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The effect of RCA pavements 
on the liquefaction‑induced 
settlement
Merve Akbas 1*, Ozan Subasi 2 & Recep Iyisan 1

The use of recycled concrete aggregates (RCA) not only reduces the demand for natural aggregates 
(NA) but also might improve the behavior of soil under earthquake loading. In this study, the behavior 
of the pavement constructed using 100% RCA and NA on a sandy soil layer with high liquefaction 
potential under dynamic loads was investigated by numerical analysis and compared with free field 
conditions. For this purpose, first, the classical geotechnical properties of 100% RCA and NA materials 
were obtained, and then the stiffness properties were determined by resilient modulus and permanent 
deformation tests. In the second stage, three different models were created with pavement with 
NA and RCA and without pavement on high liquefaction potential sand, and dynamic analyses were 
carried out by PM4Sand. Numerical analyses show that constructing a subbase and base layers 
significantly reduces liquefaction‑induced settlement on the surface of flexible pavements built on 
liquefied soils. Moreover, when the case of using RCA instead of NA in the subbase and base layers 
built on the liquefied soil is examined, the liquefaction‑induced settlement values on the surface are 
obtained either lower or very close. Consequently, this study proposes a new alternative to the use 
of RCA waste materials instead of NA. It is expected the use of these waste materials will reduce the 
need for storage space and also reduce the negative environmental effects associated with storage.

The growing population and demand for new infrastructure worldwide, as well as the large amount of solid 
waste generated by the construction and demolition (C&D) sectors, have placed a significant pressure on the 
environment. These wastes are generally disposed of in landfills and stockpiles and cause possible damage to 
water bodies, land and drainage, and they are considered extremely harmful and dangerous for humans, animals 
and plants due to their potential toxicity. In this context, it is of great importance to reuse these materials for 
both environmental and economic benefits. C&D waste material is becoming a more valuable resource every 
year due to factors such as the unavailability of high-quality materials and the high cost of natural aggregates 
and in various geotechnical engineering applications, such as pavement, soil improvement, engineering fills, 
pipe beds, backfill and offshore reclamation, it is increasingly  used1–5. RCA, which makes up the vast majority 
of C&D waste material, is an attractive alternative in road engineering, especially for designing well-performing 
and long-lasting flexible pavement  systems6,7.

The pavement mechanistic-empirical design (PMED) approach is commonly used in analyses evaluating 
pavement performance, and the required material parameters are classified as pavement response model material 
inputs, enhanced integrated climatic model (EICM) material inputs, and other material inputs. The pavement 
response model material inputs are the resilient modulus (MR) of unbonded materials under moving wheel 
loads, and the EICM-related material parameters include Atterberg limits, gradation, and saturated hydraulic 
conductivity  (Ksat)8–10. Moreover, in flexible pavements, the main function of hot mix asphalt (HMA) is to distrib-
ute vehicle loads throughout the pavement structure, while the materials used in the base layer are responsible 
for evenly distributing the wheel loads to the subbase and subgrade layers. Therefore, the properties of the soil 
forming the subgrade layer are very important for the long-term performance of the pavement, as are the strength 
and stiffness properties of the materials used in the HMA, base and  subbase11,12. When the materials used in the 
base layer provide the necessary mechanical properties, they protect the lower layers from overloading, and as 
a result, the service life of the pavements is extended. These parameters should be determined accurately with a 
detailed laboratory study in the design of flexible coating systems made of RCA 13–16.

On the other hand, in response to traffic, waves, earthquakes, and the other factors, along with the increasing 
variety and complexity of loads, human-made structures face serious risks. In many high-seismicity regions, 
earthquakes cause serious damage to engineering structures, depending on the local soil conditions, earthquake 
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source properties and pavement performance characteristics. Although the effect of the earthquake source and 
superstructure characteristics on earthquake damage distribution has been known for a long time, the effect of the 
dynamic behavior and geotechnical properties of soil layers on the damage distribution has started to be under-
stood in the recent  past17,18. Liquefaction during earthquakes can cause significant settlement, lateral spreading 
and deformation, such as flow and collapse, as a result of excessive increases in the pore water  pressure19,20. To 
reduce this damage, the liquefaction potential of the soils and the liquefaction-induced settlement should be 
accurately calculated and evaluated in pavement design. Although there are many different methods expressed 
by mathematical equations for estimating liquefaction behavior, finite element or finite difference methods are 
generally used. Along with the developments in technology in recent years, dynamic soil behavior has been exam-
ined with the help of soil sections created by evaluating the results obtained from field and laboratory experi-
ments, and the nonlinear behavior of soils has been tried to be understood in the time domain by using strong 
ground motion records. It has been stated that modeling with two- and three-dimensional dynamic analyses 
better reflects reality. Thus, the effects from the ground to the engineering structure in the area affected by the 
earthquake and the displacements that may occur at the ground surface can be predicted more  accurately21,22. 
In the following years, with the development of various programs, the formation and damping behavior of the 
excess pore water pressure that occurs in the soil during liquefaction has been evaluated, and various software and 
body models have been developed by many  researchers23,24. It has been concluded that the constitutive equations 
of UBC3D-PLM, PDMY02 and PM4Sand, which have emerged in recent years and are used in the modeling of 
liquefaction behavior, provide results closer to  reality25,26.

Many researchers have studied the potential use of RCA and found it to be satisfactorily applicable to pave-
ment bases and  subbases27–30; it has been proposed that the performance of pavements with RCA is better than 
that of pavements with  NA31–33. Moreover, some researchers have evaluated recycled waste materials in terms of 
dynamic performance with large-scale direct shear tests and dynamic triaxial  tests34. Liang et al.35 investigated 
the effect of the replacement percentage and size of RCA on the damping property of RCA, which is one of the 
intrinsic dynamic characteristics of a material. The results show that either an increase in the replacement ratio 
or a decrease in the RCA size leads to an increase in the loss tangent and damping ratio. Additionally, Arulrajah 
et al.36 conducted triaxial tests on RCA under cyclic loading; in terms of usage in pavement subbases, they found 
that RCA have geotechnical engineering properties equivalent or superior to those of typical quarried granular 
subbase materials.

However, there is limited investigation into the dynamic behavior of recycled materials in seismically active 
areas. For example, Li et al.37 aimed to develop new backfilling methods using recycled materials such as crushed 
glass, crushed concrete, a mixture of tire chips and sand, and cement-treated liquefaction ejecta to mitigate the 
liquefaction-induced floating of sewage pipes, and shaking model tests were conducted to investigate the per-
formance of the recycled backfill materials. The model test results showed that the examined materials are useful 
for mitigating the liquefaction-induced floating of buried pipes irrespective of the liquefaction potential of the 
surrounding subsoil. Furthermore, Li et al.38 were investigated the dynamic behaviors of RCA and quartz sand 
with cyclic triaxial tests and observed that RCA has a higher liquefaction resistance than quartz sand, which had 
a beneficial effect on the earthquake response. Huang et al.39 studied the effect of particle-size gradation on the 
cyclic shear behavior of RCA. Direct shear tests (monotonic, cyclic, and postcyclic monotonic) were performed, 
and it was concluded that the shear strength of RCA was enhanced after cyclic shearing and that the well-graded 
RCA showed the best performance in friction characteristics.

In this study, the behavior of pavement constructed using 100% RCA and NA on a sandy soil layer with high 
liquefaction potential was investigated under dynamic loads by numerical analysis and compared with free field 
conditions. For this purpose, first, this study determined the parameters that should be determined accurately 
with a detailed laboratory study in the design of flexible coating systems made of RCA according to the PMED 
approach as well as the NA properties. Afterward, numerical analysis, in which the dynamic behavior of the sand 
soil layer was modeled with the PM4Sand Constituent Model, was performed using a fully nonlinear method to 
evaluate the performance of these materials on high liquefaction potential soil under dynamic loads.

In the laboratory studies, first, the classical geotechnical properties of 100% RCA and NA materials were 
obtained, and then the stiffness properties were determined by applying the resilient modulus test (RMT) and 
permanent deformation test (PDT).

In the second stage, two different models were created with and without pavement on high liquefaction 
potential sand, and dynamic analyses with the PM4Sand Constituent Model were carried out by using ten dif-
ferent strong ground motions. The liquefaction status and liquefaction-induced settlement in both models were 
examined, and the effects of 100% RCA and NA materials on the liquefaction behavior are discussed. The graphi-
cal abstract of the laboratory studies and numerical analyses performed in this research is provided in Fig. 1.

Experimental study
In this study, recycled C&D materials recovered from a demolition site in Istanbul and natural aggregates were 
used for base and subbase layers, and Ottawa sand calibrated for the PM4Sand model was used for the behavior 
of the sand soil layer with high liquefaction potential in numerical analysis.

To achieve the most realistic results in the design of flexible pavements, real values should be used as input 
parameters for the numerical analysis. In this study, four groups of material parameters for RCA and NA were 
assessed based on the widely used PMED approach: (1) physical properties such as particle diameter distribution, 
plasticity, and compaction; (2) hydraulic properties such as saturated hydraulic conductivity  (Ksat), (3) mechanical 
properties such as California Bearing Ratio (CBR) value and shear strength properties; and (4) stiffness proper-
ties such as resilient modulus and plastic deformation values.



3

Vol.:(0123456789)

Scientific Reports |         (2023) 13:6944  | https://doi.org/10.1038/s41598-023-34239-z

www.nature.com/scientificreports/

Sample preparation. The laboratory study was conducted first to determine the gradation properties of the 
aggregates required by the subbase and base layers in flexible pavement designs based on the PMED approach. 
Since material obtained from recycling plant was not included among the boundary conditions for grain diam-
eter specified for Type A and B subbases and base layers in the AASHTO Guide for Pavement  Structures40, based 
on the lower and upper limits defined in the specification for the grain diameter distribution of the materials 
used in the in the flexible pavement layers, the plant material was transformed into subbase and base samples 
in the laboratory with a suitable grain diameter distribution. Subbase and base samples prepared from natural 
aggregates were subjected to the same grain distribution limits. Based on  the40, grain diameter distributions were 
prepared for subbase and base samples were shown in Fig. 2.

Physical, mechanical and hydraulic properties of samples used in testing. To determine the 
physical properties of samples determined in the PMED approach, following ASTM D854, ASTM D4318, ASTM 
D698 and ASTM D1557, a series of standard soil mechanics laboratory tests were conducted, including specific 
gravity, Atterberg limits, standard and modified compaction tests. The specific gravities  (Gs) of RCA and NA 
used in this research were found to be 2.48 and 2.60, respectively, and the results of the Atterberg limit and com-
paction tests conducted on the samples met the AASHTO Road Structures Guidelines. The physical properties 
of the subbase and base samples prepared with RCA and NA, as well as Ottowa sand, are summarized in Table 1.

