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1. Introduction 
 

Carbonaceous mudstone is a kind of sedimentary rock 

composed of organic carbon, clay minerals, quartz, 

muscovite and feldspar. It easily disintegrates and has a low 

strength under the action of water (Petersen 1998, Zeng et 

al. 2021). In China, many highway and railway projects 

must pass through carbonaceous mudstone areas. Excavated 

carbonaceous mudstone is difficult to effectively use in 

construction due to the limitations of the existing 

technology, so a large amount of carbonaceous mudstone is 

discarded and accumulated. Under rain action, 

carbonaceous mudstone deposits are prone to secondary 

disasters such as soil erosion and mudslides. Meanwhile, an 

excavated carbonaceous mudstone foundation requires a 

large amount of high-quality fills for replacement, which 

undoubtedly increases the cost of engineering construction. 

Therefore, how to reasonably use excavated carbonaceous 

mudstone has become an incredibly concerning issue for 

engineers and technicians. 

Research has shown that the particle gradation and 
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dynamic resilience modulus of DCM can satisfy the 

requirements of the Chinese standard (JTG D30-2015), and 

DCM can be used as a fine-grained soil fill for 

embankments (Zhang et al. 2021, Chen et al. 2021). 

Therefore, in Guangxi Province and other areas where high-

quality embankment fillers are quite scarce, DCM has been 

used as embankment fill. A series of studies on the 

engineering characteristics of the DCM as embankment fill 

were carried out (Ilori 2016, Fu et al. 2021, Nagrale and 

Patil 2017). However, embankments filled by DCM 

generally have undergone large settlement deformation. For 

example, the settlement deformation is approximately 12-18 

cm at the place embankment fill thickness of approximately 

6-10 m. This deformation has resulted in many cracks, 

dislocations and uneven subsidence of the road surface 

(Kim 2020, Batenipour and Alfaro 2014). The deformation 

of embankment fill under traffic loading can be divided into 

recoverable elastic deformation and unrecoverable plastic 

deformation (Lazorenko et al. 2019, Kim 2018). A critical 

dynamic stress will be generated in the soil under the action 

of cyclic loading. When the stress of the embankment fill is 

greater than the critical dynamic stress, plastic deformation 

will continue to develop until failure. When the dynamic 

stress of the embankment fill is less than the critical 

dynamic stress, the plastic deformation of the soil tends to 

become stable with increasing loading time (Yang et al. 

2008, François and Karg 2010, Venkatesh et al. 2020, Cho  
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Abstract.  The excessive settlement and deformation of disintegrated carbonaceous mudstone (DCM) embankments under 

dynamic loading have long been problems for engineers and technicians. In this work, the characteristics and mechanism of the 

plastic deformation of DCM under different degrees of compaction, water contents and confining pressures were studied by 

static triaxial, dynamic triaxial and scanning electron microscopy testing. The research results show that the axial stress increases 

with increasing confining pressure and degree of compaction and decreases with increasing water content when DCM failure. 

The axial strain at failure of the DCM decreases with increasing confining pressure and degree of compaction and increases with 

increasing water content. Under cyclic dynamic stress, the change in the axial stress level of the DCM can be divided into four 

stages: the stable stage, transition stage, safety reserve stage and unstable stage, respectively. The effects of compaction, water 

content and confining pressure on the critical axial stress level which means shakedown of the DCM are similar. However, an 

increase in confining pressure reduces the effects of compaction and water content on the critical axial stress level. The main 

deformation of DCM is fatigue cracking. Based on the allowable critical axial stress, a method for embankment deformation 

control was proposed. This method can determine the degree of compaction and fill range of the embankment fill material 

according to the equilibrium moisture content of the DCM embankment. 
 

Keywords:  carbonaceous mudstone; critical axial stress level; cyclic dynamic stress; embankment deformation control; 

plastic deformation 
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Fig. 1 Particle grading curve of the DCM 

 

 

2020). The cumulative plastic deformation of the 

embankment fill is directly related to pavement 

deterioration. Therefore, determining the critical dynamic 

stress of embankment fill is a prerequisite for pavement 

structure design. At the same time, carrying out cumulative 

deformation testing on embankment fills is an important 

means to explore the factors and spatial distribution 

characteristics of the cumulative plastic deformation of 

embankment fills. This is also the basis for clarifying the 

influence of the accumulated plastic deformation of 

embankment fill on the subgrade and pavement structure. 

