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This paper focuses on the flexural behaviour of lightly cement stabilized materials. An 

experimental programme was developed to analyse the effects of compaction method, test 

setup and displacement rate on the static behaviour, to characterize the laboratory fatigue 

behaviour of South African materials and to compare South African and Brazilian materials. 

Similar flexural properties were achieved using vibration and compression compaction 

methods. The South African setup leads to lower strength and stiffness values, but to a better 

prediction of the field modulus. The static properties are not affected by the displacement rate. 

The strain at break is not affected by any tested variable, being the most meaningful property 

for design. Strain-based models provide a better fatigue life prediction than the stress-based 

models. Laboratory models lead to a fatigue life shorter than the South African field transfer 

functions. Similarities were observed between South African and Brazilian materials, which 

suggests comparable fatigue performances.

Keywords: lightly cement stabilized material; flexural behaviour; strain at break; fatigue; South 

Africa; Brazil

1 Introduction

Lightly cement stabilised materials (LCSM) are being increasingly used in the 

construction and rehabilitation of pavements due to the increase in traffic demand and 

load (Sounthararajah et al., 2017). These materials are the product of soil stabilization 

with cementitious binders (e.g. cement and lime) that outperform granular materials and 

undergo fatigue when subjected to traffic loading. Thus, fatigue is the main design 

criteria for long-term performance of cement stabilized layers (Jitsangiam et al., 2016).

The four-point bending test (4PBT) is often used to characterize the behaviour 

and to obtain design parameters of LCSM. The test measures the stress states to which 

stabilized layers are subjected, such as the development of tensile and compressive 

stresses at the bottom and top of the beam, respectively (Fu et al., 2009). Although 
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researchers have investigated the flexural behaviour of LCSM since the 1970s (Otte, 

1972; Otte, 1978; Pretorius, 1970), no universal test method was established. The 

method used to perform the tests can affect the results and consequently the pavement 

design. For instance, results obtained in South Africa may greatly differ from those 

obtained in Brazil, even if the same materials are tested.

In this regard, a literature review of previous studies showed that the main 

differences between flexural test methods for LCSM are: (a) the compaction method 

used to produce the beams; (b) the test setup (i.e. beam section and span between 

support rollers); and (c) the static test mode (i.e. under load, stress or displacement 

control) and the rate of load application (speed). Furthermore, no laboratory fatigue 

characterization of South African materials was found in the literature. The South 

African fatigue models were based on accelerated pavement testing (APT), while most 

of the fatigue models used worldwide (e.g. Brazil) were developed essentially based on 

flexural cyclic tests.

Considering the mentioned differences between the test methods for flexural 

characterization of LCSM used in South Africa and internationally, especially in Brazil, 

the objectives of the research reported were: (a) to analyse and quantify the effects of 

compaction method, test setup and displacement rate on the flexural static behaviour; 

(b) to characterize the laboratory fatigue behaviour of South African LCSM; and (c) to 

compare the flexural behaviour of South African and Brazilian LCSM.

2 Literature review

2.1 Compaction method

Several compaction methods to produce specimens for flexural tests are reported in the 

literature. In South Africa, vibratory table compaction in conjunction with surcharges 
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placed over the material was used in the past (Otte, 1972; Otte, 1978). This method was 

based on the work by Pretorius (1970) and the same kind of compaction method was 

recently used by other authors (Linares-Unamunzaga et al., 2018), although vibrating 

hammers are preferred nowadays (Farhan et al., 2019; Farhan et al., 2015; Katsakou & 

Kolias, 2007; Kolias, 1996a; Kolias, 1996b; Kolias et al., 2001; Mbaraga et al., 2014). 

In a way similar to what is done in the United States (Mandal et al., 2018; Mandal et 

al., 2016; National Cooperative Highway Research Program, NCHRP, 2014) and 

elsewhere (Biswal et al., 2018a; Biswal et al., 2018b; Thichês, 1993), some South 

African researchers also used the modified AASHTO hammer (Liebenberg, 2002; 

Liebenberg, 2003; Liebenberg & Visser, 2003; Liebenberg & Visser, 2004; Mgangira, 

2011; Robroch, 2002) and even a protocol was developed (Council for Scientific and 

Industrial Research, CSIR, 2011). In Brazil, beams are produced by means of press 

compression (Castañeda López et al., 2018; Fedrigo et al., 2018; Nascimento & 

Albuquerque, 2018, Paiva et al., 2017), mainly based on the Australian experience 

(Arulrajah et al., 2015; Disfani et al., 2014; González et al., 2013).

