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ABSTRACT 11 

This paper evaluates the fatigue behaviour of cement-treated mixtures of reclaimed 12 

asphalt pavement (RAP) and lateritic soil. Six mixtures with different cement contents and RAP 13 

percentages were tested under static and cyclic flexural loading. Flexural strength and resilient 14 

modulus increased with RAP percentage, due to changes in grain size distribution, which led to 15 

denser mixtures. Strain at break increased with RAP addition, reducing brittleness. On the other 16 

hand, strain at break decreased with cement content, resulting in more brittle materials. 17 

Increasing cement content led to stronger and stiffer mixtures. Some mixtures showed similar 18 

moduli under both loading conditions, which is useful for design by allowing estimating resilient 19 

modulus through static results. Strain based fatigue relationships were obtained, but cement 20 

content and RAP percentage effects on the fatigue life parameters did not show a well-defined 21 

trend. The mixtures fatigue life showed to be highly dependent on the tensile strain at the bottom 22 

of the recycled layer, a fact that highlights the importance of mechanistic-empirical design. 23 
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1. INTRODUCTION 26 

Full-depth reclamation with portland cement (FDR-PC) is a technique that allows the 27 

reuse of part of the materials of a failed pavement structure. This technique pulverizes the 28 

existing asphalt wearing course while blends it with underlying materials and cement; the 29 

resulting mixture is then compacted in order to provide a new cement-treated base (CTB) layer 30 

[1]. Although the resulting CTB initially shows little distress, as a cement-treated material 31 

(CTM), the recycled base layer inherently exhibits fatigue deterioration under cyclic loading and 32 

may rapidly deteriorate once distress initiates. Therefore, fatigue failure is the main design 33 

criteria for long-term performance of pavements with a cement-treated recycled layer [2]. 34 

The materials obtained through FDR-PC differ from regular CTM, due to the presence of 35 

reclaimed asphalt pavement (RAP) aggregates in their matrix. Although several studies on FDR-36 

PC indicate that the presence of RAP reduces the mixture strength and stiffness [3-8], its effects 37 

on the fatigue behaviour are not well known. Studies on the fatigue properties of FDR-PC are 38 

necessary for a mechanistic-empirical design method for pavements with cement-treated 39 

recycled layers. However, only one study on that subject was reported [9] and a few other 40 

focused on the fatigue behaviour of recycled pavement materials simultaneously stabilized with 41 
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cementitious and bituminous binders, such as emulsion or foamed asphalt [10-12]. Besides, 1 

lateritic soils (LS) are often used as base materials in some regions and may ending up being a 2 

constituent of FDR-PC layers. However, literature searches for the flexural behaviour and/or 3 

fatigue behaviour of cement-treated mixtures of RAP and LS were unsuccessful, as authors have 4 

only studied the unconfined compressive strength of such mixtures [13]. 5 

The research here reported aimed on measuring flexural strength, strain at break and 6 

flexural modulus (static and resilient) and obtaining fatigue relationships of cement-treated 7 

mixtures of RAP and LS, as well as verifying the effects of cement content and RAP percentage. 8 

2. EXPERIMENTAL PROGRAMME 9 

2.1 Materials and Specimens 10 

 11 

Laboratory tests were performed on samples made of cement, LS and different 12 

percentages of RAP (20%, 50% and 70%). LS was classified as a clayey lateritic soil (LG’), 13 

according to the MCT (Miniature, Compacted, Tropical) methodology [14]. LS liquid limit and 14 

plasticity index were, respectively, 44.3% and 12.4%. The studied RAP had 5.71% of asphalt 15 

binder on its composition. The grain size distributions of the materials and mixtures are 16 

presented in Figure 1. Two contents (2% and 4%, based on the dry mass of LS+RAP mixtures) 17 

of portland cement with ground-granulated blast-furnace slag addition (Brazilian type CP II E 18 

32) were used. Modified Proctor compaction tests were undertaken to determine the optimum 19 

moisture content (OMC) and maximum dry unit weight (MDUW) of each mixture. 20 

 21 

 22 
FIGURE 1 Grain size distributions of the mixtures of RAP and LS 23 

 24 

Prismatic beams, with dimensions of 100 mm x100 mm x 400 mm, were prepared from 25 

the mixtures of LS+RAP, with the specified amount of cement and water at OMC. The mixtures 26 

were statically compacted in three equal layers to achieve the MDUW using a hydraulic press. In 27 

order to improve the bond between layers, the surface of the compacted layers was carefully 28 

scarified to a depth of at least one-tenth of the thickness of the layer. The specimens were cured 29 

for 28 days in sealed plastic bags in order to maintain the mixtures moisture content. For each 30 

mixture, three specimens were prepared for static tests (18 specimens) and nine were prepared 31 

for fatigue (cyclic) tests (54 specimens). In order to reduce variability factors, the specimens 32 

were discarded and remoulded according to the following conditions: (a) dry unit weight less 33 