Scholars have carried out a series of studies on the static 

properties of DCM embankment fill (Sadisun et al. 2010, 

He et al. 2014, Fu et al. 2020a, b). Although these research 

results provide an important basis to determine construction 

parameters when DCM is used as embankment fill, there is 

a lack of experimental research on the dynamic 

performance of DCM embankment fill. Affected by rainfall 

infiltration and groundwater, the critical dynamic stress and 

in situ stress state variation with the water content of DCM 

embankment fills change. In addition, the cumulative 

plastic deformation changes, and excessive or uneven 

cumulative plastic deformation destroys the subgrade and 

pavement (Salour and Erlingsson 2017, Ishikawa et al. 

2014, Ren et al. 2012). Therefore, construction parameters 

such as the degree of compaction and fill range should be 

controlled according to the plastic deformation 

characteristics of the DCM embankment fill. This has 

important practical engineering value for the appropriate 

use of DCM and the control of embankment settlement and 

deformation. 

In this paper, the plastic deformation characteristics of 

DCM under different compaction conditions, water contents 

and confining pressures were studied. The critical axial 

stress level envelope of the DCM was drawn. Combined 

with the distribution law of the axial dynamic stress with 

depth inside the DCM embankment, a method for 

embankment deformation control based on the allowable 

critical axial stress was proposed. This method was used to 

design an actual DCM embankment construction project, 

and good results were obtained. Thus, this method was 

successfully applied to the design of the construction 

scheme of a DCM embankment with good results. 

 

 

2. Experiment details 

Table 1 Physical mechanical properties of the DCM 

Optimal 

water content 

(%) 

Maximum 

dry density 

(g·cm-3) 

Liquid 

limit (%) 

Plastic 

limit (%) 

Void 

ratio 

Saturated 

water 

content (%) 

18.35 1.84 47.15 21.24 0.82 30.04 

 

 

Fig. 2 Static-dynamic triaxial tester 

 

 

2.1 Experimental materials 
 

The carbonaceous mudstone in the test was taken from 

the spoil ground of the Liuzhou-Nanning highway in 

Guangxi. Carbonaceous mudstone obtained on site was 

placed in an outdoor drying yard and naturally disintegrated 

after multiple drying and wet cycles. The physical and 

mechanical properties and particle gradation curves of the 

DCM are shown in Table 1 and Fig. 1, respectively. 

 

2.2 Experimental instruments 
 

The experiment adopted a static-dynamic three-axis 

experimental instrument customized for Reger, as shown in 

Fig. 2. The maximum static-dynamic axial load is 50 kN, 

the maximum axial loading rate is 10 kN/s, the maximum 

displacement loading rate is 31.4 mm/s, the maximum 

confining pressure is 1 MPa, and the maximum axial 

displacement is 15 cm. The control accuracy of the axial 

load, confining pressure and axial displacement are ±1 N, 

±0.1 kPa, and ±1 μm, respectively. 

The preparation method of DCM sample is as follows: 

the static pressure method was used for layered compaction; 

after compaction and static for 120 s, the layer surface was 

scraped; then, the next layer was compacted. Finally, a 

cylindrical specimen of DCM with a diameter of 100 mm 

and a height of 200 mm was formed. 

 

2.3 Experimental design 
 

According to the relevant Chinese standard (JTG D30-

2015), during subgrade construction, the compaction degree 

of embankment packing within the range of 0-0.80 m, 0.80-

1.5 m, and greater than 1.5 m from the road surface is 96%, 

94%, and 93%, respectively. Considering the specification 

requirements and nonuniformity of compaction during 

embankment construction, the degrees of compaction of the 

DCM samples were taken as 96%, 93%, and 90%. 
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Fig. 3 Schematic diagram of the half-sine wave loading 

stress (σ1 is the axial stress; t is the time; σ1d is the axial 

dynamic stress; σ1min is the minimum axial stress value) 

 

 

According to the results of many investigations (Wang 

et al. 2017, Yu 2020, Feng 2021), affected by the 

temperature and humidity of the external environment, the 

water content of the embankment fill changes after filling 

completes and ultimately maintains a balanced value with 

the external environment. Considering different climate 

characteristics, the selected water contents of the samples 

were 30.14%, 24.93%, 18.35%, 12.88%, and 7.39%. 

