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Abstract 8 

In pavement engineering, cold recycled material (CRM) mixtures allow implementing circular 9 

economy concepts by maximizing the reuse of reclaimed asphalt without heating. Along with bitumen 10 

emulsion and foamed bitumen, Portland cement is often added to CRM mixtures to improve the field 11 

performance. However, the role of cement on the fatigue failure is not sufficiently investigated. The 12 

objective of this research is to provide new insights into the fatigue failure of CRM mixtures produced 13 

with bitumen emulsion and cement. To this aim, two CRM mixtures prepared with different dosages 14 

of cement (1% and 2%) were subjected to uniaxial cyclic tension fatigue tests. Empirical and energy-15 

based failure criteria, originally developed for asphalt concrete mixtures, were used to define the 16 

fatigue failure. The results showed that the fatigue failure mechanism of CRM mixtures was of a 17 

composite type, affected by both cementitious and bituminous bonds. A new criterion was proposed 18 

to identify the failure of the cementitious bonds. 19 

 20 
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1. Introduction 23 

Implementing circular economy concepts for achieving a sustainable development is a key goal of 24 

our society [1]. In pavement engineering, such concepts are put into practice by cold recycling 25 

technologies that allow reusing large amounts of reclaimed asphalt (RA) without heating. Compared 26 

to traditional hot mix asphalt (HMA) mixtures, cold recycled material (CRM) mixtures allow 27 

reducing greenhouse emissions and energy consumption [2][3][4][5]. Moreover, pavement structures 28 

containing courses built with CRM mixtures can have excellent long-term performance 29 

[6][7][8][9][10]. 30 

Among CRM mixtures, different families can be identified, depending on the type and amount of 31 

employed binding agents. Cement treated material (CTM) mixtures are produced if recycling is 32 

carried out by adding only Portland cement. Their load-related failure is normally due to fatigue 33 

[11][12]. If recycling is carried out by adding a small amount of bitumen (normally between 1.5% 34 

and 2.5%) bitumen stabilized materials (BSM) are produced. BSM are considered as improved 35 

granular materials and may include up to 1% Portland cement or other active fillers, like hydrated 36 

lime. The load-related failure of BSM is primarily due to permanent deformation [13][14]. Cement 37 

bitumen treated materials (CBTM) are produced with similar bitumen dosages but with higher 38 

dosages of Portland cement (normally between 1.5 and 4.0%). Load-related failure of CBTM is 39 

primarily due to fatigue [15][16][17]. 40 

The practical fatigue characterization of CRM mixtures has been routinely carried out in indirect 41 

tension configuration [16][17][18][19][20]. Some Authors have also performed cyclic bending tests 42 

on beam specimens [21][22][23]. The main limitation of those test configurations is that the stress-43 

strain distribution within the specimen is not homogeneous [24]. A homogeneous stress-strain 44 

distribution is obtained with uniaxial tests on cylindrical specimens [25]. So far, only a couple of 45 

studies have characterized the fatigue behaviour of CRM mixtures through uniaxial tests [26][27]. It 46 
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is readily apparent that very limited data are available in the literature, and none of these data refer to 47 

the case of CBTM mixtures. 48 

Within this general context, the present research is part of a larger project that has the ultimate goal 49 

of evaluating the applicability of the viscoelastic continuum damage (VECD) theoretical-50 

experimental framework to CRM mixtures. As a first necessary step, the objective of this paper is to 51 

provide new insights for understanding the fatigue failure of CRM mixtures. To this aim, two CRM 52 

mixtures produced with bitumen emulsion and different dosages of Portland cement were subjected 53 

to uniaxial cyclic tension fatigue tests. Empirical and energy-based failure criteria, originally 54 

developed for asphalt concrete (AC) mixtures, are used to define the fatigue failure. A fatigue failure 55 

mechanism that highlights the role of cement and a specific failure criterion are finally proposed. 56 

2. Materials and methods 57 

2.1 Materials 58 

Two CRM mixtures, identified as CRM1 and CRM2, were investigated. Figure 1 shows their target 59 

gradation curve that was obtained by mixing 90 % of RA aggregate (RA 0/16) and 10 % of limestone 60 

filler [28]. The bitumen emulsion was a commercial cationic slow-setting type, modified with styrene-61 

butadiene-rubber latex and designated C60BP10 according to EN 13808 [29]. For both mixtures, the 62 

dosage (by dry aggregate mass) of bitumen emulsion was 4.0 % (residual bitumen 2.4 %) and the 63 

total water content was 4.5 % (1.6 % bitumen emulsion water plus 2.9 % pre-wetting water).  64 

The Portland cement was a type II/A LL, strength class 42.5 according to EN 197-1 [30]. Its dosages 65 

were 1.0 % and 2.0 % (by dry aggregate mass) for CRM1 and CRM2, respectively. CRM2 is a CBTM 66 

mixture typically produced in Europe for base and binder courses [31][32]. CRM1 may be considered 67 

a BSM and thus, in the field, its failure is expected to be caused by permanent deformation 68 

accumulation rather than fatigue. Nonetheless, it was included in the present experiment to verify if 69 

its fatigue failure characterization is possible. 70 
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The fatigue behaviour of the two CRM mixtures is compared to that of two typical AC mixtures for 71 

binder courses tested in a previous study [33]. One mixture (AC1) was produced with neat bitumen 72 