The hydraulic and mechanical properties were determined by constant level permeability, the CBR, and 
large-scale shear box tests following ASTM D2434, ASTM D1883 and ASTM D3080, respectively. Constant level 
permeability tests were conducted on samples prepared with RCA and NA to calculate the permeability coeffi-
cients, and direct shear tests were performed in accordance with ASTM D3080 on 10 cm by 10 cm specimens that 
were prepared at optimum water content and which had a maximum density of 95% of according to the modified 
proctor test. The relationships between sample type and Ksat values as well as CBR values are shown in Fig. 3. 
For the subbase and base samples prepared from RCA, the shear strength angles were 32° and 43°, respectively, 
while for the samples prepared from NA, the shear strength angles were found to be 35° and 45°, respectively.

Figure 1.  The graphical abstract of this study.

Figure 2.  Based on the AASHTO Guide for Pavement Structures, grain diameter distributions were prepared 
for subbase and base samples.
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Stiffness properties of samples used in testing. The stiffness properties among the significant factors 
affecting flexible pavement performance were determined by the resilient modulus and permanent deforma-
tion test. The resilient modules of the samples were determined by repeated triaxial loading tests which were 
performed in accordance with AASHTO T-30741. Considering that the percentages of material passing through 
the 10 and 200 sieves of the foundation and subbase samples used in this study were less than 70% and 20%, 
respectively, and that the plasticity index was less than 10%, these samples are classified as Type-1 in accordance 
with the relevant test standard described above. The samples were prepared for the experiment by compacting 
them in a split mold with a diameter of 152 mm and a height of 305 mm, as shown in Fig. 4.

Haversine loads with loading times of 0.1 s and rest times of 0.9 s were applied to the prepared subbase and 
base samples at the number and stress values defined in AASHTO T-30741. As an example, the time-dependent 
variation in the deviator stress and deformation corresponding to the 96th number of load repetitions in the 
loading series number 3, where the constant confining pressure is σ3 = 20.7 kPa and the maximum deviator stress 
is σd,max = 62.1 kPa, is given in Fig. 5.

The last 5 repeats of each load series were used to calculate the MR values. In each loading series, MR values 
were calculated by dividing deviator stress (σd) by resultant elastic strain (εr). Figure 6 illustrates the changes in 
MR with bulk stress for each sample.

A number of models have been proposed in the literature to estimate the resilient modulus of samples under 
the desired ambient pressure and deviator stress. In this study, AASHTO (1993), Uzan (1985) and the MEPD 

Table 1.  The physical properties of RCA, NA, and Ottawa sand samples. γd,max maximum dry unit weight, wopt 
optimum water content, LL liquid limit, PL plastic limit, PI plasticity index, D10 size at which 10% is finer by 
weight (effective particle size), D60 size at which 60% is finer by weight, D30 the size at which 30% is finer by 
weight, Cu uniformity coefficient, Cc gradation coefficient, ϕ shear strength angles.

Properties Parameter

Sample

NA base RCA base NA subbase RCA subbase Ottawa sand

Gradation

Gravel (%) 73.0 73.0 51.0 51.0 0.0

Sand (%) 18.0 25.0 42.0 42.0 99.8

Fines (%) 2.0 2.0 7.0 7.0 0.2

D10 (mm) 0.43 0.43 0.19 0.19 0.13

D60 (mm) 18.12 18.12 8.20 8.20 0.22

D30 (mm) 6.80 6.80 1.18 1.18 0.17

Cu 42.14 42.14 43.16 43.16 1.61

Cc 5.94 5.94 0.89 0.89 0.96

Classification
USCS GP GP GP GP SP

AASHTO A-1-a A-1-a A-1-a A-1-a A-3

Plasticity LL, PL, PI NP NP NP NP NP

Compaction
γd,max 22.4 20.1 20.8 19.7 17.6

wopt 5.3 8.2 6.4 10.9 -

Strength ϕ

Figure 3.  Ksat and CBR values for the prepared samples.
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model given in Eqs. (1)–(3), respectively were used for predict the resilient modulus and specified in Mechanical-
Empirical Pavement Design NCHRP 1-37A42 was used to predict the nonlinear behavior of the subbase and 
base samples.

(1)MR = k1θ
k2 ,

(2)MR = k1Pa

(

θ

Pa

)k2(σd

Pa

)k3

,

Figure 4.  The preparation of samples for the resilient modulus test.

Figure 5.  Time dependent variation in the deviator stress and deformation at 96th repetition of the 3rd load 
series.

Figure 6.  The changes in MR with bulk stress for each sample.
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where MR Resilient modulus, k1, k2, k3 The best-fit model constants determined using laboratory data, Pa Atmos-
pheric pressure, σd Deviator stress (σ1 − σ3), θ Bulk stress (σ1 + σ2 + σ3 and σ1 = σ2), τoct Octahedral shear stress (1/
3[(σ1 − σ2) + (σ1 − σ3) + (σ2 − σ3)]1/2).

Obtained model parameters summarized in Table 2 and as shown in Fig. 7a–c; the measured resilient modulus 
of the samples was compared to the estimated values from the identified models above.

Furthermore, the summary resilient modulus (SMR) values for the considered models with θ = 208 kPa and 
τoct = 48.6 kPa were obtained as shown in the NCHRP report 01-28A32, and were given for different models in 
Fig. 8.

It is not sufficient to evaluate the long-term performance of coarse-grained filling materials under cyclic 
loading using only the resilient modulus; the plastic deformation test results should also be  considered43. For this 
reason, the samples were subjected to plastic deformation tests and the results were evaluated together with the 
elastic modulus test results. As specified in NCHRP report 01-28A44, a plastic deformation test starting with the 
same initial loading as the modulus of elasticity test and continuing with 10,000 (ten thousand) applications of 
a load with a σ3 of 34.5 kPa and a σd of 206.8 kPa was applied to both subbase and base samples. Plastic deforma-
tion changes and the number of repeated loads are shown in Fig. 9.

Shakedown theory is a widely used technique for evaluating the plastic behavior of materials used as pave-
ment  fill45–47. According to this theory, based on the difference between the plastic deformations obtained at a 
certain number of load repetitions, materials are categorized into 3 groups: A, B and  C48–50. Materials in group 
A exhibit plastic behavior only up to a limited number of load repetitions, and they exhibit elastic behavior after 
it has completed its compression. Although the materials in Group B exhibit relatively high plastic deformation 
at the beginning, the plastic deformation values remain constant as load repetitions increase. At high load levels, 
the materials in Group C always exhibit plastic behavior with increasing repetitions.

To predict the plastic behavior using the permanent deformation values obtained at certain repetition num-
bers,  Werkmeister48 suggested the limit values in Eqs. (4)–(6) for Groups A, B, and C, respectively.

In Table 3, accumulated εp values between the 3000th and 5000th cycles are shown with groups of samples. 
All of the samples were in Group B, which means that they displayed plastic creep behavior.

As a result, most of the total plastic deformation accumulated at the end of the experiment was completed 
in the first 5000 load repetitions, and then there was no significant increase in the plastic deformation values as 
the load repetitions increased.

Discussion of experimental results. Many published review papers relating to the physical, mechani-
cal and hydraulic properties of RCA used in flexible pavements have summarized various viewpoints regard-
ing the various performance benefits from the application of RCA and are a great help in understanding the 
application of RCA to flexible  pavements51–53. Engineering properties such as  Ksat, shear strength, stiffness, and 
frost susceptibility are affected by the gradation properties of RCA; hence, aggregate properties need to be well 
 understood54,55.

(3)MR = k1Pa

(

θ

Pa

)k2(τoct

Pa
+ 1

)k3

,

(4)Group A : εp 5000 − εp 3000 < 0,045× 10−3,

(5)Group B : 0.045× 10−3 < εp 5000 − εp 3000 < 0.40× 10−3.

(6)Group C : εp 5000 − εp 3000 > 0,40× 10−3.

Table 2.  Model parameters obtained for the subbase and base samples.

Model Sample

Best-fit model constants

k1 k2 k3

AASHTO (1993)

NA base 1684.45 0.8554 –

NA subbase 886.99 0.9383 –

RCA base 671.35 1.0016 –

RCA subbase 333.52 1.0839 –

Uzan

NA base 1659.22 0.87840  − 0.02591

NA subbase 902.40 0.9200 0.0185

RCA base 617.17 1.1677  − 0.1913

RCA subbase 312.79 1.1709  − 0.0948

MEPD

NA base 880.25 0.8881  − 0.1416

NA subbase 671.81 0.9554  − 0.0549

RCA base 728.52 1.1293  − 0.5408

RCA subbase 518.27 1.1941  − 0.4216
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Figure 7.  (a) Resilient modulus measured versus predicted using AASHTO (1993) model. (b) Resilient 
modulus measured versus predicted using Uzan model. (c) Resilient modulus measured versus predicted using 
MEPD model.

Figure 8.  Calculated SMR values from different regression models.
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The RCA specific gravity and gradation values obtained in this study are between the lower and upper limits 
specified in the database by Cetin et al.10. A primary reason for the lower  Gs values of RCA samples compared to 
NA samples is that their matrices tend to contain residual mortar, which tends to lower their  Gs values. In this 
study, the results of compaction experiments showed parallels with previous studies on RCA. For example, a study 
conducted by Edil et al.56 determined that the water content of 7 different RCA ranged from 8.7 to 11.9% and the 
weight of dry units varied from 20.2 to 20.8 kN/m3. Bassani and  Tefa57 examined 5 different RCA samples and 
found that the water content ranged from 5.6 to 10.3%, and that the dry unit weight ranged from 19.40 to 20.78 
kN/m3. Considering the particle size distribution and the percentage of fine material present in the samples, the 
results obtained with compaction tests appeared to be acceptable.

Previous studies of the hydraulic and mechanical properties of RCA indicate that the CBR values range from 
58 to 169% and the  Ksat values range from 1 ×  10–6 to 1 ×  10–3 m/s,  respectively58–61. A recent study conducted by 
Thai et al.62 was carried out on four RCA samples with maximum grain diameters of 25 mm and 37.5 mm, and 
fine grain ratios ranging from 0 to 20% in a laboratory setting. According to this study, the CBR value of the RCA 
samples with 5% fines gave the highest values; however, it has been noted that when a multiple regression analysis 
is conducted, the CBR could only be correlated with the dry density of the samples. In this study, constant level 
permeability and CBR tests showed that samples prepared from NA had higher permeability coefficients and 
higher CBR values than samples prepared from RCA. In contrast, subbase samples prepared from both RCA and 
NA samples have lower values than the base samples. Based on the obtained results, it has been demonstrated 
that the hydraulic and mechanical properties of RCA are affected both by the source and the grain size distribu-
tion, as shown in previous studies.