No study regarding the effect of the compaction method on the flexural 

behaviour of LCSM was found in the literature. However, Otte (1972) reported that 

beams produced using vibratory table compaction have the same density as those 

produced using press compaction but are more homogeneous and stiffer (ultrasonic 

test). The author then suggested that vibratory compaction is more representative of 

field compaction. This statement was confirmed by other authors, although based only 

on unconfined compressive strength (UCS) tests (Ji et al., 2018; Jiang & Fan, 2013).

2.2 Test setup

Most commonly a 100 mm × 100 mm section beam and a 300 mm span between 

support rollers was used for the test setup (Farhan et al., 2019; Farhan et al., 2015; Jia 
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al., 2018; Katsakou & Kolias, 2007; Kolias, 1996a; Kolias, 1996b; Kolias et al., 2001; 

Xiao et al., 2017). Recent Brazilian studies used the same test setup (Castañeda López 

et al., 2018; Fedrigo et al., 2018; Nascimento & Albuquerque, 2018; Paiva et al. 2017) 

in accordance with the Australia and United States experience (Arulrajah et al., 2015; 

Austroads, 2008; Disfani et al., 2014; González et al., 2013; Litwinowicz & Brandon, 

1994; Mandal et al., 2018; Mandal et al., 2016; NCHRP, 2014). On the other hand, the 

South African setup differs from the rest of the world, using a 75 mm × 75 mm 

section beam and a span of 420 mm (CSIR, 2011; Liebenberg, 2002; Liebenberg, 

2003; Liebenberg & Visser, 2003; Liebenberg & Visser, 2004; Mgangira, 2011; Otte, 

1972; Otte, 1978; Robroch, 2002). Its development was based on the following (Otte, 

1972): (a) the ratio of span to depth (height) must not be less than 5; (b) the ratio of 

the minimum beam dimension to the maximum aggregate size should exceed 3; and 

(c) reduction of the influence of shear force on the deflection.

Mbaraga et al. (2014) reported that flexural strength and stiffness increase with 

the use of wide spans and small heights, as well as if smaller aggregates are used as the 

maximum particle size. This agrees with the statements made by Otte (1972), although 

the South African setup was not compared with others reported elsewhere. It is worth 

emphasizing that tests using 75 mm × 75 mm (3 inches × 3 inches) section beams were 

reported elsewhere, including in Brazil, but in conjunction with different spans (Biswal 

et al., 2018a; Biswal et al., 2018b; Ceratti, 1991; Gnanendran & Paul, 2016; Paul & 

Gnanendran, 2012; Paul & Gnanendran, 2015; Paul et al., 2015; Pretorius, 1970).

2.3 Test mode and rate of application

The flexural static test mode (i.e. under load, stress or displacement control) and the rate 

of load application (speed) also differ from one region to another. South African studies 

were performed using displacement control and the displacement rates varied from 1.0 
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to 1.8 mm/min (CSIR, 2011; Liebenberg, 2002; Liebenberg, 2003; Liebenberg & Visser, 

2003; Liebenberg & Visser, 2004; Mbaraga et al., 2014; Mgangira, 2011; Otte, 1972; 

Otte, 1978; Robroch, 2002). In the rest of the world, tests are often performed using load 

or stress control (Arulrajah et al., 2015; Austroads, 2008; Ceratti, 1991; Disfani et al., 

2014; González et al., 2013; Jitsangiam et al., 2016; Katsakou & Kolias, 2007; Kolias, 

1996a; Kolias, 1996b; Kolias et al., 2001; Linares-Unamunzaga et al., 2018; Nascimento 

& Albuquerque, 2018; Paiva et al., 2017; Pretorius, 1970; Sounthararajah et al., 2018; 

Sounthararajah et al., 2017; Sounthararajah et al., 2016), although a few authors used 

displacement control (Farhan et al., 2019; Farhan et al., 2015; Gnanendran & Paul, 2016; 

Paul & Gnanendran, 2012; Paul & Gnanendran, 2015; Paul et al., 2015).

In Brazil, the tests are performed under stress control by applying a rate of 

0.69 MPa/min (Castañeda López et al., 2018; Fedrigo et al., 2018), in accordance with 

the United States experience (Mandal et al., 2018; Mandal et al., 2016; NCHRP, 2014). 

Paul & Gnanendran (2012) reported that the stress rate of 0.69 MPa/min is equivalent to 

a displacement rate of 0.5 mm/min. The authors also verified that the flexural strength 

and stiffness increase with increases in the displacement rate, although they had not 

tested the rates used in South Africa.