(PG 70-22) and the other (AC2) with styrene-butadiene-styrene (SBS) polymer modified bitumen 73 

(PG 82-16). The AC mixtures had similar aggregate gradations (dense graded, only virgin aggregates) 74 

and bitumen dosage of 4.5 % by mixture mass. 75 

 76 
Figure 1. Gradation curves 77 

 78 

2.2 CRM specimen preparation 79 

The RA aggregate was initially dried at 40 °C, then the filler and part of the pre-wetting water (equal 80 

to the water absorption of the RA aggregate) were added and manually mixed. The wet blends were 81 

sealed in plastic bags for 12 h at room temperature to allow a uniform moisture distribution. 82 

Afterwards, the cement, the remaining pre-wetting water and the bitumen emulsion were gradually 83 

added and mixed, alternating manual and mechanical mixing [34].  84 

From each mixture batch, one cylindrical specimen was prepared using a gyratory compactor with 85 

vertical pressure of 600 kPa, rotation speed of 30 rpm and external angle of inclination of 1.25° [35]. 86 

In total, ten specimens with diameter of 150 mm and height of 180 mm were compacted at the target 87 

voids content of 14.0 % (five from CRM1 and five from CRM2). It is worth noting that voids of 88 
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readily compacted CRM mixtures include the volume of air and intergranular water [36]. All 89 

specimens were extracted from the mould immediately after compaction. 90 

A two-stage curing procedure was adopted. The gyratory specimens were cured for one day in the 91 

oven at 40 °C (dry environment), and then enclosed in plastic bags and cured until 28 days in a 92 

climatic chamber at 40 °C (moist environment). In the first stage, the curing of the bituminous binder 93 

is facilitated thanks to the moisture loss due to evaporation, whereas in the second stage the hydration 94 

of the cementitious binder is promoted using the residual water present in the mixture [37]. This 95 

procedure was adopted because is somewhat similar to what happens in the field, where free 96 

evaporation from the surface of the CRM layer is allowed for some hours or days, until the upper 97 

layer is constructed. 98 

After the 28 curing days, one test specimen with diameter of 100 mm and height of 130 mm was 99 

cored and cut from the inner part of each gyratory sample. The bulk density of the cored specimens 100 

was obtained with the hydrostatic method [38] and then the air void content was calculated according 101 

to EN 12697-8 [39]. The average (standard deviation) value of air void content was 12.7 % (0.6 %) 102 

for CRM1 and 12.6 % (0.6 %) for CRM2. 103 

The AC mixtures were produced in an asphalt plant, reheated and compacted in the laboratory using 104 

a gyratory compactor [33]. The compacted samples had diameter of 150 mm, height of 170 mm and 105 

target air void content of 5.0 % for the inner portion of the sample. Afterwards, four “small” test 106 

specimens with diameter of 38 mm and height of 110 mm were cored and cut from each gyratory 107 

sample, in accordance with AASHTO PP 99 [40]. The average (standard deviation) value of air void 108 

content was 5.3 % (0.4 %) for AC1 test specimens and 5.2 % (0.1 %) for AC2 test specimens. 109 

It is worth underlining that, since this was one of the first experiences ever concerning axial fatigue 110 

testing of CRM mixtures, the adoption of the small geometry (38 mm diameter, 110 mm height) was 111 
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deemed premature by the Authors. Therefore, the large specimen geometry suggested by AASHTO 112 

T 400 (100 mm diameter, 130 mm height) was considered for the CRM mixtures as a first step.  113 

 114 

2.3 Complex modulus and cyclic fatigue testing 115 

The testing procedure followed for the CRM mixtures is standardized by AASHTO T 400 [41] for 116 

conventional AC mixtures to obtain the damage characteristic curve within the VECD theoretical-117 

experimental approach. This procedure includes cyclic tension-compression stiffness tests and cyclic 118 

tension fatigue tests carried out with the Asphalt Mixture Performance Tester (AMPT), using the setup 119 

shown in Figure 2a. Loading platens are glued to the top and bottom of the specimens with an epoxy 120 

adhesive. Three axial LVDTs are mounted approximately 120° apart in order to measure the axial 121 

strain in the central 70 mm of the specimen. The fatigue tests are performed in constant crosshead 122 

mode. Compared to strain-controlled tests, crosshead-controlled tests are easier to run and reduce the 123 

risk of damaging the equipment if improperly performed [42]. As an example, Figure 2b shows the 124 

typical stress and strain signals at the beginning of the test for an AC mixture (the actuator strain is 125 

obtained as the ratio between the actuator displacement and the specimen height). The applied 126 

sinusoidal axial load is adjusted to keep the actuator displacement amplitude constant throughout the 127 

test. Even though the on-specimen strain remains tensile, both tensile and compressive stresses are 128 

applied on the specimen due to viscous effects. The actual on-specimen strain is lower than the 129 

actuator strain level due to inevitable machine compliance issues. The test is stopped when the 130 

machine is no longer able to apply a well-shaped sinusoidal load. 131 

On CRM specimens, the complex modulus test (also known as fingerprint test) was performed at 20 132 