Taking a DCM embankment highway from Liuzhou to 

Nanning in Guangxi as an example, its relevant parameters 

are as follows: the maximum thickness of the embankment 

(hs) was approximately 4 m and the pavement thickness (hr) 

was 0.8 m, the weight of the pavement material (γr), weight 

of the embankment fill (γs), and lateral earth pressure 

coefficient (μ) were 25 kN/m3, 20 kN/m3, and 0.5, 

respectively. According to the calculation, the confining 

pressure on the top of the embankment was 10 kPa, and the 

confining pressure at 4 m below the top of the embankment 

was 50 kPa. Therefore, the selected confining pressures to 

investigate in this paper were 10 kPa, 20 kPa, 30 kPa, 40 

kPa, and 50 kPa. 

The expressway speed is generally 80-100 km/h, the 

dynamic stress loading time corresponding to this speed is 

approximately 0.1 s, and the dynamic stress-time history 

curve approximates a half-sine function (González et al. 

2011). Therefore, a half-sine waveform loading mode with a 

dynamic stress action time of 0.1 s and an intermittent time 

of 0.9 s was selected for the test (as shown in Fig. 3), and 

the number of dynamic stress loadings per level was 10000 

times. The specific steps of static triaxial tests are described 

in Qiu et al. (2021). 

The specific steps of the triaxial tests were as follows: 

(i) A certain amount of distilled water was added to the 

DCM to make the water content of the DCM reach the 

optimal water content. (ii) After standing for 24 hours, the 

DCM was compacted in five layers by the static pressing 

method, and the compaction degrees were controlled to be 

96%, 93%, and 90%. (iii) The compacted DCM sample was 

placed in a constant-temperature and -humidity chamber 

until the actual water content of the sample was consistent 

with the target water content, and the water content was 

controlled to be 30.14%, 24.93%, 18.35%, 12.88%, and 

7.39%. (iv) The samples were transferred to the triaxial 

loading chamber, and the tubes of the test device were 

connected. Under five confining pressures (10 kPa, 2 0 kPa,  

Table 2 Static and dynamic triaxial test schemes 

No. w/% K/% σ3=10 kPa, 20 kPa, 30 kPa, 40 kPa, 50 kPa 

1-1 

18.35 

96 
A 

B 

1-2 93 
A 

B 

1-3 90 
A 

B 

2-1 30.14 

96 

A 

B 

2-2 24.93 
A 

B 

2-3 18.35 
A 

B 

2-4 12.88 
A 

B 

2-5 7.39 
A 

B 

 

 

30 kPa, 40 kPa, 50 kPa), axial loads were applied (the axial 

loading rate was 0.01 mm/s). The failure axial stress (σ1f) of 

the DCM under static triaxial test conditions was obtained. 

(v) The axial stress level (S1 )́ was calculated according to 

Eq. (1), where σ1min=σ3. When S1 =́75%, the dynamic 

triaxial test was started, the action time of dynamic stress 

was 0.1 s, the intermittent time was 0.9 s, and the loading 

times of each level of dynamic stress were 10,000 times. 

After the dynamic stress was applied 10,000 times, if the 

sample did not fail, the stress level was increased by 5%; if 

the sample failed, the stress level was decreased by 5%. The 

test was stopped when a failure stress level of the plastic 

stable state axial stress level and greater than 5% of the 

plastic stable state axial stress level appeared. At this time, 

the critical axial stress level of the plastic shakedown and 

critical axial stress level of plastic creep are defined as S1S´ 

and S1P´, respectively. The peak value of the critical axial 

plastic strain in the plastic shakedown state corresponding 

to S1S´ is defined as ε1pS. 

1 1max 1f=S     (1) 

where S1
´ is the axial stress level and σ1max=σ1d+σ1min is the 

peak axial stress of the dynamic triaxial test. 

The axial plastic strain is expressed as ε1p and calculated 

using Eq. (2). 

1p

l l

l

 
  (2) 

where ε1p is the plastic axial strain, l´ is the height of the 

sample when σ1d=0, and l is the height of the sample before 

the test. 