3 

 

than 95% of the MDUW; (b) effective moisture content deviating by more than 1% of the OMC, 1 

and; (c) variations of beams dimensions higher than 3%. 2 

 3 

2.2 Apparatus and Testing Procedures 4 

 5 

A 250 kN capacity load testing machine was used for static tests and a pneumatic testing 6 

machine capable of applying haversine load pulses was used for fatigue tests. Static and fatigue 7 

tests were conducted in a controlled stress mode. Test temperature and RH were maintained at 8 

24±3°C and 55±15%, respectively. Four-point bending test configuration was used for prismatic 9 

specimens spanning 300 mm. The mid-span deflection was measured using two linear variable 10 

differential transducers (LVDTs), mounted using a yoke arrangement based on JCI SF-4 [15]. 11 

The experimental setting was the same for both static and fatigue tests, as shown in Figure 2. 12 

 13 

  14 
FIGURE 2 Flexural tests: (a) 4-point bending configuration and (b) specimen after test 15 

 16 

2.1.1 Static Tests  17 

 18 

Flexural strength tests were performed in accordance with NCHRP test method for CTM 19 

[16]. Monotonic increase of load was applied at a rate of 0.69 MPa/min. Eq. (1) was used to 20 

calculate the flexural stress. The tensile strain was calculated using Eq. (2). Strain at break (εb) 21 

corresponds to 95% of the ultimate load. Flexural static modulus was determined from the stress-22 

strain relationships (secant modulus corresponding to 40% of flexural strength). 23 

 24 
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 28 

Where σi (MPa) is the flexural stress corresponding to force Pi (N); εi (microstrain) is the 29 

tensile strain corresponding to mid-span deflection δi (mm); L is the length between supporting 30 

rollers (300 mm), and; w and h are the width and height of the specimen (mm), respectively. 31 

 32 

2.1.2 Fatigue Tests 33 

 34 
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The procedures used for flexural fatigue tests were based on Austroads experience [17-1 

19]. Specimens were subjected to 5 Hz haversine cyclic loading without rest period. The 2 

magnitude of the load pulses varied within a range of 10% to 40% of the peak load, accordingly 3 

to each mixture (Table 1, Section 4). The tests were terminated either after failure of the 4 

specimen or after 1,000,000 loading cycles. The flexural resilient modulus was calculated based 5 

on the resilient strain corresponding to a flexural stress. Initial resilient modulus and initial strain 6 

(εi) were defined as the average values between the 50th and 100th load pulses. 7 

3. STATIC TESTS RESULTS 8 

Figure 3 shows the effects of cement content and RAP percentage on flexural strength 9 

and strain at break. The results are the average of three specimens and the standard deviation is 10 

also shown. Strain at break increased with RAP percentage, so 20% RAP mixtures were more 11 

brittle than 70% RAP mixtures. On the other hand, strain at break decreased with cement 12 

content, increasing brittleness. Flexural strength increased with cement content and RAP 13 

percentage. Strength increasing with RAP percentage diverge from the literature, which shows 14 

that cement-treated recycled pavement materials tends to lose strength with RAP addition [3-6, 15 

8, 9, 13]. As the dry unit weight of RAP inherently exceeds that of soils, the higher the RAP 16 

percentage, the denser the mixture, resulting in a stronger material. It may be seen in Figure 1 17 

that 70% RAP mixtures have denser grain size distribution than 20% RAP mixtures. Flexural 18 

static modulus results are presented in Figure 4 and discussed in Section 4. 19 

 20 

 21 
FIGURE 3 Cement content and RAP percentage effects on (a) flexural strength and (b) εb 22 

4. FATIGUE TESTS RESULTS 23 

Table 1 summarizes the results of fatigue tests. The number of beams tested for each 24 

mixture is presented, as well as the ranges of: stress level applied for testing (% of the peak 25 

stress), number of cycles to failure, initial resilient modulus and initial strain. 26 