Shear strength is one of the most important mechanical properties for unbound materials when they are used 
under a thin HMA layer that is subjected to high shear  stresses62–64. A range of ϕ values is available for RCA 
from 19° to 52.7°10. RCA samples were evaluated by Soból et al.65 using medium and large shear apparatuses, 
and the ϕ ranged between 38.5° and 41.5°. Therefore, the ϕ values obtained in this study are among the accepted 
values in the scientific literature. NA samples have a higher ϕ value than RCA samples due to their angularity 
and roughness, and both RCA and NA subbase samples have lower ϕ values than base samples of the same type 
because of the particle size distribution.

The resilient modulus representing the behavior of pavement layers under repeated traffic loads, which is pri-
marily used for determining the structural thickness of the road and evaluating the performance of this structure, 
was investigated and compared with the results of other  studies66–69. It has also been shown in previous studies 
that the MR of all samples varies with the total stress as a result of resilient modulus tests; and as has been shown 
in this study, it is almost linear to the θ and the MR  values70,71. At each step identified in Ref.41, the MR values of 
both subbase and base RCA samples were lower than those of NA samples. A study by  Yilmaz72 determined that 
MR values of natural aggregates typically found in different parts of Turkey vary between 70 and 385 MPa, and 

Figure 9.  The change in plastic deformation according to the repeated loads.

Table 3.  Material classification based on Shakedown  theory48.

Sample εp,5000 − εp,3000(×10−3) Group

NA base 0.045 Range B

NA subbase 0.110 Range B

RCA base 0.095 Range B

RCA subbase 0.005 Range B
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another study by Akbas et al.43 determined that RCA samples obtained from Turkey have MR values between 60 
and 430 MPa. It appears from these values that the MR values found to be 41–420 MPa and 51–431 MPa in this 
study for samples prepared from RCA and NA, respectively, are consistent. Additionally, each of the presented 
models has a high correlation coefficient  (R2) for all subbase and base. In this study, while the  k1 MEPD model 
parameters were found to be between 518.27 and 880.25 for all samples, the  k2 and  k3 values were found to be 
0.8881, 0.9554, 1.1293, 1.1941 and − 0.1416, − 0.0549, − 0.5408, − 0.4216 for the NA base, NA subbase, RCA base 
and RCA subbase samples, respectively. A total of seven different natural aggregates with SMR values between 
80 and 260 MPa were investigated by Haider et al.73, and the  k1 values ranged between 663.5 and 1121, the  k2 
values ranged between 0.72 and 1.08, and the  k3 values ranged between − 0.22 and − 0.10. The negative  k3 value 
indicates that the MR changes meaningfully with the total stress, and that the θ and τoct both have significant 
influences on the MR  estimation74,75. The MEPD model could be successfully applied in estimating the MR 
values of the RCA in accordance with Bozyurt et al.76. Therefore, numerical analyses were performed using the 
MEPD model parameters.

The SMR values of the RCA subbase and base samples, which were calculated with different models, were 
104.4–108.5 MPa and 129.50–140.9 MPa; the subbase and base samples prepared with NA had values of 
132.4–133.41 MPa and 159.8–161.9 MPa, respectively. The results of previous studies are similar. For instance, 
the RCA analyzed by Soleimanbeigi et al.71 had SMR values of 160 MPa and 188 MPa. Toka and  Olgun77 exam-
ined both RCA and NA samples and found the NA sample’s SMR value to be 360 MPA, while the RCA sample’s 
SMR value was 210 MPA, according to MEPD.

Under repeated loading conditions, vertical compressive strains in the subbase and base layers causes per-
manent deformation and failure in flexible pavement systems. Therefore, the plastic deformation values of the 
materials used in road filling have been examined by many  researchers78–80. In this study, subbase samples had 
more plastic deformations than base samples, and NA samples had less than RCA samples in both subbase and 
base samples. In the plastic deformation tests, the main reason for the RCA samples’ permanent deformation 
being higher than that of NA samples’ can be attributed to the breaking of cement mortar adhering to the coarse 
aggregate particles and the separation of the coarse aggregate particles from the main aggregate particles during 
the  test81. Furthermore, the base sample exhibits more elastic behavior under the same loading cycle than the 
other samples; in other words, the subbase samples have higher plastic deformation values than the base samples. 
This can be explained by the fact that the base samples have better particle entrapment and higher intergranular 
contact area than the subbase  samples55,82–84.

Shakedown theory, which is a widely used method of evaluating the permanent deformation properties of 
unbound granular  materials85–87, showed that all samples used in this study were within Group B. Ghorbani 
et al.88 examine the deformation behavior of RCA at different temperatures. The test results indicated that RCA 
exhibit a Group A response at all temperatures. Alnedawi and  Rahman89 showed that RCA shakedown ranges 
varied from Group A to Group B. Similarly, Saberian and  Li90 reported that the examined RCAs were in Group 
B, meaning that they showed plastic creep.

Numerical analysis
The objective of this study was to construct two-dimensional soil profiles with pavement and free fields and then 
perform fully coupled nonlinear dynamic analyses utilizing the finite element method to examine liquefaction 
and liquefaction-induced settlement. The main purpose of this section is to evaluate the effect of pavements 
built with RCA and NA on a liquefied layer on liquefaction potential and liquefaction-induced settlement by 
considering the nonlinear soil behavior. Within the scope of this study, two-dimensional soil profiles were cre-
ated using the NA and RCA properties obtained by laboratory experiments presented in the previous sections 
and the sand soil properties in the literature.

For this purpose, 3 models were developed: Model 1 contains a layer of sand with high liquefaction potential 
over bedrock, while Models 2 and 3 include pavement that is constructed with 100% RCA and NA over the soil 
profile in Model 1. The RCA and NA materials, whose properties were determined in the first part of the study, 
were used for the embankment soil layers in Models 2 and 3. For the sand soil layer with high liquefaction poten-
tial in all models, Ottawa sand, whose properties were determined in  Bastidas91, Boulanger and  Ziotopoulou92, 
and calibrated according to laboratory studies for PM4Sand constitutive equations, was used.

In the numerical analysis, the Mohr–Coulomb constitutive equations proposed in Perez et al.93 and Akbas 
et al.33 for RCA and NA layers based on results obtained from laboratory experiments were used. The PM4Sand 
constitutive equations developed by Boulanger and  Ziotopoulou92 were used to model the behavior of water-
saturated sands under dynamic loads. The created soil profiles were analyzed for 10 different strong ground 
motion records. In addition, the points highlighted in the literature were taken into consideration in determining 
the soil geometry, finite element mesh and boundary conditions, which are of great importance for numerical 
 analysis94–96.

Strong ground motion inputs. This study examined ten acceleration–time histories taken on rock out-
crops with different fault mechanisms and earthquake source characteristics. The Pacific Earthquake Engineer-
ing Research Center (PEER)97 was used to select real strong ground motion records with real strong ground 
motion. Based on the Butterworth method, bandpass filters were applied between 0.5 and 15 Hz, and baseline 
corrections were applied to strong ground motion records. In numerical analyses, the earthquake load acts as 
a 0.5 m prescribed displacement along the base of the generated model in the x direction, and the component 
of strong ground motion on the y-axis is selected as fixed. Table 4 provides information about the earthquakes, 
such as fault mechanisms, stations, moment magnitudes  (Mw), peak ground accelerations (PGA), and time-



10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:6944  | https://doi.org/10.1038/s41598-023-34239-z

www.nature.com/scientificreports/

averaged shear-wave velocity to 30 m depth  (Vs30), while Fig. 10 provides the corrected strong ground motion 
records and spectral accelerations of the earthquakes.

Constitutive models for finite element analysis. In the literature, there are many different constitutive 
equations for modeling the behavior of soil layers during dynamic loading. In this study, NA and RCA materi-
als, whose properties were determined under laboratory conditions, have no liquefaction potential. Therefore, 
when earthquake loads were applied to the soil models, the plastic deformation of the base and subbase at high 
strain levels was modeled using an elastoplastic Mohr–Coulomb model with a failure criterion, as was studied by 
Mohammadinia et al.99, and Akbas et al.33. In addition to this, the material properties of HMA were assumed to 
be elastic in the pavement section. The parameters used for HMA, RCA and NA are given in Table 5.

The PM4Sand constitutive equations proposed by Boulanger and  Ziotopoulou92 were used to model the 
dynamic behavior of the water-saturated loose sand layer in all models. In many studies in the literature, highly 
successful results have been obtained with PM4Sand constitutive equations used to model the dynamic behavior 
of  sands98,100–103. In geotechnical earthquake engineering, the PM4Sand Model consists of constitutive equations 
based on the two-dimensional theory of plasticity, which are stress ratio controlled, compatible with critical state 
theory and created to model the dynamic behavior of sand soil  layers92.

In the PM4Sand constitutive equation, which successfully simulates the material behavior of sands under 
dynamic loads, the yield surface is formulated as a small cone in the stress space with Eq. (7).

In this equation, the parameter α, which is the back stress ratio tensor, indicates the position of the yield 
surface in the deviatoric stress ratio space and m is the size of the yield surface. The parameter r is obtained by 
dividing the deviator stress tensor by the mean effective  stress92.

In Plaxis 2D software, 13 different input parameters need to be defined to perform calculations with PM4Sand 
constitutive equations. These model parameters can be divided into two groups. The first group consists of the 4 
most important parameters for model calibration. These parameters are the shear modulus coefficient  (G0), the 
relative density  (DR0), the contraction rate parameter  (hp0) and atmospheric pressure  (Pa). These input parameters 
 G0 and  DR0 are calculated by Eqs. (8) and (9).

It is necessary to select the  hp0 parameter based on the SPT-N values sand liquefaction correlations in order 
to approximate the model behavior in terms of certain cyclic resistance ratios CRR. Considering that the value 
of this parameter might be influenced by other model parameters, it is recommended that its verification be 
performed  last91,92,104. The secondary parameters in the model are the maximum and minimum void ratio  (emax, 
 emin), bounding and dilatancy surface parameter  (nb,  nd), critical state friction angle (φcv), Poisson ratio (υ), criti-
cal state line parameter (Q, R) and PostShake  parameter92. The other parameter,  Pa, can be assigned a default value 
of 0.10 MPa. In the analysis, Ottawa sand with a relative density of 35% was used. Table 6 presents all primary 
and secondary parameters of the PM4Sand constitutive equation parameters for Ottawa  sand91,92.

(7)f =
√

(r− α) : (r− α)−

√

1

2
m = 0.

(8)G0 = 167
√

(N1)60 + 2.5,

(9)DR0 =

√

(N1)60

46
.

