more than 87% and a particle size of less than 1 mm. 

, The basic physical properties of this type of lime matched with previous research (Liu 

et al. 2024; Ma et al. 2024), allowing for systematic comparison of the results from this 

study with past findings.  

3.  Experimental programme and methods 

According to Code for Design of High Speed Railway (TB10621-2014), the 

compaction coefficient of modified soil should be no less than 0.95, and the UCS for 

saturated soil with curing age of 7 days should be no less than 350kPa to meet the 

demands of accelerating high-speed railway. A series of UCS tests were performed to 

obtain the static response of red mudstone, lime stabilised red mudstone and cement-

lime modified red mudstone, as shown in Table 2.  

The tests were designed to analyse the effects of initial dry density and modifier 

content. In terms of the effect of dry density, based on the compaction test (ρdmax=1.77 
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g/cm³) and the requirement of the design code (K≥0.95), the initial dry densities were 

set as 1.6, 1.7, 1.8 and 1.9 g/cm³ and were applied to both red mudstone fill material 

and the modified fillers so that the effect of dry density could be determined. Taking 

ρd=1.7 g/cm³ as the standard dry density, different contents of lime (0, 2, 4, 6 and 8%) 

were used so that the effects of initial dry density and lime content on the UCS of lime 

stabilised red mudstone could be analysed. According to the site investigation and 

several years of operation in Da-cheng and Sui-yu railway lines, the optimum lime 

content was determined as 4%. On this basis, the cement contents of 0, 2, 4 and 6% 

were applied so that the effect of cement content could be clarified. Furthermore, early 

strength characteristics are more beneficial to meet the construction and operational 

requirements of the subgrade. Thus, the tests were carried out after 7 days of curing and 

the loading rate was 0.128mm/min. To reveal the modification mechanisms, SEM 

analysis was performed on the red mudstone fill material before and after saturation, as 

well as on the modified filler under saturation state. 

Note that all the tests were conducted based on Code for Soil Test of Railway 

Engineering (TB 10102-2023)(China Railway First Survey and Design Institute Group 

Co., LTD et al. 2023). The red mudstone used in the experiment was dried in an oven 

to 105℃, then sprayed evenly with water to reach the target water content, and finally 

sealed in a vacuum bag to achieve water equilibrium for 24 hours. By precisely 

controlling the loading rate of 1 mm/min, the mudstone was statically pressed into 

cylindrical samples with a diameter of 38 mm and a height of 76 mm, compacted in 

five layers, and then vacuum-sealed again for UCS testing. Meanwhile, the specimens 

for the SEM test were first freeze-dried for 48 hours and then coated with gold (Au). 

The SEM analysis was conducted using a JSM-IT500 apparatus.  

The testing process is shown in Fig. 3. 



 

Fig. 2 Illustration of testing procedures 

Table 2. Unconfined compression strength test programmes. 

Water content 

/% 

Dry density 

/ g.cm-3 

Lime content /% Cement content 

/% (with 4% lime) 

Sat 

1.6 0, 4 2 

1.7 0, 2, 4, 6, 8 0, 2, 4, 6 

1.8 0, 4 2 

1.9 0, 4 2 

4.  Results and discussion 

4.1 The effect of the dry density on the strength characteristics  
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Fig. 3 Stress-strain curves of (a) Red mudstone with different dry densities (b) Lime 

stabilised red mudstone with different dry densities (c) Cement-lime modified red 

mudstone with different dry densities 

Fig. 4 illustrates the effect of initial dry density on the stress-strain behaviour of the 

saturated red mudstone before and after modification. According to Fig. 4 (a), the axial 

stress of the untreated fill material shows a linear upward tendency at the beginning of 

the shearing. With the increase of the strain, the cracks within the specimens started to 

evolve which could lead to the deterioration of the deformation resistance. The 

increasing rate of the axial stress decreased when reaching the peak value. The stress-

strain curves displayed a hardening behaviour. However, for the modified filler shown 

in Fig. 4 (b) and (c), the shearing behaviour turn from hardening to softening and the 

failure mode shows a more brittle trend after adding lime and cement. Meanwhile, with 

the increase of the dry density, the axial strain corresponding to the peak strength would 

increase. 