°C and 10 Hz to evaluate the linear viscoelastic properties of each specimen. The test consisted in 133 

applying 55 cycles of a sinusoidal tension-compression axial load adjusted to achieve a target peak-134 

to-peak on-specimen strain amplitude between 25 and 35 microstrain, which is a typical strain value 135 

to observe a linear behaviour [43][44]. After a rest period of 5 minutes, the cyclic fatigue test was 136 
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performed at the same temperature and frequency. The initial peak-to-peak on-specimen tensile strain 137 

amplitude (ε0,initial) was selected between 70 and 80 microstrain, which led to test durations between 138 

2000 and 60000 cycles.  139 

For the AC mixtures the testing temperature and frequency were 21 °C and 10 Hz. The target strain 140 

amplitude was between 50 and 75 microstrain in the fingerprint test, and ε0,initial was between 380 and 141 

450 microstrain in the fatigue test, which led to test durations between 2000 and 80000 cycles [33].  142 

 143 

Figure 2. Testing: (a) setup for complex modulus and cyclic fatigue tests, (b) stress and strain at the 144 
beginning of the fatigue test (in the figure, tension is negative while compression is positive) 145 

 146 

2.4 Examined fatigue failure criteria 147 

Fatigue failure criteria that have been developed for AC mixtures can be grouped into two main 148 

categories: empirical and energy-based [45][46][47][48].  149 

The most common empirical criterion consists in arbitrarily defining the specimen failure based on 150 

the 50 % reduction of the initial stiffness modulus [49][50]. Another common empirical criterion is 151 

based on the observation of the phase angle evolution that typically shows an increase followed by a 152 
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sharp drop. It is assumed that the maximum phase angle corresponds to the formation of macrocracks, 153 

and thus to the specimen failure [51]. 154 

Energy-based failure criteria rely on the calculation of the dissipated energy per unit volume per cycle 155 

(W), i.e., the area of the stress-strain hysteresis loop, using the following linear approximation: 156 

 𝑊 = 𝜋 ∙ 𝜎 ∙ 𝜀 ∙ sin 𝛿 = 𝜋 ∙ 𝜀2 ∙ 𝐸 ∙ sin 𝛿 (1) 

where 𝜎 is the stress amplitude, 𝜀 is the strain amplitude, E is the stiffness modulus and 𝛿 is the phase 157 

angle at a given cycle. 158 

Pronk and Hopman [52] introduced the dissipated energy ratio (DER) parameter to identify the fatigue 159 

failure, based on the previous work by Van Dijk [53] and Van Dijk and Visser [54]. DER is defined 160 

as the ratio between the total cumulated dissipated energy up to cycle n and the dissipated energy at 161 

cycle n: 162 

 
𝐷𝐸𝑅 =

∑ 𝑊𝑖
𝑛
𝑖=1

𝑊𝑛
 (2) 

The relationship between DER and number of load cycles follows the line of equality (slope equal to 163 

1) when the specimen is undamaged. As damage develops, the DER curve progressively bends 164 

upwards (strain-controlled tests) or downwards (stress-controlled tests).  165 

The criterion currently adopted by the reference standard AASHTO T 400 [41] is the so-called stress 166 

degradation ratio criterion, which is a simplification of the DER criterion. Fatigue failure is identified 167 

by the peak value of the product of stress amplitude and cycle number (σ·N). The main advantage of 168 

this criterion is that phase angle measurement is not needed. 169 

The abovementioned criteria, typically adopted for traditional AC mixtures, were applied to the 170 

investigated CRM mixtures. 171 
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3. Results and analysis 172 

3.1 Complex modulus results 173 

Figure 3 summarizes the results of the complex modulus fingerprint tests in terms of stiffness modulus 174 

and phase angle. The average (standard deviation) values of the stiffness modulus were 4496 MPa 175 

(572 MPa) and 7050 MPa (453 MPa) for CRM1 and CRM2, respectively. Instead, the average 176 

(standard deviation) values of the phase angle were 9.1° (0.7 °) and 6.9 ° (0.4 °) for CRM1 and CRM2, 177 

respectively. Such differences are statistically significant and were expected due to the higher cement 178 

content of CRM2 with respect to CRM1 (2 % vs 1 %).  179 

Figure 3 also summarizes the results observed for the AC mixtures. The average (standard deviation) 180 

values of the stiffness modulus were 6755 MPa (298 MPa) and 7671 MPa (484 MPa) for AC1 and 181 

AC2, respectively. Instead, the average (standard deviation) values of the phase angle were 21.9° 182 