2.4 Cyclic tests

There are also differences related only to the flexural cyclic (or fatigue) tests. A 

literature survey of the above-mentioned studies showed that generally the factors that 

vary most are the applied loading frequency and stress levels. Moreover, the tests are 

often carried out in a stress-controlled mode, applying a haversine load pulse and 

terminated when the specimen fails. Note that no laboratory fatigue characterization of 

South African LCSM was found in the literature. The fatigue transfer functions included 
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in the South African mechanistic pavement design method (South African National 

Roads Agency Limited, SANRAL, 2014; Theyse et al., 1996) are based on the 

extensive data collected and analysed by Otte (1972; 1978) and De Beer (1985; 1990) 

using APT. On the other hand, most of the fatigue models used internationally, 

including in Brazil, were developed based on laboratory results.

3 Experimental programme

The study can be divided into three stages, in accordance with the defined study 

objectives. In the first stage, the flexural static characterization (modulus of rupture, 

strain at break and stiffness) of the studied LCSM was carried out in specimens 

produced with three compaction methods (vibratory table, press and hammer), using 

two test setups (100 mm × 100 mm × 300 mm and 75 mm × 75 mm × 420 mm) and 

applying three displacement rates (0.5, 1.0 and 1.8 mm/min). The effect of the 

independent variables was individually evaluated at this stage (a detailed description is 

provided in Table 3, Section 3.3.1). The second stage comprised the flexural cyclic 

characterization (modulus, degradation, fatigue life) of the studied materials. In the third 

and final stage, the flexural static and cyclic behaviour of the studied South African 

materials was compared to that of Brazilian materials. The testing conditions used in the 

first and second stages were selected in order to allow these comparisons. The 

experimental programme is described in detail in the following sections, including the 

mechanistic pavement analysis done in this study. 

3.1 Materials

Two natural gravels (G6 materials) were stabilized for the laboratory tests. Table 1 and 

Figure 1 show their characteristics and grain size distributions, respectively. The 

weathered granite was obtained from a quarry located near Johannesburg. The burnt 
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shale was used as parent material to produce the LCSM base layer of an experimental 

section located on the R104 road near Pretoria. This material was collected from the 

shoulder of the mentioned road, where it was used without stabilization.
Table 1

Figure 1

Mix designs to obtain C3 materials (UCS between 1.5 and 3 MPa) were 

performed by evaluating the initial consumption of stabilizer (ICS), UCS and indirect 

tensile strength (ITS). The granite was tested using 2.5%, 3.5% and 4.5% of portland 

cement with fly ash and slag addition and strength class of 32.5 MPa (RoadCem CEM 

II/B-M (V-S) 32.5 N). To reduce its Plasticity Index, the shale was pre-treated with 1% 

of hydrated lime (Calcitic Road Lime) and then tested with 1%, 2% and 3% of the same 

cement as that used to stabilize the granite. Table 2 shows the resulting mix design 

characteristics. The shale characterization and its mix design were done by Theyse 

(2013). The UCS of both materials achieved values higher than 3 MPa, but they were 

still considered C3 as the materials were G6 (Paige-Green, 2014).

Table 2

3.2 Specimens

Beams with sections of 100 mm × 100 mm (500 mm long) and 75 mm × 75 mm (450 

mm long) were prepared. For the granite, solids were mixed and water at OMC was 

added while continuing mixing. For the shale, lime and water were added and mixed 24 

hours prior to adding and mixing cement (Theyse, 2013). The material was compacted 

in three equal layers to achieve 97% MDD (CSRA, 1985) using one of the following 

methods: (a) vibratory table in conjunction with surcharges of approximately 50 kg 

(Figure 2(a)); (b) compression with a hydraulic press (Figure 2(b)); and (c) modified 

AASHTO hammer (56 blows per layer). To improve the bond between layers, their 
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surface was scarified. The specimens were wrapped in plastic sheets (Figure 2(c)) and 

cured at a temperature of 25 ºC for 28 days.

Figure 2

To reduce variability, specimens were discarded and remoulded when the 

following requirements were not met: (a) dry density lower than 97% of the MDD; and 

(b) effective moulding moisture content deviating by more than 1% of the OMC. A total 

of 30 beams with a section of 100 mm × 100 mm (21 from granite and 9 from shale) 

and 12 beams with a section of 75 mm × 75 mm (9 from granite and 3 from shale) were 

produced. Slabs were also taken from the shale LCSM of the R104 road experimental 

section (Figure 3(a)) and 6 beams with an age of 5.5 years (3 of each size) were sawed 

(Figure 3(b)).

Figure 3

3.3 Testing procedures

A hydraulic press with a capacity of 250 kN was used for static and cyclic tests. The 

actuator was controlled using a 20 kN load cell. 4PBT was used and the mid-span 

deflection was measured using two linear variable differential transducers (LVDTs).

3.3.1 Static tests

Flexural static tests were carried out in a displacement-controlled mode to evaluate the 

effects of the compaction method, test setup (Figure 4) and displacement rate on 

modulus of rupture (MOR, also known as flexural strength), strain at break (strain 

corresponding to MOR), stiffness and UCS (using cubes sawed from the tested beams). 