 

2.4 Experimental programme 
 

The main purpose of this work was to study the effects 

of the degree of compaction (K), confining pressure (σ3), 

and water content (w) on the static and dynamic  
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performance of the DCM (axial stress of failure (σ1f), axial 

strain of failure (ε1f), critical axial stress level of the plastic 

shakedown (S1S´) and critical axial stress level of the plastic 

creep failure (S1P´) of the DCM under static stress). Electron 

scanning microscopy of DCM was carried out before and 

after dynamic stress loading to analyse the plastic 

deformation mechanism of DCM under the action of 

dynamic stress. The specific experimental programme is 

shown in Table 2. In this table, A represents the static 

triaxial test, B represents the dynamic triaxial test, and 

σ1min=σ3. 

The initial axial stress level of the dynamic triaxial test 

was 75%. To obtain S1S
´ under the action of the dynamic 

stress and the stress level where failure occurs when S1P
´ is 

greater than 5%, the axial stress level of the dynamic 

triaxial was adjusted according to the failure state of the 

sample (when failure occurs, the stress level is increased by 

5%; when the sample is damaged, the stress level is reduced 

by 5%). In addition, the peak axial plastic strain 

corresponding to S1S
´ was defined as the critical axial plastic 

strain in the plastic shakedown state (ε1pS). 

 

 

3. Results and discussion 
 

3.1 σ1f and ε1f of the DCM 
 

The static and dynamic triaxial test results of the DCM 

are shown in Table 3. σ1f of the DCM is positively 

correlated with the confining pressure and degree of 

compaction but negatively correlated with the water 

content. ε1f of the DCM is negatively correlated with the 

confining pressure and degree of compaction and positively 

correlated with the water content. This occurs mainly 

because the increase in confining pressure, degree of 

compaction and lateral restraint of the rock and soil results 

in denser carbonaceous mudstone particles. Thus, the 

corresponding σ1f required for the specimen to undergo 

 

  
(a) before the test (b) after the test 

Fig. 4 Comparative images of a representative sample 

before and after the test 

 

 

shear failure is larger, and the corresponding ε1f is smaller. 

In addition, when the sample contains more water, the 

matrix suction and bite force between the carbonaceous 

mudstone particles are lower, which leads to a lower σ1f and 

higher ε1f when shear failure occurs (Gao et al. 2018). 

 

3.2 Axial plastic strain characteristics of the DCM 
 

When K=96%, σ3=30 kPa, and S1
´=95%, the 

comparative image of a representative sample before and 

after the test is shown in Fig. 4. The DCM sample did not 

undergo shear failure before the axial strain reached 20%, 

but a lateral deformation bulge occurred near one-third of 

the sample height from the bottom of the sample. 

The relationships between the axial plastic strain of the 

DCM and the number of dynamic stress loadings are shown 

in Fig. 5. The ε1p-n curve exhibits the following trends: 

When σ3=30 kPa and S1
´=90%, the change in axial 

plastic strain of the DCM can be divided into the plastic 

deformation stage (n≤1000), plastic shakedown stage 

(1000<n≤3000) and plastic accumulation failure stage. In 

the plastic deformation stage, the pores between the rock 

and soil particles are continuously compacted, and the axial 

plastic strain of the sample increases first and subsequently 

stabilizes. In the plastic shakedown stage, the rock and soil 

particles are relatively dense, and the sample produces only  

Table 3 Results of static and dynamic triaxial tests 

No. w/% K/% σ1f, ε1f σ3=10 kPa σ3=10 kPa σ3=10 kPa σ3=10 kPa σ3=10 kPa 

1-1 

18.35 

96 
σ1f/kPa 68.97 93.33 118.94 144.43 167.90 

ε1f/% 7.04 4.34 2.86 2.20 2.08 

1-2 93 
σ1f/kPa 60.36 83.59 106.86 129.98 153.8 

ε1f/% 8.27 5.42 3.84 3.08 2.60 

1-3 90 
σ1f/kPa 46.64 66.82 87.52 108.31 128.2 

ε1f/% 11.81 7.17 5.00 4.37 3.42 

2-1 30.14 

96 

σ1f/kPa 41.46 68.52 90.34 115.11 139.5 

ε1f/% 11.24 6.65 4.64 3.62 3.34 

2-2 24.93 
σ1f/kPa 61.76 86.32 111.07 137.17 160.61 

ε1f/% 8.76 5.18 3.82 2.92 2.52 

2-3 18.35 
σ1f/kPa 68.97 93.33 118.94 144.43 167.90 

ε1f/% 7.04 4.34 2.86 2.20 2.08 

2-4 12.88 
σ1f/kPa 86.88 111.59 136.70 160.59 186.96 

ε1f/% 6.10 3.97 2.62 1.98 1.89 

2-5 7.39 
σ1f/kPa 98.9 125.31 148.79 172.63 199.7 

ε1f/% 11.24 6.65 4.64 3.62 3.34 

90
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Fig. 5 ε1p-n curve of the DCM 

