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Abstract: The effects of three main factors, including polypropylene fiber content, composite cement 

content and curing time on the unconfined compressive strength of fiber-reinforced cemented clay 

were studied through a series of unconfined compressive strength tests. The experimental results 

show that the incorporation of fibers can increase the compressive strength and residual strength of 

cement-reinforced clay as well as the corresponding axial strain when the stress peak is reached 

compared with cement-reinforced clay. The compressive strength of fiber-reinforced cement clay 

decreases first, then increases with small-composite cement at curing time 14 d and 28 d. However, 

fiber-reinforced cement clay’s strength increases with the increase of fiber content for heavy-

composite cement. The compressive strength of fiber-composite cement-reinforced marine clay 

increases with the increase of curing time and composite cement content. The growth rate increases 

with the increase of curing time. The failure mode of composite cement-reinforced clay is brittle 

failure, while the failure mode of fiber-reinforced cemented clay is plastic failure. 

Keywords: fiber-reinforced cemented clay; unconfined compression strength; fiber content; 

composite cement content; curing time 

 

1. Introduction 

Marine clays have the characteristics of large pore ratios, high water content, low shear strength, 

soft sensitive and high compressibility [1,2]. Soft clays are widely present in offshore areas and cannot 

be used directly in geotechnical engineering activities, such as subgrade engineering, embankments, 

deep excavation and underground construction. Considering the economy and effectiveness, using 

cement to reinforce soft clay is of great popularity [3–8], compared with other chemical stabilization 

methods. Though cement-stabilized clay has the advantages of rapid formation, good plasticity and 

high compressive strength, it also has the disadvantages of low tensile strength and flexural strength. 

A number of studies that used fly ash, a by-product of coal or solid waste, to partially replace cement 

for improving the mechanical strength of cement-stabilized clay have been carried out [9–11]. Zentar 

et al. [12] conducted experimental investigations into the tensile strength and unconfined 

compressive strength of solidified marine sediments using siliceous-aluminous fly ash and cement. 

Through laboratory-unconfined compression tests, split tensile tests, bender element tests and 

isotropic compression tests conducted by Xiao et al. [13], a semiempirical relationship between 

compressive strength and curing time for fly ash-blended cement-stabilized marine clay has been 
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obtained. A series of laboratory experiments, including isotropic compression, triaxial drained 

shearing, unconfined compression and bender element testing were carried out by Cheng et al. [14], 

in which the primary yielding and yield locus of fly ash cement-stabilized marine clay were 

investigated. 

Polypropylene fiber is characterized by light weight, high tensile strength and low energy 

consumption. The strength and deformation resistance of cement-stabilized soils can be improved by 

incorporating appropriate fibers [15–17]. Many studies have been carried out on the properties of 

polypropylene fiber-reinforced cement-stabilized soils. Correia et al. [18] conducted experiments and 

concluded the compressive and tensile strength characteristics of polypropylene fiber-reinforced 

blast furnace slag solidified Portuguese soft soils. Through laboratory-split tensile tests conducted by 

Xiao et al. [19]—as well as stochastic finite element theory—a prediction model for tensile strength of 

polypropylene / polyvinyl alcohol fiber-modified cement-stabilized clay was established considering 

the fiber length and content. Ding et al. [20] studied the effect of freeze-thaw cycles on the mechanical 

properties of polypropylene fiber-reinforced cement-stabilized clay; the relationships among sample 

size, residual stress ratio, tangent modulus, cement content, fiber content and number of freeze-thaw 

cycles were established. The tensile strength of cement-stabilized marine clay reinforced by short 

waste fibers was investigated by Li et al. [21]. Through experimental and numerical methods, a 

numerical simulation of a single fiber pullout from a matrix was established by using a cohesive 

contact model. 