Eq. (1) was used to calculate the flexural stress. The flexural tensile strain was 

calculated using Eq. (2). The flexural static modulus (stiffness) was determined from 

the stress-strain relationships (secant modulus corresponding to 40% of MOR).
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(1)𝜎𝑖 =
𝑃𝑖 ∗ 𝐿

𝑤 ∗ ℎ2

(2)𝜀𝑖 =
108 ∗ ℎ ∗ 𝛿𝑖 ∗ 106

23 ∗ 𝐿2

Where σi (MPa) is the stress corresponding to force Pi (N); εi (µε) is the tensile 

strain corresponding to the average deflection δi (mm); L is the length between 

supporting rollers, and; w and h are the average width and height (mm), respectively.

Figure 4

The effect of each independent variable was evaluated individually using 

Analysis of Variance (one-way ANOVA) while the levels of the remaining two were 

kept constant (Table 3). The variables and their levels were defined based on the 

literature review (Section 2). Three specimens were tested for each condition. The 

length between the loading rollers was equal to 1/3 of the span between supporting 

rollers.

Table 3

3.3.2 Cyclic tests

Flexural cyclic (fatigue) tests were carried out in a stress-controlled mode. Specimens 

were subjected to 3 Hz haversine cyclic loading (equipment maximum allowable 

frequency). A preload of 0.1 kN was maintained during the tests. The applied stress 

levels were 70%, 80% and 90% of the MOR. The tests were terminated after the failure 

of the specimens. Initial cyclic (resilient) modulus and initial strain were determined for 

the first load pulse because some specimens failed after only a few cycles. Some beams 

failed during the preload stage and no data was collected (ideally more sensitive 

equipment was needed).
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The test characteristics were defined to allow comparisons with Brazilian 

materials. The vibratory table compaction was used since it was the easiest way to 

produce the beams and due to the reasons reported in Section 4.1. The 

100 mm × 100 mm × 300 mm setup was used. The MOR used to determine the stress 

levels was the average obtained using a displacement rate of 0.5 mm/min since it is 

equivalent to the stress rate of 0.69 MPa/min (Paul & Gnanendran, 2012) and due to the 

reasons reported in Section 4.3.

3.4 Mechanistic pavement analysis

In order to compare field and laboratory modulus values, the modulus of the pavement 

layers of the R104 road experimental section was back-calculated using the Falling Weight 

Deflectometer (FWD) data collected by Theyse (2013) 28 days after construction. GAMES 

software (Maina & Matsui, 2004) was used to run the analysis. A structure consisting of 

100 mm of C3 (observed when collecting the cement stabilized shale slabs), 400 mm of G7 

(100 mm of neat G6 plus 300 mm of selected G7) and G7 subgrade was considered. The 

respective Poisson’s ratios were 0.25, 0.35 and 0.44.

A mechanistic pavement analysis was also performed to compare the results 

obtained using the cement stabilized shale strain-based fatigue model and the South 

African transfer functions. Everstress software (Washington State Department of 

Transportation, WSDOT, 2005) was used to run the analysis. The structure of the R104 

road experimental section was used in the analysis. The properties considered for the 

stabilized shale were those obtained in this study and those historically used in South 

Africa. Two 20 kN wheel loads and tire pressures of 560 kPa and 800 kPa were 

considered.
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4 Static tests results

According to the detailed programme shown in Table 3, the following sections present the 

effects of compaction method, test setup and displacement rate in the static tests results.

4.1 Effect of the compaction method

Figure 5 shows the stress-strain relationships for the individual beams. Figure 6 shows the 

flexural static properties as a function of the compaction method. The values are the 

average of three specimens and the error bars represent the standard deviation (SD). The 

highest values of MOR (Figure 6(a)), UCS (Figure 6(b)) and modulus (Figure 6(d)) as well 

as the lowest value of strain at break (Figure 6(c)) were obtained using vibratory table 

compaction, which is followed by the press compaction and then by the hammer 

compaction. The obtained values of strain at break and modulus were higher than those 

recommended in South Africa for the design of C3 layers (SANRAL, 2014; Theyse et al., 

1996). The UCS values obtained for the beams compacted using vibratory table were 

higher than those suggested for C3 materials (CSRA, 1985; Theyse et al., 1996).

Figure 5

Figure 6

Table 4 shows the results of the One-Way ANOVA (significance level of 0.05). 

A multiple comparison of means was also performed (Tukey’s test) and groups were 

defined. Means that do not share a group letter are significantly different. The effect of 

the compaction method on strain at break and modulus was not significant. The 

compaction method effect on the MOR was significant but there was no difference 

between the means obtained using vibratory table and press. The highest effect due to 
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the compaction method was on the UCS, which allows the deduction that the 

compression behaviour is more affected by the compaction than the tensile behaviour.