 

 

a small axial plastic strain or axial elastic strain. In the 

plastic accumulation failure stage, plastic shear failure 

occurs between the rock and soil particles, the axial plastic 

strain of the specimen rapidly increases, and the slope of the 

curve also increases. Therefore, the ε1p-n curve reflects a 

state of plastic creep failure. 

When σ3=30 kPa and S1
´=85%, the change in axial 

plastic strain of DCM can be divided into the plastic 

deformation stage (n≤1000) and plastic shakedown stage 

(n>1000). In the plastic deformation stage, the axial plastic 

strain of the specimen rapidly accumulates with more 

loading cycles, and the strain increment gradually 

decreases; in the plastic shakedown failure stage, the axial 

 

Fig. 6 S1S
´ of the DCM under different degrees of 

compaction and confining pressures 

 

 

Fig. 7 ε1pS of the DCM under different degrees of 

compaction and confining pressures 

 

 

plastic strain increment continues to increase. Therefore, the 

ε1p-n curve reflects a state of plastic shakedown. 

When σ3=30 kPa and S1
´=95%, the change in axial 

plastic strain of the DCM can be divided into the plastic 

deformation stage (n≤1000) and plastic accumulation 

failure stage (n>1000). In the plastic deformation stage, the 

axial plastic strain of the specimen rapidly accumulates with 

more loading cycles, and the strain increment gradually 

decreases; in the plastic accumulation failure stage, the 

axial plastic strain increment continues to increase. 

Therefore, the ε1p-n curve reflects a state of plastic 

cumulative failure. 

In summary, the ε1p-n curve of the DCM can describe 

three states under the action of different stress levels and 

loading times: plastic creep failure, plastic shakedown, and 

plastic cumulative failure. The DCM has a critical axial 

stress level that corresponds to a stable plastic state under 

the action of dynamic stress. When the axial stress level of 

the DCM is less than the critical axial stress level in the 

plastic shakedown state, the permanent axial deformation 

first rapidly accumulates and subsequently stabilizes. At this 

time, the DCM is in a state of plastic shakedown. When the 

axial stress level of the DCM is greater than the critical 

axial stress level in the stable plastic state, the permanent 

axial deformation continues to accumulate until overall 

shear failure occurs, at which time the DCM is in a state of 

plastic cumulative failure. The continuous increase in 

permanent axial deformation of the embankment fill 

induces pavement cracking and other issues. Therefore, to 

ensure the quality of the project, the maximum S1S
´ is 

generally considered the critical axial stress level of the 

plastic shakedown state. 
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Fig. 8 S1S
´ of the DCM under different water contents and 

confining pressures 

 

 

3.3 Influence of the degree of compaction and 
confining pressure on S1S' and ε1pS 

 

S1S
´ and ε1pS of the tested DCM under different 

compaction degrees and confining pressures are shown in 

Fig. 6 and Fig. 7, respectively. Notably, S1S
´ of the DCM is 

positively correlated with the degree of compaction and 

confining pressure under identical water content. When the 

degree of compaction is large, the extent of the reduction in 

S1S
´ decreases with decreasing confining pressure (when the 

confining pressure is reduced from 50 kPa to 10 kPa, the 

axial stress levels of the DCM with degrees of compaction 

of 96%, 93%, and 90% decrease by 20%, 25%, and 30%, 

respectively). When the confining pressure is large, the 

extent of the reduction in S1S
´ decreases with decreasing 

degree of compaction (when the degree of compaction is 

reduced from 96% to 90%, the axial stress levels of the 

DCM with confining pressures of 50 kPa, 40 kPa, 30 kPa, 

20 kPa, and 10 kPa decrease by 5%, 10%, 10%, 15%, and 

20%, respectively). The reason for this phenomenon is that 

DCM with a larger degree of compaction has greater 

compactness, which also makes the DCM have a higher 

lateral constraint. Therefore, a denser sample can better 

resist deformation. 