(0.7°) and 21.8° (0.4°) for AC1 and AC2, respectively.  183 

The main difference between the CRM and AC mixtures lies in the phase angle values, which were 184 

significantly higher for the AC mixtures. This expected difference denotes a more pronounced 185 

dissipation behaviour for AC mixtures with respect to the CRM mixtures (especially CRM2). 186 

 187 

Figure 3. Complex modulus results: (a) stiffness modulus, (b) phase angle 188 

(a) (b)
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 189 

3.2 Evolution of stress and strain during the fatigue test 190 

Figure 4a shows the evolution of stress and on-specimen strain during the fatigue test for 191 

representative specimens of CRM1 (specimen R15, ε0,initial = 75 microstrain) and CRM2 (specimen 192 

R1, ε0,initial = 80 microstrain). For comparison purposes, Figure 4c shows the same data for 193 

representative specimens of AC1 (specimen #3, ε0,initial = 380 microstrain) and AC2 (specimen #3, 194 

ε0,initial = 450 microstrain). In these figures, both stress and strain are normalised with respect to their 195 

initial value. In addition, Figure 4b and Figure 4d show the evolution of the mode factor (MF) defined 196 

by Monismith and Deacon [55]: 197 

 
𝑀𝐹 =

|𝐴| − |𝐵|

|𝐴| + |𝐵|
 (3) 

where |𝐴| and |𝐵| are the percentage variation in stress and strain, respectively, for an arbitrary but 198 

fixed reduction in mixture stiffness. MF is equal to – 1 for purely stress-controlled tests and + 1 for 199 

purely strain-controlled tests. 200 

Figure 4a shows the different behaviour of mixtures CRM1 and CRM2. All CRM1 specimens (plus 201 

one CRM2 specimen) exhibited a progressive stress decrease and strain increase until reaching a sub-202 

horizontal asymptote. Instead, for most CRM2 specimens (4 out of 5), both stress and strain followed 203 

a S-shape evolution during the test. For the AC mixtures (Figure 4c), the stress reduced rapidly while 204 

the strain increased rapidly in the very first phase of the test, then the stress decreased while the strain 205 

increased in a steady quasi-linear manner in the second phase, and finally the stress rapidly decreased 206 

and the strain rapidly increased in the third phase. 207 

Figure 4a and Figure 4c confirm that the test is neither in stress control mode (constant stress) nor in 208 

strain control mode (constant strain). For the selected representative specimens, the MF values 209 

oscillated between – 0.7 and – 1 for the CRM mixtures, and between 0 and – 0.5 for the AC mixtures. 210 
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In fact, for the CRM mixtures, the strain variation was predominant over the stress variation and the 211 

test was almost in stress control mode, especially for CRM2 specimens with higher cement content 212 

(MF ≈ –1). For the AC mixtures, the test can be considered in mixed mode of loading, even though 213 

the strain variation was still predominant over the stress variation (MF < 0).  214 

It can be concluded that the test was more severe for CRM mixtures than for conventional AC 215 

mixtures. Moreover, the common fatigue failure criteria that are employed in the case of constant 216 

stress or constant strain may not be applicable, especially for CRM mixtures. 217 

 218 

Figure 4. Evolution of: (a) stress and strain and (b) mode factor for CRM1 and CRM2; (c) stress and strain 219 
and (d) mode factor for AC1 and AC2 220 
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3.3 Empirical fatigue failure criteria 222 

Figure 5 shows the evolution of stiffness modulus and phase angle (both normalised with respect to 223 

the initial value) during the fatigue test for the same four representative specimens shown above.  224 

For the AC mixtures (Figure 5b), the three typical phases can be identified [48][56]. In the initial 225 

loading cycles (adaptation phase) the stiffness reduces rapidly while the phase angle increases rapidly 226 

due to the combined effect of fatigue damage, heat development and thixotropy. In the second phase 227 

(quasi-stationary phase) the stiffness keeps decreasing while the phase angle keeps increasing, both 228 

with a steady quasi-linear trend. This behaviour is normally associated with the development of 229 

damage due to the formation of microcracks. This second phase ends with an inflection point that 230 

denotes the beginning of the transition towards the third phase (failure phase), which is characterised 231 

by a fast decrease in stiffness and phase angle and is associated with the formation and propagation 232 

of macrocracks leading to the specimen physical failure.  233 

The evolution of stiffness modulus and phase angle was similar between CRM1 and CRM2 mixtures, 234 

but different from the one described above (Figure 5a). Specifically: a) in both the stiffness and phase 235 

angle curves the quasi-stationary phase was not present; b) the phase angle evolution showed a 236 

sharper maximum value (the maximum δ/δ0 value was around 1.5 for the AC specimens, higher than 237 

2.0 for the CRM2 specimens and intermediate for the CRM1 specimens); c) the stiffness modulus 238 

curves were characterized by a relatively long and almost flat final part (without the inflection point 239 

that typically denotes the transition between the second and third phases for AC mixtures). This 240 

behaviour suggests different fatigue damage mechanisms for CRM mixtures, as compared to 241 

traditional AC mixtures.   242 

Figure 5 also shows the fatigue failure points identified using the two most common empirical criteria: 243 