Compared with the prevalence of studies on unconfined compression strength, there have been 

fewer studies on the compressive characteristics of fiber-reinforced fly ash-cemented clay. This paper 

presents a study on the effect of polypropylene fiber content, composite cement content and curing 

time on the unconfined compression strength of polypropylene fiber-composite cement-reinforced 

marine clay by using experimental tests, in order to provide reference for the future application of 

polypropylene fiber in soft clay foundations. 

2. Materials and Experimental Methodology 

2.1. Materials 

The studied materials mainly included marine clay, fly ash cement and polypropylene fibers. 

The clay used in the test was Singapore marine clay excavated from a subway station with 

characteristics of grayish brown, saturated, obvious rheological properties, high compressibility and 

low bearing capacity. The main physical characteristics of the marine clay are presented in Table 1. 

The marine clay was put into a PVC plastic shading bucket and transported to the laboratory for 

backup. The water content of marine clay was approximately 88%. The liquid limit and plastic limit 

of marine clay were, respectively, 73% and 32%. 

Table 1. Physical characteristics of marine clay. 

Water content 

(%) 

Specific Gravity, Gs 

(Mg/m3) 

Liquid Limit 

(%) 

Plastic Limit 

(%) 

Plasticity Index 

(%) 

88 2.7 73 32 41 

The test cement is CEM II / B-V commercial composite cement and its physical and mechanical 

indexes are shown in Table 2. The mass ratio of fly ash to ordinary cement in CEM II / B-V commercial 

composite cement is 0.345:0.655; its main chemical components are SiO2, Al2O3, Fe2O3, MgO and CaO. 

Table 2. Indexes of mechanical properties of fly ash cement. 

Initial 

Setting Time 

(h) 

Final Setting 

Time (h) 
Stability 

Loss on 

Ignition (%) 

Compressive 

Strength (MPa) 

Flexural 

Strength (MPa) 

3 d 28 d 3 d 28 d 

2:30 4:00 Qualified 1.3 24 43.0 4.8 7.2 
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The polypropylene fibers used in the test were chopped 6-mm commercial fibers. The main 

physical and mechanical characteristics of polypropylene fibers are shown in Table 3. 

Table 3. Physical and mechanical characteristics of polypropylene fibers. 

Type 
Density 

(g/cm3) 

Length 

(mm) 

Tensile 

Strength (MPa) 

Acid and Alkali 

Resistance 
Dispersion 

Monofilament 0.91 6 >360 High performance Good 

2.2. Experiment Scheme 

The definition of compound composite content, polypropylene fiber content and water content 

are shown in Equations (1)–(3), respectively. The fly ash cement content was adopted based on 

applications in practice, such as the improvement of an ending shaft to supporting a tunnel boring 

machine. The fiber content was determined as the common values used in foundation pit project and 

subgrade engineering. 

Cc = Mc/Ms × 100% (1) 

Cf = Mf/Ms × 100% (2) 

Cw = Mw/(Ms + Mc) ×100% (3) 

where Cc is fly ash cement content, Cf is polypropylene fiber content, Cw is water content, Mc is the 

quality of fly ash cement, Ms is the quality of dry soil in the marine clay, Mf is the quality of 

polypropylene fiber, Mw is the quality of water. 

An orthogonal design method was used to study the influence of factors such as fiber content, 

composite cement content and curing time on the unconfined compressive strength of polypropylene 

fiber-reinforced fly ash-cemented marine clay. The test scheme is shown in Table 4. Considering test 

error factors such as sample heterogeneity, 5 samples were conducted in each group. 

Table 4. The test scheme of the unconfined compressive strength. 

Polypropylene Fiber Content 

(%) 

Fly Ash Cement Content 

(%) 

Curing Time 

(d) 

Water Content 

(%) 

0 

20, 50, 100 7 

100 

20, 50, 100 14 

20, 50, 100 28 

0.5 

20, 50, 100 7 

20, 50, 100 14 

20, 50, 100 28 

1 

20, 50, 100 7 

20, 50, 100 14 

20, 50, 100 28 

2.3. Sample Preparation and Testing 

The obvious plant roots, shells and other debris were removed from the marine clay at the site. 