ε1pS of the DCM is negatively correlated with the degree 

of compaction and confining pressure under identical water 

contents. When the confining pressure is small, ε1pS of the 

DCM nonlinearly increases with decreasing confining 

pressure (the axial strain increment continues to increase). 

The relationship between ε1pS and the confining pressure of 

the DCM with different degrees of compaction can be fitted 

by the logarithmic function (𝜀1pS = 𝑎 ln( 𝜎3) + 𝑏, a<0), as 

shown in Fig. 5, and the fitting effect is strong (R2>0.95). 

Parameter a is positively correlated with the degree of 

compaction, and parameter b is negatively correlated with 

the degree of compaction. Thus, it is of great significance to 

control the plastic deformation of the embankment from the 

perspective of improving the degree of compaction of the 

DCM. 

 

3.4 Influences of the water content and confining 
pressure on S1S' and ε1pS 

 

S1S
´ and ε1pS of the DCM under different water contents 

and different confining pressure conditions are shown in 

Fig. 8 and Fig. 9, respectively. Notably, S1S
´ of the DCM is 

negatively correlated with the water content and positively 

 

Fig. 9 ε1pS of the DCM under different water contents and 

confining pressures 

 

 

correlated with the confining pressure under identical 

degrees of compaction. When the water content is large, the 

extent of the reduction in S1S
´ decreases with increasing 

confining pressure (when the confining pressure is reduced 

from 50 kPa to 10 kPa, the axial stress levels of the DCM 

with water contents of 30.04%, 24.93%, 18.35%, 12.88% 

and 7.39% decrease by 30%, 25%, 20%, 15% and 15%, 

respectively). When the confining pressure is high, the 

extent of the reduction in S1S
´ decreases with decreasing 

degree of compaction (when the water content is increased 

from 7.39% to 30.04%, the axial stress levels of the DCM 

with confining pressures of 50 kPa, 40 kPa, 30 kPa, 20 kPa, 

and 10 kPa decrease by 15%, 15%, 20%, 25%, and 30%, 

respectively). The reason for this phenomenon is that a 

greater degree of compaction corresponds to a more 

compact DCM, and a greater confining pressure 

corresponds to a greater lateral constraint of the DCM. 

Taking the axial stress level of the DCM with a water 

content of 18.35% as a benchmark, with the increase in 

water content, the increase in axial stress level is greater 

than the decrease in water content. 

ε1pS of the DCM is positively correlated with the water 

content and negatively correlated with the confining 

pressure under identical degrees of compaction. The 

logarithmic function ( 𝜀1pS = 𝑎 ln( 𝜎3) + 𝑏 , a<0) can 

effectively fit the relationship between ε1pS and the 

confining pressure of DCM with different water contents. 

Parameter a is negatively correlated with the water content, 

and parameter b is positively correlated with the water 

content. 

 

3.5 Analysis of the microstructure of DCM 
 

To reveal the structural failure mechanism of DCM, the 

fresh fracture surface of the DCM was vacuum-coated with 

gold for observations. SEM imaging was performed in a 

HELIOS Nano Lab 600i field-emission SEM system 

(EDAX Ltd., JSM, USA) at 20 kV. 

Fig. 10 shows scanning electron microscopy images of 

DCM before and after dynamic triaxial testing. The DCM 

before the dynamic triaxial testing is structurally complete 

and has no obvious cracks, and the DCM thin section 

surface is smooth and flat (as shown in Fig. 10(a)). After the 

dynamic triaxial testing, some fissures and shedding holes  
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(a) before the dynamic triaxial testing 

 
(b) after the dynamic triaxial testing 

Fig. 10 Scanning electron microscopy images of DCM 

 

 

were observed in the DCM, and the roughness of the thin 

section surface of the DCM significantly increased (as 

shown in Fig. 10(b)). During the action of cyclic dynamic 

stress, carbonaceous mudstone particles separated and fell 

from the surface of the DCM sample, and fatigue cracks 

formed at the stress concentrations. Eventually, the skeleton 

structure of DCM was destroyed, and its strength was 

reduced. Thus, the axial stress of the DCM under dynamic 

stress was smaller than the axial stress of the DCM under 

static stress (when the stress level was below 100%). 