50 % reduction in the stiffness modulus (Nf,E) and maximum phase angle (Nf,δ). Table 1 summarizes 244 

the values of Nf,E and Nf,δ, along with the ratio Nf,δ / Nf,E and the normalised value of the stiffness 245 

modulus at the number of cycles Nf,δ.  246 
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For all specimens, Nf,δ is higher than Nf,E. However, the Nf,δ / Nf,E ratio is generally lower for CRM 247 

mixtures (especially CRM2) as compared to AC mixtures, indicating that Nf,δ is closer to Nf,E for CRM 248 

mixtures. Nevertheless, it should be recalled that CRM and AC specimens were tested at significantly 249 

different strain levels (see the values of ε0,initial in Table 1). An interesting common feature between 250 

CRM and AC mixtures is that the maximum phase angle broadly occurs when the stiffness modulus 251 

is approximately 20 % of the initial value E0, as denoted by the values of E/E0 @ Nf,δ in Table 1.  252 

The Nf,E and Nf,δ values are plotted in Figure 6. In particular, the data related to the two ACs are plotted 253 

together as a single data set, because AC1 and AC2 exhibited the same macroscopic behaviour. Figure 254 

6 clearly highlights that the maximum phase angle criterion leads to higher Nf values with respect to 255 

the 50 % modulus reduction criterion. The parameters of the fitting lines in Figure 6 (log 𝑁𝑓,𝐸 =256 

𝑎 log 𝑁𝑓,𝛿 + 𝑏) were determined using the total least square (TLS) method, and the correlation 257 

between Nf,E and Nf,δ was assessed through the Pearson coefficient ρ. The values of the parameters a 258 

and b summarized in Table 2 indicate that the slope of the fitting function is somewhat similar for 259 

CRM1 and AC, whereas it is considerably different for CRM2 with higher cement content. Moreover, 260 

the Pearson coefficients denote a good correlation between Nf,E and Nf,δ for CRM2 and AC (ρ > 0.70) 261 

and a moderate correlation for CRM1 (ρ = 0.61).      262 

 263 

Figure 5. Evolution of stiffness modulus and phase angle for (a) CRM1 and CRM2, (b) AC1 and AC2 264 
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 265 

Table 1. Number of cycles to failure determined according to the empirical failure criteria 266 

Mixture Specimen ε0,initial  (microstrain) Nf,E Nf,δ Nf,δ / Nf,E E/E0 @ Nf,δ 

CRM1 R5 80 3550 7280 2.1 0.34 

 R14 70 4460 46900 10.5 0.12 

 R15 75 1200 5630 4.7 0.19 

 R17 75 1710 6720 3.9 0.24 

 R18 70 8040 28040 3.5 0.27 

 Average    3.7 0.23 

CRM2 R1 80 2670 4630 1.7 0.14 
 R5 80 760 2130 2.8 0.18 
 R9 75 510 1460 2.9 0.14 
 R10 75 2040 11140 5.5 0.18 
 R11 75 9500 14170 1.5 0.17 
 Average    2.3 0.16 

AC1 1 400 3640 12790 3.5 0.23 

 2 430 2110 9420 4.5 0.08 

 3 380 6170 31950 5.2 0.25 

 Average    4.3 0.19 

AC2 1 400 4830 39710 8.2 0.27 
 2 430 3310 12470 3.8 0.17 
 3 450 2760 21770 7.9 0.08 
 Average    5.8 0.17 

 267 

   268 

Figure 6. Nf,E vs Nf,δ 269 
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Table 2. Fitting line parameters and Pearson coefficient for the data sets in Figure 6  271 

Mixture Slope (a) Intercept (b) Correlation (ρ) 

CRM1 0.74 0.43 0.61 

CRM2 1.17 –1.05 0.82 

AC 0.60 0.98 0.77 

 272 

3.4 Energy-based fatigue failure criteria 273 

Figure 7 shows the evolution of the stress degradation ratio parameter (σ·N) for the same four 274 

representative specimens shown above. The fatigue failure points corresponding to the maximum σ·N 275 

value (Nf,σ·N) and to the maximum phase angle (Nf,δ) are also highlighted in the figure. Note that, in 276 

the two subfigures, the scale on the y-axis is different (the AC specimens showed significantly higher 277 

values). 278 

The AC specimens showed the expected behaviour, i.e., the parameter σ·N increased during the test 279 

until reaching its maximum value and then dropped rapidly before the specimen collapse. It is also 280 

worth noting that Nf,σ·N slightly precedes Nf,δ, in agreement with the literature [57]. Conversely, for 281 

the CRM specimens, the parameter σ·N steadily increased until the specimen collapse, confirming the 282 

different fatigue damage mechanisms with respect to AC mixtures. More in detail, the parameter σ·N 283 

increased at a higher rate in the first part of the test, and at a slower rate in the second part of the test, 284 

suggesting that the physical mechanism leading to energy dissipation changed as damage increased 285 

during the test. The absence of a peak value in the σ·N curve was expected because the test is almost 286 

in pure stress control mode for the CRM mixtures, as shown in Figure 4b (𝜎 ∙ 𝑁 = 𝑓(𝑁) is a line with 287 

slope equal to σ for a purely stress-controlled test). Nf,δ broadly corresponded to the beginning of the 288 

second phase, characterized by a slower increase of the parameter σ·N. 289 
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 290 