Table 4.  Earthquake  information98.

Properties Earthquakes

Name Chi Chi Hector Mine Iwate Landers Loma Prieta

No EQ1 EQ2 EQ3 EQ4 EQ5

Station name TCU045 Hector IWT010 Lucerne Gilroy array#1

Fault mechanism Reverse oblique Strike slip Reverse Strike slip Reverse oblique

Vs30 (m/s) 705 726 826 1369 1428

Mw 7.62 7.13 6.90 7.28 6.93

PGA (g) 0.51 0.31 0.27 0.68 0.56

Properties Earthquakes

Name Manjil Morgan Niigata Northridge Parkfield

No EQ6 EQ7 EQ8 EQ9 EQ10

Station name Ahbar Gilroy-Gavilan Coll. FKSH07 LA 00 Turkey Flat#1

Fault mechanism Strike slip Strike slip Reverse Reverse Strike slip

Vs30 (m/s) 724 730 829 706 907

Mw 7.37 6.19 6.63 6.69 6.00

PGA (g) 0.53 0.12 0.10 0.50 0.23
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Although PM4Sand constitutive equations are an extremely successful model for liquefaction behavior, they 
are not sufficient to obtain initial stress  conditions105. Therefore, initial stress conditions were established with 
the hardening soil with small-strain stiffness (HSS) model for Ottawa sand, for which PM4Sand soil properties 
are given above. The HSS model was used to determine only the initial stress distribution. No dynamic load was 
applied. The HSS parameters were determined using the correlations proposed by Brinkgreve et al. for finite ele-
ment analysis considering the behavior of sandy soil  layers106. Table 7 presents the HSS parameters determined 
for Ottawa sand with a relative density of 35%.

Figure 10.  Acceleration-time histories of strong ground  motions99.
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In addition to these for the uniform Ottawa sand soil properties with a relative stiffness of 35% used in the 
numerical analysis, the  N1 value is calculated to be 6 with the help of Eq. (8). The shear wave velocity correspond-
ing to this value is determined as 146 m/s with the Eq. (10)107.

In addition to HMA, RCA, NA and Ottawa sand in the soil profile, bedrock was defined to be able to affect 
the strong ground motion record in the numerical analysis. Linear elastic constitutive equations were used to 
describe this bedrock. This bedrock has a unit weight of 22 kN/m3, Young’s modulus of 5625 MPa and Poisson’s 
ratio of 0.25.

Two‑dimensional finite element model. In this study, a series of seismic analysis were carried out 
based on two-dimensional, fully coupled, finite element analyses in Plaxis software. The properties of the mate-
rials used in the numerical analyses were based on laboratory experiments for RCA and NA and the works 
of  Bastidas91 and Boulanger and  Ziotopoulou92 for Ottawa sand. Based on these material properties, the per-

(10)VS1 = 85(N1+ 2.5)0.25.

Table 5.  HMA, RCA and NA parameters used in the analysis.

Soil layer Definition Symbol Unit Method Values

HMA

Young modulus E MPa

Akbas et al. (2021)43

5000

Unit weight γ kN/m3 24

Poisson’s ratio υ – 0.35

RCA 

Base

Resilient modulus MR MPa

With the laboratory experiments carried out in this study

200–1400

Unit weight γ kN/m3 21

Friction angle ϕ 42

Poisson’s ratio υ – 0.35

Subbase

Resilient modulus MR MPa 50–200

Unit weight γ kN/m3 20.5

Friction angle ϕ 40

Poisson’s ratio υ – 0.35

NA

Base

Resilient modulus MR MPa 190–1350

Unit weight γ kN/m3 21

Friction angle ϕ 42

Poisson’s ratio υ – 0.35

Subbase

Resilient modulus MR MPa 50–190

Unit weight γ kN/m3 20.5

Friction angle ϕ 40

Poisson’s ratio υ – 0.35

Table 6.  PM4Sand parameters Ottawa sand with a relative density of 35%.

Definitions Symbols Units Methods Values

Dry unit weight γdry kN/m3 The study by Bastidas (2016)91 15.34

Saturated unit weight γsat kN/m3 The study by Bastidas (2016)91 19.36

Void ratio e – The study by Bastidas (2016)91 0.70

Relative density DR0 %

The study by Boulanger and Ziotopoulou (2017)92

35

Shear modulus coefficient G0 – 476.00

Contraction rate parameter hp0 – 0.53

Maximum void ratio emax – 0.80

Minimum void ratio emin – 0.50

Atmospheric pressure Pa Mpa Default 0.10

Bounding surface parameter nb –

The study by Boulanger and Ziotopoulou (2017)92

0.50

Dilatancy surface parameter nd – 0.10

Critical state friction angle ϕcv (°) 33.00

Poisson ratio υ – 0.30

Critical state line parameter Q,R – 10, 1.50

Postshake Postshake –
For closed drainage (at Stage 3) 0

For open drainage (at Stage 4) 1
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formance of the embankment on a liquefying soil layer was investigated with theoretical soil profiles. In this 
numerical soil model, the distance from the lateral boundary of the model and the distance between the lower 
bound of the model from the top should be taken sufficiently large such that the effects of the boundaries in the 
numerical model on the results are minimized. The displacement and the stress contours in the finite element 
software indicate that the selected distances are  sufficient108–110.

In the numerical analysis, three soil profiles were used, each model with a 20 m thick sand layer with high 
liquefaction potential and 1 m bedrock under this sand layer. In Models 2 and 3, 1 m thick pavement constructed 
of NA and RCA material is defined over the liquefiable soil layer, as opposed to Model 1, which represents the 
free field conditions. In Model 2, this pavement consists of 0.05 m HMA and a 0.30 m and 0.65 m thick base 
and subbase with RCA. In the third model, natural aggregate was used as the material for the base and subbase, 
with the same thicknesses as in Model 2. For all models, the length of the numerical model was chosen to be 
100 m such that the boundary effect on the numerical results was negligibly small. The groundwater table was 
located at the liquefiable soil layer surface. Considering the geometry of the created soil profile, the horizontal 
distance is approximately 5 times larger than the vertical length, thus minimizing the effects of the boundaries 
in the numerical model on the  results111,112.

After determining the soil geometry, dynamic boundary conditions were created. Free field boundary condi-
tions were defined on both horizontal boundaries of the soil profile to simulate the propagation of waves into the 
far field with minimum reflection at the boundary. In addition, a 1 m thick drained zone was created at both sides 
of the model to comply with the free field boundary conditions. Furthermore, a standard earthquake boundary 
was created with the prescribed displacement of 0.5 m at the bottom of the model, so that no energy dissipation 
occurs when the acceleration history was applied to the model. The ground surface was set as a free surface. The 
two-dimensional soil model used in the numerical analysis is as shown in Fig. 11.

To perform the numerical analyses, a finite element mesh must be created for the soil profiles given in Fig. 11. 
In Plaxis 2D software, two different triangular elements with 6 and 15 nodes are available for the finite element 
mesh. To obtain accurate results in dynamic analysis, it is very important to decide on the finite element mesh 
density. For this reason, in the analyses, a suitable mesh based on the concept of a sufficient number of elements 
was created by considering the shear wave velocity of the soil layers, and the average element size of the finite 
element mesh was controlled by using 3 different equations. The first one is Eq. (11) proposed by Kuhlemeyer 
and  Lysmer97. Another one is Eq. (12) presented by  Greef113. And the last equation Eq. (13) was introduced by 
 Toloza114.

In all equations  fmax is the maximum frequency of strong ground motion from the Fourier spectrum and 
 VS,min is the minimum shear wave velocity of the layer, which is calculated depending on the shear modulus and 
density of the sand  layer97,113,114.

For the numerical analyses, a finite element mesh was created by considering these points and using only 
triangular elements with 15 nodes. In the finite element meshes, 3286 elements, 27,188 nodes and 39,432 stress 
points were used for Model 1, while 4880 elements, 39,996 nodes and 58,560 stress points were defined for Model 
2. The average element sizes in the finite element mesh are 1.2 m for Model 1 and 0.97 m for Models 2 and 3. 

(11)Average element size = Vs,min/= 8fmax,

(12)Average element size = Vs,min/= 2fmax,

(13)Average element size = Vs,min/= 5fmax.

Table 7.  HSS Parameters Ottawa sand with a relative density of 35%.

Definitions Symbols Units Methods Values

Dry unit weight γdry kN/m3

The study by Bastidas (2016)91

15.34

Saturated unit weight γsat kN/m3 19.36

Void ratio e – 0.7

Relative density DR0 % 35

Secant stiffness E50ref Mpa (60,000 ×  Dr/100)/1000104 21

Tangent stiffness Eoedref Mpa (60,000 ×  Dr/100)/1000104 21

Unloading reloading stiffness Eurref Mpa (180,000 ×  Dr/100)/1000104 63

Rate of stress dependency m – 0.7—Dr/320 0.59

Effective cohesion cʹ Mpa
The study by Boulanger and Ziotopoulou (2017)92

0

Effective friction angle ϕʹ 33

Shear strain ratio, γ0.7 γ0.7 – (2 −  Dr/100) ×  10–4104 0.00017

Reference shear modulus at very small strains G0ref Mpa (60,000 + 68,000  Dr/100)/1000104 83.8

Poisson ratio υ –
The study by Boulanger and Ziotopoulou (2017)92

0.3

Reference stress level Pref Mpa 0.1

Failure ratio Rf – 1 −  Dr/800 0.956
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With these values, the conditions given in Eqs. (11), (12) and (13) are satisfied. In addition, the finite element 
mesh quality values obtained as an output of Plaxis 2D software were checked. The results in Plaxis 2D for finite 
element mesh quality are shown in Fig. 12.

The dynamic time step was chosen to model all data points in the input signal defined in Plaxis-2D. The 
dynamic time step must not exceed the critical time step (Δt), which is calculated by using Eq. (14).

In this equation  Lmin is the minimum distance between two nodes in the entire finite element mesh, and  Vs 
is the shear wave  velocity115. The critical time step is set as 0.005.

Under dynamic loads, material damping occurs due to friction in the soil layers, plastic deformation, and the 
viscous properties of the soil. This amount of damping is less than the existing damping seen in the ground, and 
it is necessary to apply an extra damping effect to reflect the damping effect more realistically. There are many 
different methods for estimating the damping of soil layers. The most popular of these methods is the Rayleigh 
method, which is often used in dynamic  analysis116,117.

It is well known that the damping of coarse-grained soils is not dependent on the loading frequency. But 
the Rayleigh damping equation used in Plaxis 2D for modeling material damping is frequency dependent. The 
matrix formulation of damping (C) is given by Eq. (15):

(14)
� t= Lmin

VS
.