Fig. 5 (a) and (b) demonstrate the influence of initial dry density on the peak strength 

as well as the elastic modulus. It could be observed that the larger the dry density, the 

larger the peak stress and the elastic modulus. Both strength and modulus are 

significantly improved after modification, especially for cement-lime modified red 

mudstone fill material. Moreover, the increase of the elastic modulus also reflects the 

increase of the brittleness. 
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Fig. 4 (a) Evolution of the peak strength with different dry density before and after 

modification (b) Evolution of elastic modulus with different dry density before and 

after modification 

The structural damage of the red mudstone could be described as the production of 

energy evolution. From a macro-scale perspective, this damage process could be 

quantified by the deterioration of the tangent modulus. Herein, the normalised modulus 

𝐸!"# and the strength criteria 𝑞!"# could be defined as: 

𝐸!"# =
$!"#

$$
                                                       (1)  

𝑞!"# =
%

%%"&

                                                      (2) 

where 𝑞&'( is the peak strength and 𝐸) is the elastic modulus. To ensure the safety 

of the high-speed railway, the strength failure of the subgrade is strictly forbidden. 

Therefore, the analysis presented in this paper only focuses on the shearing process 

before reaching the peak strength, that is pre-peak behaviour.  

Fig. 6 shows the effect of dry density on the normalised modulus under saturated 

state. In terms of the untreated fill materials, the modulus shows a nonlinear tendency 

with the development of the stress. The deterioration trend appears at the beginning of 

the shear and becomes more obvious until it reaches the peak strength. During this 

process, the smaller the dry density, the faster the deterioration. As shown in Fig. 6, 

when E*+, = 0.6, the q*+, of 1.9 g/cm3 is still larger than 85%, while the values for 1.6, 

1.7 and 1.8 g/cm3 are 66%, 72% and 75%, respectively. This quantifies the stress 

required to degrade the modulus of fill material to a predetermined extent. A higher dry 

density enhances the fill material's capacity to withstand external loads. For red 
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mudstone subgrade, once the specified compaction degree and dry density could not be 

reached, even a relatively small shear stress can rapidly diminish the bearing capacity. 

Although the stress level is not high enough to directly cause the immediate failure of 

the subgrade, it is sufficient to cause significant deterioration, which may induce the 

deformation or settlement of the subgrade, and ultimately lead to irregularity of the line. 

 

Fig. 5 Effect of dry density on deterioration of normalised modulus of red mudstone 

fill material 

Fig. 6 Diagrams of dissipative energy and elastic energy (a) Softening (b) Hardening 
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Fig. 7 Evolution of energy with different dry density before and after modification 

Herein, researches have shown that the mechanical performance can be explained 

via energy evolution(Chen et al. 2023). During the shearing process, the elastic energy 

indicates the recovery ability of the specimen structure. Nevertheless, if the proportion 

of dissipated energy increases, the specimen suffers larger degree of irreversible 

damage which in turn reduces the loading resistance of the specimen. Fig. 7 presents 

the schematic illustrations of dissipated and elastic energy. 

Fig. 8 illustrates the evolution of energy with different dry densities before and after 

modification. With the increase of dry density, both two parts of energy show upward 

trend. This is because the closer arrangement of the soil particles could enhance the 

strength, and the energy would be dissipated via occlusion as well as friction. It is also 

interesting to find that the total energy of the cement-lime modified red mudstone fill 

material (cement 2%, lime 4%) is less than the lime stabilised one (lime 4%). It can be 

observed that although the peak strength of the former one is much larger, the axial 

strain corresponding to the peak strength is becoming smaller. This could also indicate 

that the addition of cement brings the specimen to a more brittle behaviour which could 

demonstrate more clearly the brittle failure mentioned above. 

4.2 The effect of the modifier content on the strength characteristics  
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Fig. 9 presents the effect of modifier content on the stress-strain behaviour of the 

stabilised red mudstone. It can be observed that the UCS of the lime stabilised filler is 

significantly improved, yet the growth rate of the strength is decreasing (Fig. 9 (a)). In 

terms of cement-lime modified filler, the axial strain corresponding to the peak strength 

is smaller, and the value becomes larger with the increase of the cement content. This 

could also reflect the increase of the brittleness of the cement-lime stabilised specimens. 

It should be noted that for the specimens with different cement contents, take L4C2 for 

instance, the test number refers to the cement-lime modified red mudstone with a lime 

content of 4% and cement content of 2%. In addition, Fig. 10 shows the influence of 

modifier content on the peak strength and elastic modulus of the red mudstone. The 

peak strength and elastic modulus increase linearly with the increase of modifier content. 

The peak strength and the elastic modulus of the stabilised red mudstone are more than 

10 times than those of the untreated fill material. 