Table 4

4.2 Effect of the test setup

Figure 7 shows the stress-strain relationships of the specimens of granite (28 days) and 

shale (28 days and 5.5 years) obtained using the two test setups. Figure 8 shows the 

flexural static properties as a function of the test setup for the two materials. The shale 

was stronger and stiffer than the granite, possibly due to the lower ICS value and the 

higher amount of stabilizer. The average values of all properties decreased with the use 

of the 75 mm × 75 mm × 420 mm setup. The opposite trend was reported by Mbaraga et 

al. (2014). However, this could be an effect of the interaction between maximum 

aggregate size and beam section instead of an effect of the setup itself since larger 

aggregates can generate weak spots in a smaller specimen.

Figure 7

Figure 8

The effect of the curing time can be observed since all properties of the shale 

increased with age. The obtained values of strain at break (Figure 8(c)) were higher 

than suggested for the design of C3 layers (SANRAL, 2014; Theyse et al., 1996). The 

same was observed for the UCS values (Figure 8(b)). Furthermore, other authors 

reported that the UCS of concrete increases as the cube size decreases (Leung & Ho, 

1996; Van Schalkwyk & Kearsley, 2018; Yi et al., 2006). Although the mentioned 

authors have not used 75 mm cubes, this was also observed for the shale after 5.5 years. 

On the other hand, the UCS of both materials after 28 days decreased with the decrease 

in cube size. This fact was also reported by Tokyay & Özdemir (1997) for concrete 

cubes of the 
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same sizes and age as those used in this study. All these facts show that no correction 

factor can be suggested.

The modulus values (Figure 8(d)) obtained using the 75 mm × 75 mm × 420 mm 

setup were the closest to the recommended for design (SANRAL, 2014; Theyse et al., 

1996). The back-calculated moduli for the C3 base (cement stabilized shale), G7 

subbase and G7 subgrade were 1331 MPa (SD = 639 MPa), 241 MPa (SD = 95 MPa) 

and 167 MPa (SD = 36 MPa), respectively. The modulus obtained using the 

75 mm × 75 mm × 420 mm setup (2908 MPa) was the closest to the field one 

(1331 MPa), although being more than twice the latter.

The results of One-Way ANOVA and comparison of means are presented in 

Table 5. Regardless of the material or age, the test setup effect on MOR and modulus 

was significant and there were significant differences between the means. On the other 

hand, the effect of the test setup on strain at break and UCS (75 mm cubes versus 100 

mm cubes) was not statistically significant (although there were differences between 

the average values of UCS as shown in the comments presented above).

Table 5

4.3 Effect of the displacement rate

The stress-strain relationships of the specimens are presented in Figure 9. Figure 10 

shows the static properties as a function of the displacement rate. The average values of 

MOR (Figure 10(a)) and modulus (Figure 10(d)) increased and the strain at break 

(Figure 10(c)) decreased with an increase in the displacement rate, which was also 

reported by Paul & Gnanendran (2012). There were no evident changes in the UCS as 

the regions from where cubes were cut are not affected by the loading. The average 

values of strain at break and UCS were higher than the suggested for C3 layers design. 

The average modulus obtained for a displacement rate of 0.5 mm/min was close to the 
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recommended for the design of C3 layers (CSRA, 1985; SANRAL, 2014; Theyse et al., 

1996), which suggests that this rate might be the most adequate.

Figure 9

Figure 10

The results of One-Way ANOVA and comparison of means are presented in 

Table 6. Regardless of the tested property, there were no significant effects and all the 

means were categorized into the same group. Therefore, for the tested levels, the 

displacement rate does not have a statistical effect on the flexural static behaviour.

Table 6

5 Cyclic tests results

The cyclic (fatigue) tests results are summarized in Table 7 and are analysed in the next 

sections. No statistical analysis was made due to the limited number of specimens.

Table 7

5.1 Cyclic (resilient) modulus

Figure 11 shows a comparison between the moduli obtained for both materials. The 

average cyclic (resilient) modulus values (considering all specimens) were comparable 

to the static modulus values. This suggests that static tests could be used to determine 

the design modulus since they are easier to undertake than the cyclic tests. Castañeda 

López et al. (2018) reported similar trends for Brazilian materials. For the shale 

(Figure 11(b)), the laboratory moduli were four times higher than the field modulus.