Figure 11.  Numerical Models (a) Model 1, (b) Model 2 and Model 3, (c) soil profile of pavement (not scaled).

Figure 12.  Quality of finite element mesh (a) Model 1, (b) Model 2 and Model 3.
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In this equation, M and K are the mass and stiffness matrices, respectively. αR and βR are the illustrate Ray-
leigh coefficients.

To determine the Rayleigh coefficients in Plaxis software, two frequency values,  f1 and  f2, and two target 
damping ratios, ξ1 and ξ2, are needed. The  f1 value results from Eq. (16). In this equation, the sand layer thickness 
is H and the average shear wave velocity  VS,mean.

Another frequency parameter,  f2 was calculated using Eq. (17) and then the value was determined by round-
ing up to the next odd number.

where  feq indicates the fundamental frequency of input strong ground  motion115.
For ξ1 and ξ2, which are generally chosen between 0.5 and 2%, it is advised to utilize the same  values118,119. In 

addition, analyses were made for 0, 1, 2 and 3% target damping values (ξ), and the effects of different ξ values on 
the results were examined. Because there was no significant change in the results, a 2% target damping value was 
used in all analyses. The numerical analyses performed in the present work consisted of four stages:

Phase 1 Initially, the initial state of stresses in the soil was generated using the earth pressure coefficient (K0) 
method. All boundary conditions of the model were fixed.
Phase 2 In the second stage, an empty step was created, and the hardening soil model was assigned by using 
parameters suitable for the properties of sand soils. The purpose of doing this is to be able to accurately create 
the initial stress state that will occur in the model. Since the PM4Sand model was developed to model the 
dynamic behavior of cohesionless soils, it is not recommended for use in static analyses, and it is suggested to 
use the hardening soil model or hardening small strain model instead of the PM4Sand model when creating 
the initial stress  distribution107. Therefore, at this stage, the hardening small strain model was used, and no 
type of dynamic load was applied.
Phase 3 In this stage, the seismic loading was defined as the input along the bottom boundary of the numeri-
cal model, and the PM4Sand constitutive equations were used in a dynamic analysis. The “Undrained A” 
drainage type was selected to develop the pore water pressure during the seismic loading. The length of this 
phase is determined depending on the duration of the acceleration–time history defined as input. In the 2D 
finite element model, lateral constraints were characterized as a free field, and its bottom constraints were 
defined as a compliant base with a prescribed displacement. According to the wave propagation theory in 
elastic half-space, the input motion amplitude at the bedrock is expected to double at the free  surface120. Half 
of the signals recorded on rock outcrops should therefore be applied to the bottom boundary of the numerical 
models. Therefore, a value of 0.5 m was assigned only for the horizontal component of the given displacement.
Phase 4 In the final stage of the numerical analysis, dynamic consolidation analysis was simulated with the 
help of Biot’s  theory121 to identify settlement caused by liquefaction. The drainage type “Drained” was selected 
to discharge the pore water pressures occurring in stage 3, and the parameter “PostShake” was assigned as 1.

Results of numerical analysis. In this study, three different soil models were analyzed using Plaxis 2D 
2022 software based on the finite element method. All analysis results obtained for 10 different earthquakes and 
3 different models were determined by Plaxis 2D 2022 (Connect Edition Version 22.0.0.1773)115. As a result of 
the numerical analysis, the liquefaction potential is expressed by the parameter  Ru, given by Eq. (18):

where during the dynamics calculation, σ′v represents the current vertical effective stress and prior to the seismic 
motion, the initial effective vertical stress is symbolized σ′v0 . In this study,  Ru > 0.95 was assumed to indicate the 
liquefaction.

As a result of numerical analysis, the soil amplifications  (Ag), liquefaction potential and liquefaction-induced 
settlement (S) for Model 1 are given in Table 8. Analyses in which liquefaction is observed are indicated with 
liquefaction (L), and analyses without liquefaction are shown with no liquefaction (NL).

According to Table 8, liquefaction was observed in all earthquakes except Morgan and Niigata. When liq-
uefaction- induced settlement was analyzed, significant settlement was observed in the Hector Mine and Chi 
Chi earthquakes. The variation in  Ru and settlement obtained as a result of finite element analyses for Model 1 
is illustrated in Figs. 13 and 14. In these figures, deformation accumulations occur at the corner points of the 
model due to boundary conditions. For this reason, liquefaction-induced settlement at the midpoint of the 
model is considered. When Figs. 13 and 14 are examined, it can be said that the liquefaction-induced settlement 
increases with the thickness of the liquefied layer. Compared to the other earthquakes, the Hector Mine and Chi 
Chi earthquakes have been observed to have a very important amount of liquefaction in the layer thickness, and 
as a result, a significant amount of liquefaction-induced settlement occurred. As a result of finite element analy-
ses, the liquefaction and liquefaction-induced settlement obtained under free field conditions are at a level that 

(15)[C] = αR[M]+ βR[K].

(16)f1 =
Vs, mean

4H
.

(17)f2 =
feq

f1
,

(18)Ru = 1−
σ′v

σ′v0
,
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necessitates different improvement methods. For this purpose, the performance of NA and RCA embankments 
constructed on soils with high liquefaction potential, which is the most important part of the study, is discussed.

In the following part of the study, two different soil profiles were created using NA (Model 2) and RCA (Model 
3) materials, and finite element analyses were carried out. The results of the finite element analyses obtained for 
Models 2 and 3 are given in Table 9.

According to Table 9, liquefaction was observed in all earthquakes except the Morgan and Niigata earthquakes 
in both Model 2 and Model 3. Moreover, notable settlement was obtained for the Manjil earthquake in addition 
to the Chi Chi and Hector earthquakes. The  Ru and S values obtained as a result of finite element analyses are 
given in Figs. 15 and 16 for Model 2 and in Figs. 17 and 18 for Model 3. In Models 2 and 3, liquefaction-induced 
settlement was considered at the midpoint, in the same manner as in Model 1, since boundary conditions cause 
deformation to accumulate at the edges. When all of Figs. 15, 16, 17 and 18 are evaluated together, it can be said 
that the liquefaction behavior and liquefaction-induced settlement are very similar and that the liquefaction 
potential of the soil layer with RCA is quite low.

Table 8.  Numerical analysis results for Model 1.

Earthquakes Mw PGA (g)

Model 1 (free 
field)

L/NL S (m)

Chi Chi 7.62 0.51 L 0.202

Hector mine 7.13 0.31 L 0.266

Iwate 6.90 0.27 L 0.098

Landers 7.28 0.68 L 0.158

Loma Prieta 6.93 0.56 L 0.144

Manjil 7.37 0.53 L 0.172

Morgan 6.19 0.12 NL 0.006

Niigata 6.63 0.10 NL 0.005

Northridge 6.69 0.50 L 0.140

Parkfield 6.00 0.23 L 0.020

Figure 13.  Ru results obtained at the end of the vibrations for Model 1.
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In comparing the results obtained for all models using numerical analyses, it can be observed that Model 1 has 
a thicker liquefied layer than Models 2 and 3. Because of the thickness of the liquefaction layer, Model 1 exhibits 
higher settlement due to liquefaction than the other two models. In conclusion, pavements on soils with high 
liquefaction potential can be considered a method for reducing liquefaction and, consequently, liquefaction-
induced settlement. As similar results are obtained in NA and RCA, it is possible that applications using RCA 
are a better option for the environment than those that use NA.

According to the results of the finite element analysis (FEA), the pseudospectral acceleration (PSA) values, 
which are widely used for superstructure design, obtained at the surface of the soil profiles are shown in Fig. 19. 
As mentioned above, higher PSA values were determined for the Hector Mine earthquake, where maximum 

Figure 14.  Liquefaction-induced settlement results for Model 1.

Table 9.  Numerical analysis results for Model 2 and 3.

Earthquakes

Mw PGA (g)
Model 2 (with 
NA)

Model 3 (with 
RCA)

L/NL S (m) L/NL S (m)

Chi Chi 7.62 0.51 L 0.093 L 0.083

Hector mine 7.13 0.31 L 0.094 L 0.086

Iwate 6.90 0.27 L 0.015 L 0.018

Landers 7.28 0.68 L 0.060 L 0.062

Loma Prieta 6.93 0.56 L 0.047 L 0.052

Manjil 7.37 0.53 L 0.091 L 0.088

Morgan 6.19 0.12 NL 0.006 NL 0.006

Niigata 6.63 0.10 NL 0.004 NL 0.004

Northridge 6.69 0.50 L 0.028 L 0.030

Parkfield 6.00 0.23 L 0.013 L 0.014
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liquefaction and liquefaction-induced settlement were observed. Furthermore, PSA values generally increase 
after embankment construction in the free field. The PSA behavior is similar between the NA and RCA analyses. 
The PSA values generally increase after pavement construction in the free field. Therefore, the PSA values after 
improvement should be considered when designing the structure.

Discussions of numerical analysis. This section presents a comparison of the numerical analysis results 
for the three models, followed by an explanation of the results of finite element analysis based on a review of the 
literature. In this framework, the variations in the  Ru parameter with depth, which is used in numerical analyses 
to determine the liquefaction condition, were first investigated for Model 1 (free field), Model 2 (NA), and Model 
3 (RCA) and are given in Fig. 20. Because the 1 m thick pavement in Models 2 and 3 does not liquefy, liquefac-
tion of the 20 m thick sand layer is examined in this figure, and liquefaction is assumed to occur at points where 
the  Ru exceeds 0.95.

According to Fig. 20, in some cases, σ′v in Eq. (18) may take a negative value due to the pore water pressure 
caused by strong ground motion. This causes  Ru to be greater than 1. In this situation, it is accepted that liq-
uefaction occurred at the relevant depth. Among all three models, liquefaction occurred in all analyses except 
Morgan and Niigata. Liquefaction was observed in eight other earthquakes because these earthquakes had strong 
acceleration–time histories. Additionally, the  Ru values obtained from Model 1 were higher than those obtained 
from other models, whereas the  Ru values obtained from Models 2 and 3 were remarkably similar at the same 
depth. The main reason for this is the increase in the effective stress along the model depth due to the RCA and 
NA fills constructed on a liquefiable sand.

The comparison of liquefaction-induced settlement with depth is illustrated in Fig. 21 for all models. The 
variation in settlement with depth is approximately the same for all models for the Morgan and Niigata earth-
quakes, where liquefaction was not observed. A limited amount of liquefaction was observed during the Parkfield 
earthquake, but settlement caused by liquefaction did not decrease significantly. In all the other earthquakes, 
Model 2 and Model 3 have lower liquefaction-induced settlement than Model 1. It has been observed that the 
1 m pavement in Model 2 and Model 3 significantly reduces liquefaction-induced settlement. Furthermore, the 
changes in liquefaction-induced settlement with depth in Model 2 and Model 3 are quite similar.