 

Fig. 8 Stress-strain curves of (a) Lime stabilised red mudstone with different lime 

content (b) Cement-lime modified red mudstone with different cement content 
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Fig. 9 (a) Evolution of peak strength with different modifier content before and after 

modification (b) Evolution of elastic modulus with different modifier content before 

and after modification 

Fig. 11 illustrates the effect of modifier content on the deterioration law of the 

normalised modulus with stress development under saturated state. When the modulus 

decays to 60%, that is, when E*+, is 0.6, the q*+, of the lime stabilised filler (2% lime) 

is greater than 0.8, while the value of the untreated one is 0.72. Moreover, with the 

increase of lime content (4% and 6%), the q*+, for these two states would be 0.91 and 

0.99, respectively. This indicates that the addition of lime can increase the requisite 

normalised stress when the modulus deteriorates to 60%. In other words, the 

modification can greatly inhibit the deterioration due to water immersion of red 

mudstone, and the higher the lime content, the more obvious this phenomenon. In 

parallel, as shown in Fig. 12, the modulus deterioration evolution of cement-lime 

modified filler is similar to this. 

The results of modulus deterioration of untreated red mudstone fill material and the 

two modified fillers are compared in Fig. 12. When the tangent modulus of the filler 

decreases to 60% of the initial value, the corresponding shear stress levels of the 

untreated soil, lime stabilised and cement-lime modified filler are 0.74, 0.92 and 0.99, 

respectively, which indicates that the addition of modifier could boost the fill material 

ability to withstand external loads. Moreover, it can be observed that the modulus 

begins to deteriorate at a low stress for the untreated red mudstone, while the stress for 

“starting point of modulus deterioration” of modified filler is much larger. The effects 
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are more evident in the cement-lime modified fill materials than in the lime stabilised 

ones. 

 

Fig. 10 Effect of modifier content on deterioration of normalised modulus of red 

mudstone fill material 

 

Fig. 11 Normalised modulus degradation curves of fill material before and after 

modification 

Fig. 13 shows the changes of dissipative energy and elastic energy with the modifier 
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content, the total energy and the energy of each component increased significantly, and 

the brittleness was more obvious. 

 

Fig. 12 Evolution of energy with different modification content before and after 

modification 

4.3 The microstructure of the modified red mudstone fill material 

To fulfil the comprehension of the experimental outcomes and deepen the interpretation 

of the behaviour observed during the UCS testing, Scanning Electron Microscopy 

(SEM) analyses were systematically performed on untreated, lime stabilised, and 

cement-lime modified specimens. This approach enabled a thorough assessment of the 

microstructural changes, thereby deepening the overall understanding of the 

experimental results(Yuan et al. 2016; Liu et al. 2016). 
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Fig. 13 Microstructure of red mudstone fill material before saturation 

 

Fig. 14 Microstructure of red mudstone fill material in a saturated state 

Fig. 14 presents a detailed morphological analysis of untreated red mudstone before 

saturation, showcasing sharply demarcated edges and corners of the constituent 

particles, facilitating clear differentiation. Furthermore, a profusion of distinct pores is 

discernible within the inter-particle matrix. Conversely, upon hydration of the specimen 

to saturation, a notable transformation occurs: the prominent inter-particle pores 

diminish, and the once sharply defined edges and corners become blurred, as evident in 

Fig. 15(1) and (2).  



 

Fig. 15 Microstructure of modified red mudstone fill material in saturated state (a) 

Lime stabilised (b) Cement-lime modified 

 

Fig. 16 Microscopic modification mechanism 

Fig. 16 demonstrates the morphology of the modified red mudstone under saturated 

state. After lime stabilisation, a pronounced aggregate structure emerges, accompanied 

by the appearance of cementitious bodies between these aggregates. Furthermore, the 

incorporation of cement leads to the formation of distinct layered plate structures, 

significantly contributing to the enhancement of strength. To reveal the microscopic 

modification mechanisms, a high-magnification SEM analysis is conducted (see Fig. 

17). Upon the addition of lime and cement, the expansive properties could be effectively 

mitigated. Simultaneously, the interplay between cement-lime and the fill material 

fosters the formation of needle-like calcium cementations among aggregates. This 

structural reinforcement not only tightens the aggregates but also markedly strengthens 

the overall stability of the fill material structure. Consequently, even when the specimen 

is saturated, the reduction in strength and modulus remains relatively limited compared 



with the untreated red mudstone, particularly when the initial dry density of the fill 

material is low and its structure is relatively loose, underscoring the persistence of this 

advantageous characteristic. 