Figure 7. Evolution of the parameter σ·N for (a) CRM1 and CRM2, (b) AC1 and AC2 291 

 292 

Since the point of maximum for σ·N cannot be used to define fatigue failure, it is necessary to take a 293 

step back and examine first the evolution of the dissipated energy per unit volume per cycle 294 

(Equation 1) during the test. 295 

Figure 8 shows the evolution of W for the same four representative specimens shown above. It should 296 

be noted that W was one order of magnitude higher for the AC mixtures, which was expected, given 297 

the higher applied strain level and phase angle with respect to CRM mixtures (Figure 5, Table 1). The 298 

fatigue failure point corresponding to the maximum phase angle (Nf,δ) is also highlighted in the figure. 299 

For AC specimens, the dissipated energy increased rapidly in the very first loading cycles, then 300 

remained almost constant in the central part of the test, before dropping very quickly in the final part 301 

(Figure 8b). The three typical phases that characterize the evolution of modulus and phase angle 302 

(Figure 5b) can be easily recognised. Moreover, Figure 8b shows that Nf,δ corresponds to the end of 303 

the constant phase for specimen AC1_3, whereas it is located in the descending part of the curve for 304 

specimen AC2_3.  305 

Conversely, for CRM specimens, the dissipated energy increased in the first part of the test until 306 

reaching a maximum, and then decreased at a slower rate compared to the first part until the end of 307 

the test (Figure 8a). This behaviour is more evident for CRM2 with respect to CRM1. As highlighted 308 

0

500

1000

1500

2000

2500

3000

0 5000 10000 15000 20000

σ
∙N

 (
M

P
a)

Cycle

CRM1_R15

CRM2_R1

0

5000

10000

15000

20000

25000

30000

35000

40000

0 10000 20000 30000 40000 50000

σ
∙N

 (
M

P
a)

Cycle

AC1_3

AC2_3

Nf,δ

Nf,δ

Nf,δ

Nf,δ

Nf,σ·N

Nf,σ·N

(a) (b)



17 

 

above, the quasi-stationary phase that characterizes damage evolution in AC mixtures is completely 309 

missing. On the other hand, such an evolution (increasing in the first part, decreasing in the second 310 

part) confirms that the energy dissipation mechanism changed during the test. It should be also noted 311 

that, for both CRM1 and CRM2 specimens, the maximum phase angle almost corresponded to the 312 

maximum value of W. In addition, the CRM2 curve is characterized by two evident inflection points, 313 

one before and one after the peak W value. In the case of CRM1, only the inflection point after the 314 

peak W value is immediately apparent. 315 

 316 

Figure 8. Evolution of the dissipated energy per unit volume per cycle for (a) CRM1 and CRM2, (b) AC1 317 
and AC2 318 

 319 

The differences in the dissipated energy per cycle led to a different evolution of the DER (Figure 9). 320 

For the CRM specimens, a zoom of the initial part of the test is presented in Figure 9a, as these are 321 

the data of greatest interest.  322 

Figure 9b shows the typical DER evolution that characterizes AC mixtures in a strain-controlled test 323 

(MF indicates that the test is in mixed mode of loading, see Figure 4). As long as the specimen is 324 

undamaged, the DER curve is superimposed to the line of equality, then the curve progressively 325 

deviates, approaching an oblique asymptote (irrecoverable fatigue asymptote). One way to define the 326 
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number of cycles to failure based on the DER curve is to consider the intersection between the no 327 

damage line and the irrecoverable fatigue asymptote, as shown in Figure 9b. 328 

Figure 9a shows that the behaviour of CRM mixtures was totally different. First, the DER values are 329 

located below the line of equality from the very early testing cycles. This behaviour typically 330 

characterizes damage in stress-controlled tests (the MF is indeed close to –1, see Figure 4). Second, 331 

the DER evolution of CRM2 specimens showed a local maximum, an inflection point (highlighted in 332 

Figure 9a), and a local minimum within a relatively short interval of cycles. After the local minimum, 333 

the DER value increased again at a rather constant rate until the specimen failure (not shown in the 334 

plot). For CRM1, such a behaviour was less pronounced, but an inflection point is present also in this 335 

case (as highlighted in Figure 9a). A possible interpretation of the fatigue failure mechanism of CRM 336 

mixtures is proposed in the next section.    337 

 338 

Figure 9. Evolution of DER for (a) CRM1 and CRM2, (b) AC1 and AC2 339 

 340 

4. Discussion 341 

4.1 Interpretation of the composite fatigue failure of CRM specimens 342 

The experimental results clearly showed that the fatigue damage evolution of CRM and AC 343 