Figure 11

5.2 Degradation

Figure 12 shows the degradation of the specimens in terms of normalized modulus 
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(ratio of the modulus at any load cycle to the initial modulus) against normalized 

number of cycles (ratio of any number of cycles to the number of cycles at failure). The 

typical pattern of LCSM showing three damage phases (González et al., 2013; Jia et al., 

2018; Mandal et al., 2018; Mandal et al., 2016) was only observed for specimens 

subjected to the lower stress level (70%). For the others, the stiffness reduced according 

to a slow and nearly constant rate from the beginning until the end of the test. Most 

specimens failed when their stiffness reached approximately 50% of the initial stiffness.

Figure 12

5.3 Fatigue models

Figure 13 shows the fatigue models obtained for the granite and shale. The figure shows 

similar models for both materials. The strain-based models (Figure 13(a)) provide a 

better prediction of the fatigue life than the stress-based models (Figure 13(b)), as the 

variability is less (coefficient of determination, R², and standard error of estimate, SEE). 

Pretorius (1970) observed similar trends for soil-cement. Figure 13(a) shows that the 

laboratory models lead to a fatigue life shorter than the South African transfer functions 

(TF) (SANRAL, 2014; Theyse et al., 1996), regardless of the reliability level (RL). The 

maximum allowable strain for the laboratory models is approximately half of the strain 

at break, while it can be much higher for the transfer functions. These facts indicate that 

the laboratory tests are more destructive than the field tests (APT), possibly because in 

the field the LCSM is part of a structure and it is supported by another layer.

Figure 13

5.4 Mechanistic pavement analysis results

Table 8 shows that the laboratory model obtained for the cement stabilized shale 

resulted in only one load repetition for all the analysed conditions. The number of load 
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repetitions obtained using the transfer functions decreased with the South African 

historic parameters and with the increase of tire pressure and RL. The difference 

between laboratory and field results ranged from 104 to 106 load repetitions, confirming 

the comments of Section 5.3.

Table 8

6 Comparison between South African and Brazilian materials

In the past, several Brazilian researchers studied the mechanical and fatigue behaviour of 

cement stabilized materials (Balbo, 1993; Ceratti, 1991; Trichês, 1993). However, the use 

of this kind of material still is limited in Brazil. Use is increasing because full-depth 

reclamation with cement is becoming a popular pavement rehabilitation technique. In this 

regard, two Brazilian materials (Fedrigo et al., 2017; Castañeda López et al., 2018) were 

selected according to the 7-day UCS range for C3 (CSRA, 1985; Theyse et al., 1996). 

These materials are cement stabilized (2%) mixtures of aggregates (80% and 50%) and 

reclaimed asphalt pavement, RAP (20% and 50%). The strain at break values and the 

fatigue models were re-evaluated since the mentioned authors used a different approach 

as the one used in this study to analyse them. For the South African materials, the used 

properties were those obtained using the test characteristics mentioned in Section 3.3.2.

Figure 14 shows the properties of the South African and Brazilian materials and 

the statistics are presented in Table 9. No statistical analysis was made for the cyclic 

(resilient) modulus due to the different number of specimens tested. The effect of the 

material was significant for all analysed properties, but some means were not 

significantly different (Tukey’s test). The shale and the 20% RAP mixture were 

categorized into the same groups for strain at break (group B) and static modulus 

(group A), two of the main design parameters. This fact associated with the similarity 
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their fatigue models (Figure 15) could suggest that a South African cement stabilized 

shale and a Brazilian cement stabilized recycled material with up to 20% RAP would 

have comparable fatigue performances. It is not possible to only compare the fatigue 

behaviour of different materials by observing their fatigue models since they might 

have different strength and stiffness.

Figure 14

Table 9

Figure 15

7 Conclusions

The following are conclusions based on the data analysed in this paper (they may be 

only valid for the materials used in this research and for similar materials):

 Statistically, similar flexural properties are obtained using vibratory table and 

press compaction methods. The compressive behaviour is more affected by 

the compaction method than the tensile behaviour. Considering the laboratory 

results, vibratory rollers are indicated for the compaction of lightly cement 

stabilized layers.

 The South African setup leads to lower flexural strength and stiffness values. 

However, this can be an effect of the interaction between maximum aggregate 

size and beam section instead of the setup itself. This setup also leads to a 

modulus value that is closer to the observed in the field, although the 

laboratory value is still much higher.

 The flexural static properties are not statistically affected by the testing

displacement rate.
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 The strain at break is not statistically affected by compaction method, setup and

displacement rate. Therefore, it is the most adequate property for design.

 The average cyclic (resilient) modulus is similar to the average static modulus.

Therefore, static tests could be used to determine the design modulus. This

fact is important for practical use since static tests are more common and

cheaper to execute than cyclic tests.

 The strain-based models provide a better prediction of the fatigue life than the

stress-based models.

• The laboratory models lead to a fatigue life shorter than the South African

transfer functions. A mechanistic pavement analysis confirmed this fact,

showing a difference in the results ranging from 104 to 106 load repetitions.