 

 

4. Project case analysis 
 

Field tests were conducted on the carbonaceous 

mudstone embankment of the highway from Liuzhou city to 

Nanning city in Guangxi Province, China. The distribution 

of the maximum axial dynamic stress (ε1hd) at different 

depths below the road surface was obtained by field tests 

under the condition of the vehicle driving speed was 100 

km/h and the axle load of the single-axle two-wheel group 

was 100 kN. As shown in Fig. 11, the measured maximum 

axial dynamic stress at the top surface of the embankment 

(h=0 m) is 26.03 kPa, and the measured maximum axial 

dynamic stress at the bottom surface of the embankment 

(h=4 m) is 2.87 kPa. The maximum axial dynamic stress 

inside the embankment rapidly decreases with increasing 

depth, and the rate of decrease in maximum axial dynamic 

stress inside the embankment gradually decreases with 

increasing depth. In addition, the relationship between axial 

dynamic stress and depth of the embankment was fitted 

with an exponential function (𝜎1hd = 𝑎′𝑒(𝑏
′ℎ)). 

According to the theory of shakedown, if the stress level 

of the embankment fill is less than the critical stress level of 

the plastic shakedown, the embankment gradually becomes 

 

Fig. 11 Relationship between axial dynamic stress and 

depth of the embankment 

 

 

Fig. 12 Critical axial stress level envelope of the DCM 

(w=30.04%, K=96%) 

 

 

stable after a certain amount of plastic deformation. To 

ensure the safety, reliability and stability of embankment 

construction, the unevenness of the compaction of 

embankment fill material and the influence of uncertain 

factors such as heavy-duty vehicle traffic must be 

comprehensively considered. According to the requirements 

of the safety reserve of an expressway embankment 

(Chinese standard (JTG D30-2015)), a stress level below 

20% of the critical stress level in the plastic shakedown 

state is considered the critical axial stress level of the 

allowable material (S1A
´). Fig. 12 shows the critical axial 

stress level envelope of the DCM. The region above S1P
´ is 

the unstable region. The region between S1P
´ and S1S

´ is the 

transition region. The region between S1S
´ and S1A

´ is the 

safety reserve region. The region below S1A
´ is the stable 

region. 

The allowable critical axial stress (σ1A) of an 

embankment packing at different depths is the product of 

the allowable critical axial stress level (S1A´) and failure 

axial stress (σ1f). According to the parameters of the 

subgrade and pavement, the axial stress at the top surface of 

the embankment (σ1h=0=γrhr) is 20 kPa, and the confining 

pressure (σ3h=0=γrhrμ) is 10 kPa. Therefore, the expressions 

of the axial stress (σ1h), confining pressure (σ3h), and peak 

axial stress of embankment packing at different depths 

(σ1hmax) are given in Eqs. (3)-(5). 

1h 1h 0 sh     (3) 

3h 3 0 sh h      (4) 

1hmax 1h 1hd     (5) 
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Fig. 13 Curves of σ1A and σ1hmax of the DCM with 

different degrees of compaction 

 

 

Each time the depth of the embankment increases by 1 

m, σ1A, σ1h, σ3h and σ1hmax are calculated by the above 

method. The curves of the allowable critical axial stress and 

the axial stress peak value versus confining pressure of the 

DCM with different degrees of compaction and water 

contents are shown in Fig. 13 and Fig. 14, respectively. 

When the equilibrium water content of the embankment fill 

is equal to the optimal water content, the peak axial stress of 

the fill with different degrees of compaction within 0.9 m 

from the top surface of the embankment is greater than the 

allowable critical axial stress. In this range, it is necessary 

to use high-quality embankment fill for replacement. The 

control standard for the degree of compaction of the fill 

within the range of 0.9-3 m below the top of the 

embankment should be greater than or equal to 96%, and 

the control standard for the degree of compaction of the fill 

within the range of 3 m below the top of the embankment 

should be greater than or equal to 93%. When the degree of 

compaction of the embankment fill is 96% and the 

equilibrium water content is less than or equal to 12.88%, 

DCM can be used to fill the entire embankment. When the 

equilibrium water content is 24.93%, DCM can be used as 

the embankment fill within 3.5 m from the top surface of 

the embankment. When the equilibrium water content is 

equal to the saturated water content, DCM cannot be used 

as the embankment fill. 