specimens was different. It is readily apparent that such a difference was due to the presence of 344 
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cementitious bonds, and the different behaviour between CRM1 and CRM2 mixtures also confirms 345 

that the cement dosage played a critical role. Consequently, a different fatigue failure criterion, 346 

specifically devoted to identifying the composite effect of cementitious and bituminous bonds is 347 

necessary. 348 

A possible interpretation of the fatigue failure of CRM specimens is outlined in Figure 10. At the 349 

beginning of the fatigue test, the cementitious bonds carried most of the applied tensile load due to 350 

their higher stiffness with respect to the bituminous bonds. However, they are also more brittle than 351 

the bituminous bonds and thus started failing as the tensile strain amplitude increased in the first stage 352 

of the test (Figure 4 and Figure 8). We suggest that the local maximum, the inflection point, and the 353 

local minimum that characterize the initial DER evolution for CRM2 specimens (Figure 9a) were due 354 

to the failure of the cementitious bonds.  355 

The local failure of the cementitious bonds can be interpreted as microcracks that reduce the effective 356 

area of the specimen. Those microcracks could originate from the breaking of the cement hydrates or 357 

from a detachment at the interface between the hydrates and the aggregate particles, mostly composed 358 

of RA particles. Failure of the cementitious bonds started at a relatively low number of loading cycles 359 

and extended through a narrow interval of cycles. The process led to the dramatic reduction of 360 

stiffness and increase in phase angle shown in Figure 5a, as the stress was progressively transferred 361 

to the bituminous binder. This explains the observed dramatic increase of dissipated energy per cycle 362 

(Equation 1, Figure 8a), which in turn causes the decrease of DER (Equation 2, Figure 9a). It is 363 

important to note that, at this stage, the formation of macrocracks can be reasonably excluded because 364 

they would lead to the specimen collapse within a few cycles. As the number of loading cycles further 365 

increased, the bituminous bonds progressively carried a higher share of the load, and therefore they 366 

were also affected by an increasing damage. We observe a decreasing trend of the dissipated energy 367 

per cycle and the DER curve starts increasing again (slope greater than 1). Such a behaviour is similar 368 
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to that of conventional AC mixtures in strain-controlled tests and ultimately leads to the development 369 

of macrocracks, followed by the specimen collapse. 370 

The damage evolution for CRM1 specimens was characterised by smoother transitions in the 371 

evolution of energy dissipation (Figures 8a and 9a), highlighting the lower impact of the cementitious 372 

bonds, which is clearly due to the lower cement dosage.  373 

Overall, the evolutions of both W and DER suggest that for CRM mixtures there was a transition from 374 

a cement-dominated to a bitumen-dominated dissipation behaviour and that the fatigue failure was a 375 

composite phenomenon affected by both cementitious and bituminous bonds. 376 

 377 

Figure 10. Interpretation of fatigue failure of CRM specimens 378 

 379 

4.2 Fatigue failure criterion for CRM specimens 380 

We suggest that, for CRM mixtures, the inflection point of the DER evolution curve (highlighted in 381 

Figure 9a) can be used to identify the number of cycles corresponding to the failure of the 382 

cementitious bonds. The inflection point can be calculated using several numerical procedures. In this 383 

research we applied the algorithm developed by Virgili et al. [58] to identify the failure point of 384 

reinforced double-layered asphalt specimens in cyclic four-point bending tests. 385 
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Table 3 reports the number of cycles to failure Nf,DER corresponding to the inflection point of the DER 386 

evolution curve for all CRM specimens. For AC specimens, failure was identified with the tangent 387 

intersection method (Figure 9b). Figure 11 compares the Nf,DER values with the number of cycles to 388 

failure determined according to the 50 % modulus reduction criterion (Nf,E) and the maximum phase 389 

angle criterion (Nf,δ).  390 

For all specimens, the Nf,DER / Nf,E ratio was higher than one, and higher values were obtained for the 391 

AC mixtures with respect to the CRM mixtures (Figure 11a). Once again, it is highlighted that the 50 392 

% modulus reduction is an arbitrary failure definition without any direct physical interpretation. 393 

For AC specimens, the Nf,DER / Nf,δ ratio is comprised between 1.0 and 1.56 (average value of 1.18, 394 

standard deviation of 0.24). It has been reported by several Authors that for AC mixtures the DER 395 

criterion and the maximum phase angle criterion are almost equivalent [47][59]. For CRM specimens, 396 

the Nf,DER / Nf,δ ratio is comprised between 0.33 and 1.05 (average value of 0.67, standard deviation 397 

of 0.23). These values suggest that the two criteria describe different failure mechanisms. Specifically, 398 

Nf,DER could identify the failure of the cementitious bonds, whereas Nf,δ could identify the failure of 399 

the bituminous bonds, analogously to AC mixtures. The parameters of the fitting lines in Figure 11b 400 

(Nf,DER vs Nf,δ) are shown in Table 4 and indicate that also in this case the fitting functions are 401 

somewhat similar for CRM1 and AC (in particular, they are parallel with slope approximately equal 402 

to 1), whereas the slope of the fitting line for CRM2 is considerably different. The Pearson 403 

coefficients indicate a good correlation between Nf,DER and Nf,δ for all mixtures (ρ > 0.70).   404 