Moreover, the sand particles are sieved with a 1-mm sieve. Samples were prepared in accordance 

with a procedure described by Chin et al. [22]. The reshaping of marine clay and the preparation 

method of triaxial samples were consistent with references [6,14,23]. According to the content of 

polypropylene fiber, composite cement and water in the test scheme, the required quality of marine 

clay, composite cement, fiber and water were weighed with a high-precision electronic scale. First, 

appropriate amount of water was added to the marine clay and stirred well. Secondly, the weighed 

composite cement was added and stirred well. Finally, the weighted polypropylene fibers were 

added and stirred well. The stirred fiber-reinforced flay ash cemented clay was put into a sealed 

plastic bag for later use. 
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The PVC plastic mold with an inner diameter of 50 mm and a height of 100 mm was fastened 

and cleaned. One end of the mold with a plastic film was sealed and then a release agent evenly inside 

the mold was applied. The mixture of fiber-composite cement-reinforced clay was stirred evenly into 

the mold for 5 times. We ensured the mixture previously squeezed in was shaken evenly before the 

next squeeze. After the top of the sample that has been shaken uniformly was scraped with a spatula, 

the two ends of the mold were completely wrapped with labeled water-permeable filter paper and 

placed horizontally in the conservational water tank for indoor conservation to ensure that the 

specimen was not affected by any external force during the conservational process. 

The cylindrical samples were taken out from the conservational water tank and wiped off the 

surface water when the curing time reached 7 d, 14 d and 28 d, respectively. The experiment of 

unconfined compressive strength was conducted using a triaxial test device with a load at a constant 

rate of 1 mm/min after the samples were scraped well. The relevant data during the test were 

collected. An unconfined compression test was performed by following the procedures prescribed in 

ISO/TS 17892 (2004) [24]. 

3. Results and Discussion 

3.1. Stress-Strain Behavior 

Figures 1–3 present the curves of axial strain ε – δ with 0%, 0.5% and 1% polypropylene fiber 

content of the fiber-reinforced fly ash-cemented marine clay, respectively, depending on different 

mix ratio and curing time. All stress-strain curves show the peak strength of fiber-reinforced fly ash-

cemented marine clay was significantly higher than that without polypropylene fiber, except the 

condition of 20% compound fly ash cement content. Compared with fly ash cement-reinforced 

marine clay, the residual strength deformation stage of the stress-strain curve of fiber-reinforced 

composite-cemented clay was more significant and the retention time of residual strength was much 

longer after reached the peak strength. Taking the 50% fly ash cement content and 0.5% fiber content 

as an example, the residual strength of the fiber-reinforced fly ash-cemented marine clay increased 

by 133.3%, 145.6% and 224.5% when the curing age was 7 d, 14 d and 28 d, respectively, which shows 

that adding certain quality polypropylene fiber can effectively improve the residual strength of fly 

ash cement-reinforced marine clay. Moreover, the trend for the changes of curves of axial strain ε – 

δ—as well as strength and stiffness without fiber with fly ash cement content and curing time—is 

similar to the observation reported in a previous study [6,9,14]. The researchers analyzed the 

structure with respect to the unconfined compression strength of fly ash cement-reinforced clay. 

 

Figure 1. Curves of axial strain ε – δ without fiber depending on fly ash cement content and curing 

time. 
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Figure 2. Curves of axial strain ε – δ with 0.5% fiber content depending on fly ash cement content and 

curing time. 

 

Figure 3. Curves of axial strain ε – δ with 1% fiber content depending on fly ash cement content and 

curing time. 