 

 

5. Discussion 
 

Based on the analysis of the static and dynamic triaxial 

test results of the DCM, an embankment deformation 

control method based on allowable critical axial stress was 

proposed. This method can determine the degree of 

compaction and fill range of the embankment fill material 

according to the equilibrium water content of the DCM 

embankment and has important guiding significance for the 

appropriate utilization of DCM and other undesirable fills. 

However, in this study, the confining pressures of different 

embankment depths were estimated using empirical 

estimates (assuming that the coefficient of lateral earth 

pressure of the embankment fill inside the embankment is 

0.5), and the axial plastic strain under each axial stress level 

was not actually tested. Therefore, it was impossible to 

accurately predict the settlement deformation of the  

 

Fig. 14 Curves of σ1A and σ1hmax of the DCM with 

different water contents 

 

 

embankment under vehicle loading. To further improve the 

accuracy of the new method of embankment deformation 

control, in follow-up work, confining pressure tests at 

different embankment depths and dynamic triaxial tests at 

different axial stress levels must be carried out. 

 

 

6. Conclusions 
 

To solve the problem of the large settlement and 

deformation of DCM embankments under dynamic loading, 

a method for testing the plastic deformation characteristics 

of DCM under dynamic loading was proposed. Using this 

method, the critical axial stress level of plastic shakedown 

and critical axial stress level of plastic creep of DCM under 

different compaction levels, water contents and confining 

pressures were determined. 

• The axial stress of the DCM is positively correlated 

with the confining pressure and degree of compaction 

and negatively correlated with the water content. The 

failure axial strain of the DCM is negatively correlated 

with the confining pressure and degree of compaction 

and positively correlated with the water content. 

• The characteristics of the axial plastic strain of the 

DCM under cyclic dynamic stress can be divided into 

three states: the plastic creep failure state, plastic 

shakedown state, and plastic cumulative failure state. 

The axial stress level can be divided into four stages: the 

stable stage, transition stage, safety reserve stage and 

unstable stage. 

• Under the same water content, the critical axial stress 

level of the DCM in the plastic shakedown state is 

positively correlated with the confining pressure and 

degree of compaction; the critical axial strain in the 

plastic shakedown state is negatively correlated with the 

confining pressure and degree of compaction. Under the 

same degree of compaction, the critical stress level of 

the DCM is negatively correlated with the water content 

and positively correlated with the confining pressure; 

the critical axial strain during stable plastic shakedown 

is positively correlated with the water content and 

negatively correlated with the confining pressure. Under 

the action of cyclic dynamic stress, carbonaceous 
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mudstone particles separated and fell from the surface of 

the DCM sample, and fatigue cracks formed at the 

locations of stress concentrations. Eventually, the 

skeleton structure of DCM was destroyed, and its 

strength was also reduced. 

• To ensure the long-term safety and stability of the 

embankment, the axial stress level of the embankment 

should be designed to remain in the stable stage; that is, 

the allowable critical axial stress envelope should be 

taken as the upper limit for embankment axial stress 

control. 
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Notations 
 
K degree of compaction 
w water content 
n number of dynamic stress loadings 

h depth below the road surface 

hr thickness of pavement 

hs thickness of embankment 

γr gravity of pavement materials 

γs gravity of embankment fill 

σ3 confining pressure 
σ1 axial stress 

σ1min minimum axial stress 

σ1max peak axial stress 

σ1h 
axial dynamic stress at different depth below the 

road surface 

σ3h 
confining pressure at different depths below the 

road surface 

σ1hmax 
peak axial stress of embankment packing at 

different depths 

σ1f failure axial stress 
σ1d axial dynamic stress 

ε1hd 
maximum axial dynamic stress at different depths 

below the road surface 

ε1f axial strain of failure 
S1S´ critical axial stress level of the plastic shakedown 
S1P´ critical axial stress level of the plastic creep failure 
S1A

´ critical axial stress level of the allowable material 

S1
´ axial stress level 

ε1pS 
critical axial plastic strain in the plastic shakedown 

state 

ε1p peak axial plastic strain 

a fitting parameter 

b fitting parameter 
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