The effectiveness of SEM image analysis can be enhanced by using Image Pro Plus 

6.0 software(Yang et al. 2019; Wang et al. 2020), which aids in a quantitative evaluation 

of void fraction relative to the total pore area ratio obtained from the SEM images(Li et 

al. 2019, 2021). Herein, the pore area ratio could be defined as: 

𝑃𝐴𝑅 =
'!"#$

'%"%&'
× 100%                                                     (3) 

where Apore is the pore area and the Atotal is the total area of image. To ensure the 

accuracy of the results, the SEM images of different samples under the same conditions 

were analysed and the outcomes were averaged. Notably, the pore area ratio (PAR) 

calculated for the untreated red mudstone fill material was 0.4998, which closely aligns 

with the target porosity ratio of the specimens used for SEM which is 0.4944. This 

could emphasise the reliability of IPP 6.0 for precise pore space characterisation.  

 

Fig. 17 Evolution of the pore area and the pore perimeter before and after 

modification 

44105

17127

7484

14361

10021

5889

Untreated Lime Cement-lime
0

10000

20000

30000

40000

50000

 Area

 Perimeter

A
re

a 
/u

m
2

Schematic diagram of quantitative analysis via IPP6.0

0

4000

8000

12000

16000

    P
erim

eter /u
m



Fig. 18 presents the evolution of the pore area and the pore perimeter before and 

after the modification. It can be seen that the addition of lime could significantly reduce 

the area and the perimeter of the pores within the specimens. The hydration products 

(see Fig. 16 and 22) could fill the existing pores which is consistent with the earlier 

qualitative analysis. Moreover, the incorporation of cement further fills the pores, 

creating a more compact structure of the red mudstone. 

5.  Conclusions 

This study investigates the influence of dry density and modifier content on the static 

properties of saturated red mudstone fill material, lime stabilised, and cement-lime 

modified filler, employing a series of UCS tests and SEM analysis. The microstructural 

modification mechanisms are revealed, and the macro-mechanical behaviour is 

interpreted from an energy perspective. The primary conclusions are as follows: 

(1) The unconfined compressive strength and elastic modulus of lime stabilised 

specimens increase with the increase of dry density and modifier content, representing 

a significant improvement over untreated red mudstone fill material. This suggests that 

lime stabilisation could effectively mitigate the water sensitivity of red mudstone. 

When cement is incorporated into the 4% lime stabilised filler, both peak strength and 

elastic modulus are further enhanced, accompanied by a more significant tendency 

towards brittle failure. 

(2) The modulus characteristics of the fill material exhibit a notable nonlinear 

degradation trend as the shear stress increases. Additionally, dry density and modifier 

content have a substantial impact on the modulus degradation (i.e., structural damage) 

of red mudstone fill material. Specifically, as dry density and modifier content increase, 

modulus degradation improves, with the tangent modulus dropping to 60% of its initial 

value at shear stress levels of 0.74, 0.92 and 0.99 for untreated soil, lime stabilised filler, 

and cement-lime modified filler, respectively. 

(3) Explaining the macro-mechanical behaviour via energy evolution patterns, both 

elastic and dissipated energies of red mudstone fill material and its modified filler 

increase with increasing dry density, stemming from tighter arrangements of soil 



particles. This arrangement not only strengthens the soil mass but also intensifies inter-

particle interlocking and friction during loading, leading to gradual energy dissipation 

through these microscopic interactions. Moreover, with the increase of modifier content, 

the total energy, including elastic and dissipated energy, increases. Notably, with a 

cement content of 6%, the total energy exceeds that of the untreated material by more 

than 8 times, indicating a significant increase in macroscopic brittleness. This may 

make the material more prone to sudden fracture under external forces. 

(4) At the microstructural level, the reaction between modifier and expansive 

minerals inhibits the water sensitivity of red mudstone. The formation of needle-like 

and platy hydration products significantly enhances strength and overall stability, 

mitigating modulus degradation under saturated conditions. This advantageous 

behaviour persists even in loosely structured materials. Moreover, the hydration 

products from lime and cement significantly fill the pores, thereby decreasing pore size 

and creating a denser structure, as verified by IPP 6.0. 

This study delivers essential theoretical insights for railway construction in red bed 

regions of Southwest China, aligning with the broader initiative to accelerate high-

speed rail development. This is crucial for meeting the stringent subgrade stability 

demands required by higher train speeds. However, the current research does not cover 

the effects of curing age of the specimens or the dynamic loading from high-speed trains. 

Future investigations will focus on the impact of curing age and high-frequency train 

loads, aiming to deepen understanding of the long-term performance and durability of 

the modified red mudstone subgrade under accelerated conditions. 
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