• Statistics revealed similarities between the strain at break and modulus (two

main design parameters) of a South African cement stabilized shale and a

Brazilian cement stabilized recycled material. Their laboratory fatigue

behaviours were also similar. These facts indicate that the mentioned materials

could have comparable performances.
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Table 1. Characteristics of the natural gravels

Material Weathered granite Burnt shale
Liquid Limit, LL 28 25

Plasticity Index, PI 7 9
Linear Shrinkage (%) 3.5 6.5
Grading modulus, GM 2.27 2.46

HRB classification A-2-4(0) A-2-4(0)
TRH 14 classification* G6 G6

Optimum moisture content, OMC (%)** 7.4 6.6
Maximum dry density, MDD (kg/m³)** 2106 2202

Swell (%)** 0.29 0.19
California Bearing Ratio, CBR (%)** 78 58

*Committee of State Road Authorities, CSRA, 1985; **Modified AASHTO

compaction (American Association of State Highway and Transportation 

Officials, AASHTO, 2010); Shale results by Theyse (2013)
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Table 2. Final mix design characteristics of the LCSM

Material Weathered granite Burnt shale
Initial consumption of stabilizer (%) 1.5 1.0

Lime content (%) 0.0 1.0
Cement content (%) 2.5 3.0

Unconfined compressive strength (MPa) 3.82* 3.21**
Indirect tensile strength (MPa) 0.42* 0.27**

*Accelerated curing, which successfully predicts the 7-day strength (CSRA, 1986;

Paige-Green, 2014); **7 days; Shale results by Theyse (2013)
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Table 3. Detailed programme for the static tests

Independent variable levels
Test setup Displacement rateEvaluated effect Compaction 

method (mm × mm × mm) (mm/min)
Material (age)

Vibratory table
PressCompaction method

Hammer
100 × 100 × 300 0.5 Granite (28 d)

Granite (28 d)
Shale (28 d)Test setup

(mm × mm × mm) Vibratory table 100 × 100 × 300
75 × 75 × 420 0.5

Shale (5.5 y)
0.5
1.0Displacement rate 

(mm/min) Vibratory table 75 × 75 × 420
1.8

Granite (28 d)
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Table 4. Statistical analysis of the compaction method effect on the static properties

Property p-value Compaction method N Mean Grouping
Vibratory table 3 0.507 A

Press 3 0.445 A and BMOR (MPa) 0.047
Hammer 3 0.354 B

Vibratory table 3 3.512 A
Press 3 2.495 BUCS (MPa) 0.002

Hammer 3 1.918 B
Vibratory table 3 309.6 A

Press 3 282.5 AStrain at break (µε) 0.606
Hammer 3 249.7 A

Vibratory table 3 4043 A
Press 3 3680 AModulus (MPa) 0.529

Hammer 3 3381 A
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Table 5. Statistical analysis of the test setup effect on the static properties

Test setup
Material Property p-value

(mm × mm × mm)
N Mean Grouping

100 × 100 × 300 3 0.51 A
MOR (MPa) 0.002

75 × 75 × 420 3 0.23 B
100 × 100 × 300 3 3.51 A

UCS (MPa) 0.37
75 × 75 × 420 3 3.27 A

100 × 100 × 300 3 269 A
Strain at break (µε) 0.684

75 × 75 × 420 3 250 A
100 × 100 × 300 3 4043 A

Granite 28 d

Modulus (MPa) 0.011
75 × 75 × 420 3 2071 B

100 × 100 × 300 3 0.89 A
MOR (MPa) 0.012

75 × 75 × 420 3 0.44 B
100 × 100 × 300 3 5.73 A

UCS (MPa) 0.719
75 × 75 × 420 3 5.53 A

100 × 100 × 300 3 395 A
Strain at break (µε) 0.085

75 × 75 × 420 3 314 A
100 × 100 × 300 3 4949 A

Shale 28 d

Modulus (MPa) 0.005
75 × 75 × 420 3 2908 B

100 × 100 × 300 3 1.13 A
MOR (MPa) 0.034

75 × 75 × 420 3 0.71 B
100 × 100 × 300 3 8.36 A

UCS (MPa) 0.675
75 × 75 × 420 3 8.76 A

100 × 100 × 300 3 673 A
Strain at break (µε) 0.102

75 × 75 × 420 3 498 A
100 × 100 × 300 3 6494 A

Shale 5.5 y

Modulus (MPa) 0.009
75 × 75 × 420 3 3350 B
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Table 6. Statistical analysis of the displacement rate effect on the static properties

Property p-value Displacement rate (mm/min) N Mean Grouping
0.5 3 0.23 A
1 3 0.24 AMOR (MPa) 0.289