The axial strain corresponding to the failure time of fiber-reinforced composite-cemented marine 

clay is shown in Table 5. Taking the 50% fly ash cement content and 0.5% fiber content as an example, 

the axial strain at the failure time of the fiber-reinforced fly ash-cemented marine clay increased by 

253.5%, 197.3% and 172.9% when the curing age is 7 d, 14 d and 28 d, respectively. The axial strain at 

the time of failure of fiber-reinforced composite-cemented marine clay was much larger than that 

without polypropylene fiber under the same conditions, which indicates that the incorporation of 

polypropylene fiber can effectively improve the brittleness and toughness of the composite cement-

reinforced marine clay. The main reason is that the composite cement-reinforced marine clay particles 

attached to the fiber surface can increase its cohesion and friction. The tensile stress between the fiber 

and the reinforced clay may continue for a long time though the specimen is already damaged, which 

means that the fiber can effectively reduce the deformation and improve the toughness and residual 

strength of the fly ash cement-reinforced marine clay. 

Table 5. The axial strain at failure time of the fiber fly ash cement-reinforced marine clay. 

Fly Ash Cement Content (%) Curing Time (d) 
Polypropylene Fiber Content (%) 

0 0.5 1 

20 

7 0.668 1.474 1.604 

14 0.716 1.566 0.797 

28 0.4 0.778 0.908 

50 

7 0.63 1.597 1.427 

14 0.744 1.468 1.24 

28 0.727 1.257 1.397 

100 

7 0.865 1.855 2.17 

14 0.807 1.579 1.466 

28 0.952 1.483 1.083 
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3.2. Effect of Fiber Content on Unconfined Compressive Strength 

The relationship between the unconfined compressive strength and the fiber content of each 

group of samples depending on fly ash cement content and curing time is shown in Figure 4. The 

figure indicates that the unconfined compressive strength of polypropylene fiber-reinforced 

composite-cemented marine clay increases at first and then decreases with the increase of fiber 

content when the composite cement content is 20%, however, it keeps increase with the increase of 

fiber content when the composite cement content is 50% and 100%. Taking the 50% fly ash cement 

content and 0.5% fiber content as an example, the unconfined compressive strength of the fiber-

reinforced fly ash-cemented marine clay at curing time 7 d, 14 d and 28 d is 1.11 times, 1.27 times and 

1.06 times, respectively, that of without polypropylene fiber. When the fiber content is 1% with the 

50% fly ash cement content, the unconfined compressive strength of the fiber-reinforced fly ash-

cemented marine clay is 1.20 times, 1.63 times and 1.31 times that of without polypropylene fiber, 

which indicates that with low fly ash cement content, the structure of composite cement-reinforced 

marine clay is not fully formed; the modification effect of polypropylene fiber on composite cement-

reinforced clay is not obvious. However, when the content of fly ash cement is higher, adding 

appropriate amount of fiber can effectively increase its cohesion of the fly ash cement-reinforced 

marine clay, which can make the reinforcing effect of polypropylene fiber obvious. The mechanical 

performance of fiber-composite fly ash cement-reinforced clay with 0.5% fiber content is basically 

consistent with previous studies, however, it shows different characteristics with 1% fiber content 

[16,17,22]. 

 

Figure 4. Relationship between unconfined compressive strength and fiber content depending on fly 

ash cement content and curing time. 
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cement content. It was shown that the fly ash cement content had a significant effect on the 

unconfined compressive strength of fiber-reinforced composite-cemented marine clay: the 

unconfined compressive strength increased significantly with the increase of curing time and the 

polypropylene fiber content. 
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Figure 5. Relationship between unconfined compressive strength and fly ash cement content 

depending on fiber content and curing time. 