In three different models, the results of the analyses indicate that pavement construction significantly reduces 
the thickness of the liquefied layer and liquefaction-induced settlement. Natural aggregates and recycled aggre-
gates show similar liquefaction behavior and liquefaction-induced settlement. In this regard, RCA is an appro-
priate alternative to NA in terms of environmental considerations as well as the reuse of construction waste.

Figure 22 presents a comparison of the surface settlement obtained from numerical analyses for all models, 
and Table 10 shows the rates of liquefaction-induced settlement reductions. In highly liquefied soils, NA or RCA 

Figure 15.  Ru results obtained at the end of the vibrations for Model 2.
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pavements significantly reduce the settlement caused by liquefaction. Figure 22 and Table 10 illustrate that in 
the Hector Mine earthquake, where the maximum liquefaction-induced settlement is observed in Model 1, the 
settlement was reduced by 65% under pavement with NA and by 68% under pavement with RCA.

Another result obtained is that the settlement values obtained for the Northridge earthquake decreased by 
approximately 80% after embankment, while this rate was approximately 48% for the Manjil earthquake. The 
main reason for this difference is related to the performance of the embankment in Models 2 and 3. When the 
 Ru changes given in Figs. 13, 15 and 17 above are examined, for the midpoint of the soil profile after embank-
ment, there is a greater decrease in the liquefied layer thickness in the Northridge earthquake compared to the 
Manjil earthquake. Therefore, the liquefaction-induced settlement decreased more in the Northridge earthquake.

In terms of geotechnical engineering, very similar results were obtained in the analyses involving RCA and 
NA. However, there are small differences. The main reason for these small settlement differences between the 
RCA and NA in the analyses with similar geometry is the earthquake source properties and, accordingly, the 
damping effect.

It can also be said that the settlement caused by liquefaction decreased more in the Iwate and Northridge 
earthquakes than in the Hector Mine earthquake. Meanwhile, in the Parkfield, Niigata, and Morgan earthquakes, 
no or limited liquefaction occurred, and NA and RCA had no significant effect.

As is well known, the behavior of soil layers under earthquake loading depends on the frequency content, 
damping characteristics of the strong ground motion and stiffness of the soil layers. When the results of labora-
tory tests performed on RCA and NA samples are compared, it can be said that they have similar geotechnical 
properties. Therefore, the similar behavior of models created with the materials having similar geometry and 
properties under the same dynamic loads is expected. In addition, the millimeter-level settlement differences 
obtained in the analysis are a result of hysteretic material damping under dynamic loads.

In the literature, there are various ground improvement methods to prevent liquefaction and related dam-
ages that may occur in cohesionless soils under dynamic loads. The main purpose of ground improvements 
against liquefaction is to increase the strength of soil layers and prevent the generation of excess pore water 
pressure. For this purpose, RCA, which is has been frequently used in geotechnical engineering applications in 
recent years, is proposed as an alternative method. When the outputs summarized above are analyzed, it can be 
inferred that RCA embankments constructed on liquefiable sands have a high potential to mitigate liquefaction 
and liquefaction-induced  settlement122.

Figure 16.  Liquefaction-induced settlement results for Model 2.
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A review of previous studies and the results obtained in this study indicates that this study has resulted in a 
number of significant outcomes.  Ishihara120 examined the conditions under which damage may occur if there 
is a layer with high liquefaction potential under a nonliquefiable layer. As a result of this study, it was found 
that liquefaction-induced damage decreased as the thickness of the nonliquefiable layer increased depending 
on the earthquake acceleration. Similar results are observed in the outputs obtained in this study. In this study, 
significant decreases in the accumulation of excess pore water pressure were obtained with the 1 m thick non-
liquefaction layer, and as a result, liquefaction-induced settlement was reduced.

Dinesh et al.121 found that embankments on sand with high liquefaction potential were quite different from 
free-field conditions. They observed that after embankment construction, lower excess pore water pressures 
occur in sandy soils during strong ground motion. This result, which was obtained in many different studies, was 
also observed as a result of the numerical analyses carried out within the scope of our  study121,123–126. However, 
some of the numerical simulations reported by various researchers do not capture the low excess pore pressures 
obtained as a result of this  study127–129.

On the other hand, although there is only limited information on the dynamic behavior of recycled materials 
in undrained condition, particularly in seismically active regions, studies that contribute to the understanding of 
recycled material dynamics have been increasing in recent years. Li et al.130 examined and evaluated the dynamic 
behavior (stress‒strain behavior under dynamic loading and resistance to liquefaction) of quartz sand and RCA 
in an undrained situation using cyclic triaxial testing. According to this study, RCA has a higher resistance to 
liquefaction because of its low permeability, which significantly impacts earthquake  resistance130. In our study, 
the low permeability RCA used in the analysis is a liquefaction resistant layer.

Mohsan et al.38 analyzed the settlement of pavement due to soil liquefaction in their study. In that study, a 
series of shake table analyses were performed using a laminar box. As a result of their study, the total average 
settlement was higher for a thinner pavement than for a thicker pavement, and a decrease in the liquefiable layer 
occurred with an increase in the pavement thickness. In this study, it was observed that the settlement values after 
the construction of the pavement decreased compared to the free field conditions, as suggested by Mohsan et al.38.

Conclusions and recommendations
Due to the significant risk associated with liquefaction, ground improvement techniques are commonly used 
as a means of mitigating this risk, as liquefaction poses a significant threat to the built environment. There are a 
number of mitigation strategies for liquefaction that are constantly being developed, and constructing embank-
ments on liquefaction-prone soil is an alternative application of advanced soil constitutive models to the potential 
damage caused by earthquake-induced liquefaction. Many recently developed alternatives, such as embankments 
with waste materials on liquefiable soil, have already shown some promising results but remain understudied.

Figure 17.  Ru results obtained at the end of the vibrations for Model 3.



21

Vol.:(0123456789)

Scientific Reports |         (2023) 13:6944  | https://doi.org/10.1038/s41598-023-34239-z

www.nature.com/scientificreports/

The study presented in this paper revisits a typical flexible pavement on liquefiable soils with the aim of 
improving the reliability of the risk assessment of transport systems using the newly implemented PM4Sand 
model. The parameters used in the numerical analysis, which are needed for the PMED approach, were obtained 
with a comprehensive laboratory study to evaluate the pavement performance. RCA recovered from a demolition 
site in Istanbul and NA were used for the subbase and base materials. As a first step, a comprehensive labora-
tory study was conducted to determine the engineering properties of these materials, and the Ottawa sand was 
calibrated for the PM4Sand model to examine the behavior of a sand soil layer with a high liquefaction poten-
tial. Then, the effect of pavements built with RCA and NA on a liquefied layer on liquefaction potential and 
liquefaction-induced settlement were evaluated by considering the nonlinear soil behavior. For this purpose, 
3 models were conducted: Model 1 contains a layer of sand with high liquefaction potential over the bedrock, 
while Models 2 and 3 include pavement constructed with 100% RCA and NA, respectively, over the soil profile 
in Model 1. The results obtained within the scope of the study are as follows.

• The MR of the RCA base, RCA subbase, NA base and NA subbase samples varies with the θ as a result of 
resilient modulus tests, and it is almost linearly related to the θ and the MR.

• The MR values of both base and subbase RCA samples were lower than those of NA samples.
• Each of the models, which were used to predict MR values, had a high correlation coefficient for all base and 

subbase samples. However, the MEPD model was the most successfully applied in estimating the resilient 
modulus of the RCA and NA samples. Therefore, numerical analyses were performed using MEPD model 
parameters.

• Subbase samples had more plastic deformations than base samples, and NA samples had less than RCA 
samples for both base and subbase samples. In the plastic deformation tests, the main reason for the RCA 
samples’ permanent deformation being higher than that of the NA samples’ can be attributed to the break-
ing of cement mortar adhering to the coarse aggregate particles and the separation of the coarse aggregate 
particles from the main aggregate particles during the test.

• According to Shakedown theory, which is a widely used method of evaluating the permanent deformation 
properties of unbound granular materials, all samples used in this study exhibited relatively high plastic 

Figure 18.  Liquefaction-induced settlement results for Model 3.
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deformation at the beginning, and the plastic deformation values remained constant as the load repetitions 
increased.

• Following numerical analysis, the liquefaction potential is expressed by the parameter  Ru, which is the ratio 
of the excess pore water pressure at a given depth to the initial vertical effective stress.  Ru > 0.95 was assumed 
as the liquefaction trigger criterion.

• Liquefaction was observed in all models under earthquakes except Morgan and Niigata. In these earthquakes 
where liquefaction did not occur, the settlement showed great similarity. On the other hand, in the analyses 

Figure 19.  Results of PSA for all models.
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where liquefaction was observed, the settlement obtained from the model with no constructed pavement 
was considerably larger than that of the other models. This difference in models shows that pavement with 
NA and RCA can reduce liquefaction-induced settlement by limiting drainage.

• The liquefied soil layer thickness with no pavement was higher than that under pavement constructed with 
both NA and RCA. Moreover, as in the liquefaction behavior, more liquefaction-induced settlement occurred 
in the model with no pavement than in the models with pavement.

Figure 20.  The variations in the  Ru parameter with depth for Model 1, 2 and 3.
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• Pseudospectral acceleration values, which are widely used for superstructure design, generally increased after 
pavement construction in the free field. The PSA behavior was similar between the NA and RCA analyses. 
Therefore, the PSA values after improvement should be considered when designing the structure.

• A great deal of similarity exists in the settlement caused by liquefaction in pavement constructed with NA 
and pavement constructed with RCA.

Figure 21.  Change of liquefaction-induced settlement with depth for Model 1, 2 and 3.
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Consequently, pavements built with NA and RCA materials reduce the liquefaction rate and liquefaction-
induced settlement of the soil layers. Moreover, similar amounts of liquefaction-induced settlement were obtained 
with pavement made with NA and RCA built on liquefied soils. The liquefaction-induced settlement values of 
pavements made of RCA and those of pavements made of NA show that it is appropriate to use RCA on lique-
fied soils. In this case, it is concluded that the improvements made on liquefied soil will limit the liquefaction 
and will provide a significant economic advantage. Thus, this study presents a new alternative involving the 
use of RCA waste materials, and it is evident that the use of these waste materials will reduce storage costs and 
negative environmental effects associated with their disposal. It is important to note that because the stiffness 
characteristics of RCA change depending on the source, these results can only be used for recycled concrete 
waste obtained from the urban transformation project in Istanbul. Therefore, an assessment of RCA stiffness 
properties is recommended prior to their use to evaluate the long-term performance of subbase and base layers.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to the reason that 
it was gathered for the doctoral research of the first and corresponding author by the first author, but are available 
from the corresponding author on reasonable request.