1.8 3 0.32 A
0.5 3 3.27 A
1 3 3.93 AUCS (MPa) 0.285

1.8 3 3.99 A
0.5 3 269 A
1 3 242 AStrain at break (µε) 0.332

1.8 3 199 A
0.5 3 2071 A
1 3 2666 AModulus (MPa) 0.283

1.8 3 3237 A
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Table 7. Summary of cyclic tests results

Material Stress level,
SL (%)

Stress, σi 
(MPa)

Initial 
strain, εi (με)

Strain 
level (%)

Initial Modulus, 
Mi (MPa)

Number of 
cycles, N

UCS 
(MPa)

58 23 5432 40260 3.77
70 0.36

63 25 5130 154102 3.59
133 53 2883 12 3.91

80 0.41
103 41 3551 419 4.03
133 53 3222 1493 3.74

Granite 
28 d

90 0.46
68 27 6402 30408 4.06

70 0.62 75 19 5806 146435 5.83
80 0.71 137 35 4799 297 6.40Shale

28 d
90 0.80 158 40 4772 131 6.89
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Table 8. Fatigue lives predicted for the cement stabilized shale layer

Tire pressure 
(kPa) LCSM parameters Fatigue model Number of load

repetitions, N
Laboratory 1

TF RL = 50% 2061281
TF RL = 80% 1334320
TF RL = 90% 1246226

This study
(Modulus = 1331 MPa; 

Strain at break = 395 µε)
TF RL = 95% 944031

Laboratory 1
TF RL = 50% 96232
TF RL = 80% 62581
TF RL = 90% 58530

560
South African mechanistic 
pavement design method 
(Modulus = 2000 MPa; 

Strain at break = 125 µε)
TF RL = 95% 44226

Laboratory 1
TF RL = 50% 1406492
TF RL = 80% 910982
TF RL = 90% 850984

This study
(Modulus = 1331 MPa; 

Strain at break = 395 µε)
TF RL = 95% 644430

Laboratory 1
TF RL = 50% 38099
TF RL = 80% 24811
TF RL = 90% 23215

800
South African mechanistic 
pavement design method 
(Modulus = 2000 MPa; 

Strain at break = 125 µε)
TF RL = 95% 17528
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Table 9. Statistical analysis of South African and Brazilian LCSM flexural properties

Property p-value Country Material N Mean Grouping
Granite 3 0.51 BSouth 

Africa Shale 3 0.89 A
20% RAP 3 0.26 C

MOR (MPa) 0.000
Brazil 50% RAP 3 0.32 B and C

Granite 3 4043 A and BSouth 
Africa Shale 3 4949 A

Static modulus (MPa) 0.005
Brazil

20% RAP 3 3950 A and B 
50% RAP 3 2900 B

Granite 3 250 A and BSouth 
Africa Shale 3 395 A and B

20% RAP 3 169 B
Strain at break (µε) 0.012

Brazil
50% RAP 3 470 A
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Figure 1. Grain size distributions of the natural gravels

Figure 2. Laboratory specimens: (a) vibratory table compaction; (b) press compaction; 

and (c) demoulded specimen wrapped in plastic sheets

Figure 3. Field specimens: (a) slabs taken from the LCSM; and (b) beams cut from a 

slab

Figure 4. Test setups (height × width × span): (a) 100 mm × 100 mm × 300 mm; and (b) 

75 mm × 75 mm × 420 mm

Figure 5. Stress-strain relationships for each sample as a function of the compaction 

method: (a) vibratory table; (b) press; and (c) hammer

Figure 6. Flexural static properties as a function of the compaction method: (a) MOR, 

(b) UCS; (c) strain at break; and (d) modulus

Figure 7. Stress-strain relationships for each sample as a function of the test setup for 

the granite (28 days) and shale (28 days and 5.5 years)

Figure 8. Flexural static properties as a function of the test setup for the granite and 

shale: (a) MOR, (b) UCS; (c) strain at break; and (d) modulus

Figure 9. Stress-strain relationships for each sample as a function of the testing 

displacement rate: (a) 0.5 mm/min; (b) 1.0 mm/min; and (c) 1.8 mm/min

Figure 10. Flexural static properties as a function of the testing displacement rate: (a) 

MOR, (b) UCS; (c) strain at break; and (d) modulus

Figure 11. Modulus values for different measurement types: (a) granite; and (b) shale

Figure 12. Degradation of each specimen: (a) 90% SL; (b) 80% SL; and (c) 70% SL

Figure 13. Fatigue models for the granite and shale: (a) strain ratio; and (b) stress ratio

Figure 14. Comparison between South African and Brazilian LCSM: (a) MOR; (b) 

static modulus; (c) strain at break; and (d) cyclic modulus

Figure 15. Laboratory fatigue models of South African and Brazilian LCSM
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