3.4. Effect of Curing Time on Unconfined Compressive Strength 

The relationship between the unconfined compressive strength and the curing time depending 

on different fiber content and fly ash cement content is shown in Figure 6. The figure indicates that 

the unconfined compressive strength of polypropylene fiber-reinforced fly ash-cemented marine clay 

increased with the increase of curing time. Moreover, the growth rate increased more obviously when 

the curing time increased. Taking the 50% fly ash cement content and 0.5% fiber content as an 

example, the unconfined compressive strength of the fiber-reinforced fly ash-cemented marine clay 

at curing time 14 d and 28 d was 1.29 times and 1.57 times, respectively, than that of 7 d curing time. 

The relationship between the unconfined compressive strength and the curing time at 7 d, 14 d and 

28 d can be expressed by Equations (4)–(6), respectively. 

fts = 176.4e0.16t (4) 

fts = 373.9e0.23t (5) 

fts = 373.9e0.23t (6) 

where fts is unconfined compressive strength, t is curing time. 

 

Figure 6. Relationship between unconfined compressive strength and curing time, depending on fiber 

content and fly ash cement content. 
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(a) (b) (c) (d) (e) (f) 

Figure 7. Failure photos of the specimens with 0.5% fiber content and 7 d curing time. (a) 20% fly ash 

cement content; (b) 50% fly ash cement content; (c) 100% fly ash cement content; (d) 20% fly ash 

cement content with fiber; (e) 50% fly ash cement content with fiber; (f) 100% fly ash cement content 

with fiber. 

As can be seen from Figure 7, the unconfined compressive strength of the fly ash cement-

reinforced marine clay increased with the increase of fly ash cement content; the failure of the 

specimen gradually showed the characteristics of brittle failure. When 20% fly ash cement was added, 

there were no obvious through-cracks in the fly ash cement-reinforced clay. However, samples with 

50% and 100% fly ash cement content showed obvious through-cracks in a short period of time; 

specimens with 100% fly ash cement content showed surface shedding during compression. 

Compared with fly ash-cemented marine clay, fiber-reinforced fly ash-cemented marine clay 

had a longer crack generation time and a slower crack propagation speed under the same conditions. 

The specimen of fiber-reinforced composite-cemented marine clay showed good plastic deformation 

after compaction and failure without phenomenon of surface shedding. The tensile stress between 

the fiber and the fly ash cement-reinforced clay could continue for a long time under the continuous 

compressive stress though the specimen was already broken. It was affected by the mechanical 

behavior of the interface between the fiber and the soil particle matrix microscopically. The results 

were similar to those in reference [16]. The specimen cracked, instead of broke, macroscopically. 

4. Conclusions 

The following conclusions can be drawn according to the tests results: 

The peak strength of fiber-reinforced fly ash-cemented marine clay is significantly higher than 

that without polypropylene fiber except on the condition of 20% fly ash cement content. The axial 

strain at the time of failure of fiber-reinforced composite-cemented marine clay is much larger than 

that without polypropylene fiber under the same conditions, which indicates that the incorporation 

of polypropylene fiber can effectively improve the peak strength and toughness of the composite 

cement-reinforced marine clay. 

The unconfined compressive strength of fiber-reinforced fly ash-cemented marine clay shows 

different trends with the increase of fly ash cement content: it increases at first, and then decreases 

with 20% fly ash cement content, while it appears an increasing trend with 50% and 100% fly ash 

cement content. The unconfined compressive strength of fiber-reinforced composite-cemented 

marine clay increases with the increase of fly ash cement content and curing time. The increase trend 

of the unconfined compressive strength from 14 d to 28 d is significantly larger than that from 7 d to 

14 d. The growth rate of the unconfined compressive strength increases with the increase of the curing 

time and the unconfined compressive strength shows a growth trend of power function. 

Composite cemented marine clay forms through-cracks in a short time and shows a brittle failure 

mode during compression, while fiber-reinforced fly ash-cemented marine clay shows a plastic 

failure mode which appears that it can continue for a long time after the formation of through cracks. 

On the microscopic level, it shows continuous tensile stress between polypropylene fiber and 

composite cement-reinforced marine clay; on the macro level, it became cracked and continuous. 
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