Received: 16 January 2023; Accepted: 26 April 2023

References
 1. Mohammadinia, A., Arulrajah, A., Sanjayan, J., Disfani, M. M., Bo, M. W. & Darmawan, S. Geotechnical properties of lightly 

stabilized recycled demolition materials in base/sub-base applications. In IFCEE 2015 2767–2776 (2015).
 2. Tang, Q. et al. Physical, chemical and interfacial properties of modified recycled concrete aggregates for asphalt mixtures: A 

review. Constr. Build. Mater. 312, 125357 (2021).

Figure 22.  Liquefaction-induced settlement for Model 1, 2 and 3.

Table 10.  The rates of liquefaction-induced settlement reductions for all models.

Earthquakes

Settlement (m) Reduction (%)

FF NA RCA Free field vs NA Free field vs RCA 

Chi Chi 0.202 0.093 0.083 54 59

Hector mine 0.266 0.094 0.086 65 68

Iwate 0.098 0.015 0.018 85 81

Landers 0.158 0.060 0.062 62 61

Loma Prieta 0.144 0.047 0.052 67 64

Manjil 0.172 0.091 0.088 47 49

Morgan 0.006 0.006 0.006 7 6

Niigata 0.005 0.004 0.004 16 13

Northridge 0.140 0.028 0.030 80 79

Parkfield 0.020 0.013 0.014 36 32



26

Vol:.(1234567890)

Scientific Reports |         (2023) 13:6944  | https://doi.org/10.1038/s41598-023-34239-z

www.nature.com/scientificreports/

 3. Xu, X. et al. Potential use of recycled concrete aggregate (RCA) for sustainable asphalt pavements of the future: A state-of-the-art 
review. J. Clean. Prod. 1, 130893 (2022).

 4. Khandelwal, H., Dhar, H., Thalla, A. K. & Kumar, S. Application of life cycle assessment in municipal solid waste management: 
A worldwide critical review. J. Clean. Prod. 209, 630–654 (2019).

 5. Cardoso, R., Silva, R. V., de Brito, J. & Dhir, R. Use of recycled aggregates from construction and demolition waste in geotechnical 
applications: A literature review. Waste Manag. 49, 131–145 (2016).

 6. Coban, H. S., Cetin, B., Edil, T. B. & Sun, Q. Evaluation of mechanical degradation characteristics of recycled and natural 
aggregates under gyratory compaction effort. Transp. Geotech. 34, 100743 (2022).

 7. Nwakaire, C. M., Yap, S. P., Onn, C. C., Yuen, C. W. & Ibrahim, H. A. Utilisation of recycled concrete aggregates for sustainable 
highway pavement applications: A review. Constr. Build. Mater. 235, 117444 (2020).

 8. Gopisetti, L. S. P., Ceylan, H., Kim, S., Cetin, B. & Kaya, O. Sensitivity Index comparison of pavement mechanistic-empirical 
design input variables to reflective cracking model for different climatic zones. Road Mater. Pavem. Des. 22(10), 2232–2247 
(2021).

 9. Yang, X., You, Z., Hiller, J. & Watkins, D. Sensitivity of flexible pavement design to Michigan’s climatic inputs using pavement 
ME design. Int. J. Pavem. Eng. 18(7), 622–632 (2017).

 10. Cetin, B., Gheibi, I., Edil, T. B., Hatipoglu, M. & Coban, H. S. Improve Material Inputs into Mechanistic Design Properties for 
Reclaimed HMA & Recycled Concrete Aggregate (RCA) Roadways (No. NRRA202105) (Department of Transportation, 2021).

 11. Abdulrahaman, A. Evaluation of Insitu Geotechnical Properties of Road Pavement Layers Material: A Case Study of Minna–Bida 
Road. Doctoral dissertation (2013).

 12. Alimohammadi, H., Zheng, J., Schaefer, V. R., Siekmeier, J. & Velasquez, R. Evaluation of geogrid reinforcement of flexible 
pavement performance: A review of large-scale laboratory studies. Transp. Geotech. 27, 100471 (2021).

 13. Xiao, F., Amirkhanian, S. N. & Wu, B. Fatigue and stiffness evaluations of reclaimed asphalt pavement in hot mix asphalt mix-
tures. J. Test. Eval. 39(1), 1 (2011).

 14. Ghotbi Siabil, S. M. A., Moghaddas Tafreshi, S. N., Dawson, A. R. & Parvizi Omran, M. J. G. I. Behavior of expanded polystyrene 
(EPS) blocks under cyclic pavement foundation loading. Geosynth. Int. 26(1), 1–25 (2019).

 15. Chen, L., Qian, Z., Chen, D. & Wei, Y. Feasibility evaluation of a long-life asphalt pavement for steel bridge deck. Adv. Civ. Eng. 
2020, 1–8 (2020).

 16. Jiang, W. et al. Design of a novel road pavement using steel and plastics to enhance performance, durability and construction 
efficiency. Materials 14(3), 482 (2021).

 17. Demiroz, A. & Yildiz, F. Investigation of the dynamic behavior of soils of Konya Organized Industrial Zone by equivalent linear 
analysis method. Selcuk Univ. J. Eng. Sci. 20(3), 98–104 (2021).

 18. Pribadi, K. S. et al. Learning from past earthquake disasters: The need for knowledge management system to enhance infra-
structure resilience in Indonesia. Int. J. Disaster Risk Reduct. 64, 102424 (2021).

 19. Holzer, T. L. & Youd, T. L. Liquefaction, ground oscillation, and soil deformation at the Wildlife Array, California. Bull. Seismol. 
Soc. Am. 97(3), 961–976 (2007).

 20. Carey, J. M., McSaveney, M. J. & Petley, D. N. Dynamic liquefaction of shear zones in intact loess during simulated earthquake 
loading. Landslides 14, 789–804 (2017).

 21. Hashash, Y. M., Phillips, C. & Groholski, D. R. Recent advances in non-linear site response analysis. In 5th International Confer-
ence on Recent Advances in Geotechnical Earthquake Engineering and Soil Dynamics, Vol. 4 (2010).

 22. Beaty, M. H. & Byrne, P. M. UBCSAND constitutive model version 904aR. Itasca UDM Web Site, 69 (2011).
 23. Chen, G., Wang, Y., Zhao, D., Zhao, K. & Yang, J. A new effective stress method for nonlinear site response analyses. Earthq. 

Eng. Struct. Dynam. 50(6), 1595–1611 (2021).
 24. Das, A. & Chakrabortty, P. Simple models for predicting cyclic behaviour of sand in quaternary alluvium. Arab. J. Geosci. 15(5), 

385 (2022).
 25. Dafalias, Y. F. & Manzari, M. T. Simple plasticity sand model accounting for fabric change effects. J. Eng. Mech. 130(6), 622–634 

(2004).
 26. Boulanger, R. W. & Ziotopoulou, K. PM4Silt (Version 1): A silt plasticity model for earthquake engineering applications. In Report 

No. UCD/CGM-18/01 108 (Center for Geotechnical Modeling, Department of Civil and Environmental Engineering, University 
of California, 2018).

 27. Wijayasundara, M., Crawford, R. H. & Mendis, P. Comparative assessment of embodied energy of recycled aggregate concrete. 
J. Clean. Prod. 152, 406–419 (2017).

 28. Tahmoorian, F. & Samali, B. Laboratory investigations on the utilization of RCA in asphalt mixtures. Int. J. Pavem. Res. Technol. 
11(6), 627–638 (2018).

 29. Barbieri, D. M. et al. Mechanical properties of roads unbound treated with synthetic fluid based on isoalkane and tall oil. Transp. 
Geotech. 32, 100701 (2022).

 30. Bordoloi, S. & Ng, C. W. W. Feasibility of construction demolition waste for unexplored geotechnical and geo-environmental 
applications—A review. Constr. Build. Mater. 356, 129230 (2022).

 31. Jia, X., Ye, F. & Huang, B. Utilization of construction and demolition wastes in low-volume roads for rural areas in China. Transp. 
Res. Rec. 2474(1), 39–47 (2015).

 32. Zhao, Y., Goulias, D., Tefa, L. & Bassani, M. Life cycle economic and environmental impacts of CDW recycled aggregates in 
roadway construction and rehabilitation. Sustainability 13(15), 8611 (2021).

 33. Akbas, M., Iyisan, R., Dayioglu, A. Y. & Hatipoglu, M. Stiffness properties of recycled concrete aggregates as unbound base and 
subbase materials under freeze and thaw cycles. Arab. J. Sci. Eng. 46(11), 10569–10584 (2021).

 34. Edinçliler, A., Baykal, G. & Dengili, K. Determination of static and dynamic behavior of recycled materials for highways. Resour. 
Conserv. Recycl. 42(3), 223–237 (2004).

 35. Liang, C., Liu, T., Xiao, J., Zou, D. & Yang, Q. The damping property of recycled aggregate concrete. Constr. Build. Mater. 102, 
834–842 (2016).

 36. Arulrajah, A., Baghban, H., Narsilio, G. A., Horpibulsuk, S. & Leong, M. Discrete element analysis of recycled concrete aggregate 
responses during repeated load triaxial testing. Transp. Geotech. 23, 100356 (2020).

 37. Li, B., Huang, M. & Zeng, X. Dynamic behavior and liquefaction analysis of recycled-rubber sand mixtures. J. Mater. Civ. Eng. 
28(11), 04016122 (2016).

 38. Li, B., Wang, Y., Jin, Q. & Chen, H. Liquefaction characteristics of recycled concrete aggregates. Soil Dyn. Earthq. Eng. 120, 85–96 
(2019).

 39. Huang, Y., Wang, J., Ying, M., Ni, J. & Li, M. Effect of particle-size gradation on cyclic shear properties of recycled concrete 
aggregate. Constr. Build. Mater. 301, 124143 (2021).

 40. Transportation Officials. AASHTO Guide for Design of Pavement Structures, 1993 Vol. 1 (Aashto, 1993).
 41. AASHTO T307-99. Determining the Resilient Modulus of Soils and Aggregate Materials (American Association of State Highway 

and Transportation Officials, 2007).
 42. NCHRP (National Cooperative Highway Research Program). Guide for Mechanistic-Empirical Design of New and Rehabilitated 

Pavement Structures, Part 2 Design Inputs, Final Report NCHRP 1-37A (2004).