Finally, we remark that both the DER-based criterion (failure of cementitious bonds) and the 405 

maximum phase angle criterion (failure of bituminous bonds) highlighted a longer fatigue life for 406 

CRM1 with respect to CRM2. However, as long as field behaviour is concerned, typically CRM 407 

mixtures produced with 1% Portland cement (or less) are not prone to fatigue because permanent 408 

deformation accumulation is more severe. On the other hand, if Portland cement dosage is equal to 409 

or greater than 2%, permanent deformation is normally not an issue [20]. It should also be noted that, 410 
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beyond the point of maximum phase angle, all CRM specimens were characterized by a relatively 411 

long life before collapse (Figure 5a). During this phase, stiffness is quite low (less than 20 % of the 412 

initial value), but phase angle is rather high and, overall, this led to values of dissipated energy per 413 

cycle that were higher than those measured in the undamaged specimens (Figure 8a). This aspect, 414 

that must be further investigated, may affect the field behaviour of CRM mixtures. 415 

 416 

Table 3. Number of cycles to failure determined according to the proposed energy-based failure criterion and 417 
comparison with the empirical failure criteria 418 

Mixture Specimen Nf,DER Nf,DER / Nf,E Nf,DER / Nf,δ 

CRM1 R5 5178 1.46 0.71 

 R14 17466 3.92 0.37 

 R15 2578 2.15 0.46 

 R17 4290 2.51 0.64 

 R18 29562 3.68 1.05 

 Average  2.74 0.65 

CRM2 R1 3108 1.16 0.67 
 R5 1573 2.07 0.74 
 R9 1246 2.44 0.85 
 R10 3712 1.82 0.33 
 R11 11776 1.24 0.83 
 Average  1.75 0.68 

AC1 1 20000 5.49 1.56 

 2 9400 4.45 1.00 

 3 32000 5.19 1.00 

 Average  5.05 1.19 

AC2 1 56000 11.59 1.41 
 2 14000 4.23 1.12 
 3 22000 7.97 1.01 
 Average  7.93 1.18 

 419 
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 420 

Figure 11. Nf,DER vs (a) Nf,E, (b) Nf,δ 421 

 422 

Table 4. Fitting line parameters and Pearson coefficient for the data sets in Figure 11b 423 

Mixture Slope (a) Intercept (b) Correlation (ρ) 

CRM1 1.07 –0.49 0.73 

CRM2 0.88 0.27 0.86 

AC 1.09 –0.32 0.95 

 424 

5. Conclusions 425 

The objective of this research was to provide new insights into the fatigue failure of CRM mixtures. 426 

To this aim, two CRM mixtures characterized by different dosages of Portland cement (1% and 2%), 427 

were subjected to uniaxial cyclic tension fatigue tests in control crosshead mode. Empirical and 428 

energy-based failure criteria typically adopted for AC mixtures were applied to analyse the results, 429 

and the main findings can be summarized as follows: 430 

• The stress/strain evolution during the fatigue test highlighted that the test was almost in pure stress 431 

control mode for the CRM mixtures whereas it was in mixed mode for the AC mixtures. Hence 432 

the test was more severe for CRM mixtures. 433 
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• The stiffness modulus and phase angle evolution of CRM mixtures were characterized by: a) the 434 

absence of the quasi-stationary phase; b) a sharper maximum value of the phase angle curve; c) a 435 

relatively long and almost flat final part of the stiffness modulus curves. 436 

• The energy dissipation evolution of CRM mixtures was characterised by: a) the absence of a peak 437 

in the evolution of the parameter σ·N; b) the rapid increase of the dissipated energy per cycle until 438 

reaching a maximum, followed by a slower decrease until the end of the test; c) the DER curve 439 

was below the equality line from the very early testing cycles and showed an inflection point.  440 

Based on the experimental results, a new interpretation of fatigue failure of CRM mixtures is 441 

proposed: 442 

• At the beginning of the fatigue test, the CRM specimens showed a cement-dominated damage 443 

behaviour, followed by the breaking of the cementitious bonds, which led to the transition towards 444 

a bitumen-dominated damage behaviour. Afterwards, further damage of the bituminous bonds led 445 

to the specimen collapse. 446 

• The inflection point of the DER curve was proposed to identify the failure of the cementitious 447 

bonds whereas, analogously to typical AC mixtures, the subsequent failure of the bituminous 448 

bonds was identified through the maximum phase angle value. Based on both criteria, a longer 449 

fatigue service life was observed for CRM specimen with lower cement content. 450 

The findings of this research suggest that the fatigue failure of CRM mixtures during uniaxial 451 

laboratory tests is a composite phenomenon affected by both cementitious and bituminous bonds. 452 

However, it is still not clear how these mechanisms affect the field behaviour. Future work will also 453 

explore the possibility of applying the viscoelastic continuum damage (VECD) theory to CRM 454 

mixtures. 455 

 456 
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