Figure 4 presents the flexural (initial) resilient and static moduli as a function of cement 27 

content and RAP percentage. The results of initial resilient modulus correspond to the average 28 

value of nine specimens and the static modulus is the average of three specimens. Resilient and 29 

static moduli increased with cement content, a trend also observed in other studies on cement-30 

treated recycled pavement materials [3-5]. The resilient modulus also increased with RAP 31 
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percentage, which could be related to the same reason that was highlighted for flexural strength, 1 

that is, the achievement of a denser matrix. However, the static modulus was similar for different 2 

RAP percentages and, consequently, the effect of RAP percentage was not well defined. Some 3 

mixtures also showed similar modulus under static and cyclic loading, which could be useful for 4 

design purposes, since static tests are easier to carry out than cyclic ones. 5 

 6 

TABLE 1 Summary of fatigue tests results 7 

Cement 

(%) + 

RAP 

(%) 

Range of No. of beams 

stress level 

applied for 

testing (%) 

number of 

cycles to 

failure 

initial resilient 

modulus (MPa) 

initial strain 

(microstrain) Tested 

Did 

not 

fail 
Low High Low High Low High Low High 

2 + 20 15 25 99 1,000,000 862 1,508 29 77 9 1 

2 + 50 10 40 99 1,000,000 1,111 2,010 25 99 9 1 

2 + 70 10 25 99 325,299 1,714 3,382 34 83 9 0 

4 + 20 10 20 99 1,000,000 1,777 2,538 25 65 9 1 

4 + 50 10 20 199 1,000,000 3,083 4,143 23 55 9 1 

4 + 70 13 25 299 407,299 3,620 5,054 29 43 9 0 

 8 

 9 
FIGURE 4 Resilient and static moduli as a function of cement content and RAP percentage 10 

 11 

Regression analysis was done to derive fatigue relationships according to Eq. (3). The 12 

fatigue life parameters a and SDE (strain damage exponent) and the coefficient of determination 13 

(R2) are shown in Table 2. The strain based fatigue relationships (εi/εb) are shown in Figure 5. 14 

Cement content and RAP percentage effects on the fatigue life parameters did not show a well-15 

defined trend. The mixtures showed to be highly strain sensitive; that is, a small increase in the 16 

initial strain may greatly reduce the mixtures fatigue life. SDE values are close to those used by 17 

Austroads when designing conventional cement-treated layers (without RAP addition), which 18 

have varied from 8 to 21 over the years [17-19]. 19 

 20 

  N = a(εi/εb)
-SDE          (3) 21 

 22 
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TABLE 2 Fatigue relationships parameters 1 

 Cement content (%) + RAP percentage (%) 

 2 + 20 2 + 50 2 + 70 4 + 20 4 + 50 4 + 70 

a 2 × 10-8 1 × 10-3 6× 10-8 1× 10-4 6× 10-9 1× 10-22 

SDE 11.1 6.7 7.9 9.4 10.7 21.2 

R² 0.88 0.89 0.57 0.68 0.71 0.66 

 2 

 3 
FIGURE 5 Fatigue relationships for mixtures with (a) 2% of cement and (b) 4% of cement 4 

5. CONCLUSIONS 5 

The flexural strength of cement-treated mixtures of RAP and LS depends on cement 6 

content and RAP percentage; the higher the cement and RAP amounts, the stronger the mixture. 7 

The εb is highly influenced by RAP percentage; increasing about twice when RAP varies from 8 

20% to 70%. On the other hand, εb decreases with cement content, increasing brittleness. 9 

The mixtures flexural static and resilient moduli increase with cement content. Although 10 

RAP effect on the static modulus was not clear, resilient modulus increases with RAP 11 

percentage. This is explained by the fact that the dry unit weight of RAP inherently exceeds that 12 

of soils; the higher the RAP percentage, the denser the mixture, resulting in stronger and stiffer 13 

materials. Some mixtures showed similar moduli under both loading conditions, which is useful 14 

for design by allowing estimating resilient modulus through static results. 15 

Strain based fatigue relationships were obtained and the SDE were within the reported by 16 

Austroads for conventional CTM (without RAP addition). Cement content and RAP percentage 17 

effects on the fatigue life parameters did not show a well-defined trend. The mixtures fatigue life 18 

showed to be highly dependent on the tensile strain at the bottom of the recycled layer, a fact that 19 

highlights the importance of mechanistic-empirical design for FDR-PC. 20 
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