27

Vol.:(0123456789)

Scientific Reports |         (2023) 13:6944  | https://doi.org/10.1038/s41598-023-34239-z

www.nature.com/scientificreports/

 43. Akbas, M., Özaslan, B., Khanbabazadeh, H. & İyisan, R. Numerical study using stiffness parameters on the nonlinear behavior 
of rca pavements under heavy traffic loads. Transp. Geotech. 29, 100582 (2021).

 44. NCHRP (National Cooperative Highway Research Program). Harmonized Test Methods for Laboratory Determination of Resilient 
Modulus for Flexible Pavement Design, Final Report NCHRP 01-28A (2003).

 45. Saberian, M., Li, J., Nguyen, B. & Wang, G. Permanent deformation behaviour of pavement base and subbase containing recycle 
concrete aggregate, coarse and fine crumb rubber. Constr. Build. Mater. 178, 51–58 (2018).

 46. Chen, W. B., Feng, W. Q., Yin, J. H., Borana, L. & Chen, R. P. Characterization of permanent axial strain of granular materials 
subjected to cyclic loading based on shakedown theory. Constr. Build. Mater. 198, 751–761 (2019).

 47. Pérez-González, E. L., Bilodeau, J. P. & Doré, G. Plastic strain rate in granular materials as a function of stress history: A proba-
bilistic approach for the PBD model. Int. J. Pavem. Eng. 1, 1–12 (2022).

 48. Werkmeister, S. Permanent Deformation Behavior of Unbound Granular Materials (University of Technology, 2003).
 49. Erlingsson, S. & Rahman, M. S. Evaluation of permanent deformation characteristics of unbound granular materials by means 

of multistage repeated-load triaxial tests. Transp. Res. Rec. 2369(1), 11–19 (2013).
 50. Liu, S. et al. Shakedown of asphalt pavements considering temperature effect. Int. J. Pavem. Eng. 23(5), 1572–1583 (2022).
 51. Gautam, P. K., Kalla, P., Jethoo, A. S., Agrawal, R. & Singh, H. Sustainable use of waste in flexible pavement: A review. Constr. 

Build. Mater. 180, 239–253 (2018).
 52. Pereira, P. M. & Vieira, C. S. A literature review on the use of recycled construction and demolition materials in unbound pave-

ment applications. Sustainability 14(21), 13918 (2022).
 53. Bastidas-Martínez, J. G., Reyes-Lizcano, F. A. & Rondón-Quintana, H. A. Use of recycled concrete aggregates in asphalt mixtures 

for pavements: A review. J. Traffic Transp. Eng. (Engl. Ed.) 9(5), 725–741. https:// doi. org/ 10. 1016/j. jtte. 2022. 08. 001 (2022).
 54. Zapata, C. E., Andrei, D., Witczak, M. W. & Houston, W. N. Incorporation of environmental effects in pavement design. Road 

Mater. Pavem. Des. 8(4), 667–693 (2007).
 55. Titi, H. H., Tabatabai, H., Ramirez, J. & Sooman, M. Evaluation of Recycled Base Aggregates (No WHRP 0092–17-01) (University 

of Wisconsin-Milwaukee, 2019).
 56. Edil, T. B., Tinjum, J. M. & Benson, C. H. Recycled Unbound Materials (No. MN/RC 2012-35) (2012).
 57. Bassani, M. & Tefa, L. Compaction and freeze-thaw degradation assessment of recycled aggregates from unseparated construc-

tion and demolition waste. Constr. Build. Mater. 160, 180–195 (2018).
 58. Bennert, T. & Maher, A. The Development of a Performance Specification for Granular Base and Subbase Material (No. FHWA-

NJ-2005-003) (Dept. of Transportation, 2005).
 59. Jiménez, J. R., Agrela, F., Ayuso, J. & López, M. A comparative study of recycled aggregates from concrete and mixed debris as 

material for unbound road sub-base. Mater. Constr. 61(302), 289–302 (2011).
 60. Vegas, I., Ibañez, J. A., Lisbona, A., De Cortazar, A. S. & Frías, M. Pre-normative research on the use of mixed recycled aggregates 

in unbound road sections. Constr. Build. Mater. 25(5), 2674–2682 (2011).
 61. Kazmee, H. & Tutumluer, E. Evaluation of Aggregate Subgrade Materials Used as Pavement Subgrade/Granular Subbase (No. 

FHWA-ICT-15-013) (Illinois Center for Transportation, 2015).
 62. Thai, H. N., Nguyen, T. D., Nguyen, V. T., Nguyen, H. G. & Kawamoto, K. Characterization of compaction and CBR properties 

of recycled concrete aggregates for unbound road base and subbase materials in Vietnam. J. Mater. Cycles Waste Manag. 1, 1–15 
(2022).

 63. Al-Qadi, I. L., Wang, H. & Tutumluer, E. Dynamic analysis of thin asphalt pavements by using cross-anisotropic stress-dependent 
properties for granular layer. Transp. Res. Rec. 2154(1), 156–163 (2010).

 64. Miao, Y., Huang, Y., Zhang, Q. & Wang, L. Effect of temperature on resilient modulus and shear strength of unbound granular 
materials containing fine RAP. Constr. Build. Mater. 124, 1132–1141 (2016).

 65. Deng, C. et al. Mechanical properties and influencing factors of vertical-vibration compacted unbound graded aggregate materi-
als. Transp. Geotech. 28, 100538 (2021).

 66. Soból, E., Sas, W. & Szymański, A. Scale effect in direct shear tests on recycled concrete aggregate. Stud. Geotech. Mech. 37(2), 
45–49 (2015).

 67. Bennert, T., Papp, W. J. Jr., Maher, A. & Gucunski, N. Utilization of construction and demolition debris under traffic-type loading 
in base and subbase applications. Transp. Res. Rec. 1714(1), 33–39 (2000).

 68. Arshad, M. Development of a correlation between the resilient modulus and CBR value for granular blends containing natural 
aggregates and RAP/RCA materials. Adv. Mater. Sci. Eng. 2019, 1–16 (2019).

 69. Pourkhorshidi, S., Sangiorgi, C., Torreggiani, D. & Tassinari, P. Using recycled aggregates from construction and demolition 
waste in unbound layers of pavements. Sustainability 12(22), 9386 (2020).

 70. Yaghoubi, E., Sudarsanan, N. & Arulrajah, A. Stress-strain response analysis of demolition wastes as aggregate base course of 
pavements. Transp. Geotech. 30, 100599 (2021).

 71. Bozyurt, O., Tinjum, J. M., Son, Y. H., Edil, T. B. & Benson, C. H. Resilient modulus of recycled asphalt pavement and recycled 
concrete aggregate. In GeoCongress 2012: State of the Art and Practice in Geotechnical Engineering 3901–3910 (2012).

 72. Jayakody, S., Gallage, C. & Ramanujam, J. Assessment of RCA with RAP materials for pavement applications. IOP Conf. Ser. 
Mater. Sci. Eng. 1075(1), 012020 (2021).

 73. Yılmaz, A. Prediction of base and subbase resilient modulus (Mr) using regression methodology. J. Faculty Eng. Architect. Gazi 
Univ. 35(1), 507–517 (2020).

 74. Haider, I. et al. Drainage and mechanical behavior of highway base materials. J. Irrig. Drain. Eng. 140(6), 04014012 (2014).
 75. George, K. P. Prediction of Resilient Modulus from Soil Index Properties (No. FHWA/MS-DOT-RD-04-172) (University of Mis-

sissippi, 2004).
 76. Stolle, D., Guo, P. & Liu, Y. Resilient modulus properties of granular highway materials. Can. J. Civ. Eng. 36(4), 639–654 (2009).
 77. Soleimanbeigi, A., Shedivy, R. F., Tinjum, J. M. & Edil, T. B. Climatic effect on resilient modulus of recycled unbound aggregates. 

Road Mater. Pavem. Des. 16(4), 836–853 (2015).
 78. Toka, E. B. & Olgun, M. Performance of granular road base and sub-base layers containing recycled concrete aggregate in dif-

ferent ratios. Int. J. Pavem. Eng. 23(11), 3729–3742 (2022).
 79. Mishra, D. & Tutumluer, E. Aggregate physical properties affecting modulus and deformation characteristics of unsurfaced 

pavements. J. Mater. Civ. Eng. 24(9), 1144–1152 (2012).
 80. Jayakody, S., Gallage, C. & Ramanujam, J. Performance characteristics of recycled concrete aggregate as an unbound pavement 

material. Heliyon 5(9), e02494 (2019).
 81. Shah, S. K. H., Uchimura, T. & Kawamoto, K. Permanent deformation and breakage response of recycled concrete aggregates 

under cyclic loading subject to moisture change. Sustainability 14(9), 5427 (2022).
 82. Kareem, A. I. & Nikraz, H. Recycled aggregates (RAs) for asphalt materials. In Advances in Construction and Demolition Waste 

Recycling (eds Pacheco-Torgal, F. et al.) 199–227 (Woodhead Publishing, 2020).
 83. Rosa, M. G., Cetin, B., Edil, T. B. & Benson, C. H. Freeze–thaw performance of fly ash-stabilized materials and recycled pave-

ment materials. J. Mater. Civ. Eng. 29(6), 04017015 (2017).
 84. Zhang, J., Li, C., Ding, L. & Li, J. Performance evaluation of cement stabilized recycled mixture with recycled concrete aggregate 

and crushed brick. Constr. Build. Mater. 296, 123596 (2021).

https://doi.org/10.1016/j.jtte.2022.08.001


28

Vol:.(1234567890)

Scientific Reports |         (2023) 13:6944  | https://doi.org/10.1038/s41598-023-34239-z

www.nature.com/scientificreports/

 85. Selvam, M., Debbarma, S., Singh, S. & Shi, X. Utilization of alternative aggregates for roller compacted concrete pavements—A 
state-of-the-art review. Constr. Build. Mater. 317, 125838 (2022).

 86. Gu, F., Zhang, Y., Luo, X., Sahin, H. & Lytton, R. L. Characterization and prediction of permanent deformation properties of 
unbound granular materials for pavement ME design. Constr. Build. Mater. 155, 584–592 (2017).

 87. Fouad, A., Hassan, R. & Mahmood, A. Evaluation of permanent deformation and resilient modulus of pavement base with 
different gradations and percentages of clay plasticiser. Transp. Geotech. 31, 100679 (2021).

 88. Rahman, M. S., Erlingsson, S. & Ahmed, A. Modelling the permanent deformation of unbound granular materials in pavements. 
Road Mater. Pavem. Des. 1, 1–22 (2022).

 89. Ghorbani, B., Arulrajah, A., Narsilio, G., Horpibulsuk, S. & Bo, M. W. Thermal and mechanical properties of demolition wastes 
in geothermal pavements by experimental and machine learning techniques. Constr. Build. Mater. 280, 122499 (2021).

 90. Alnedawi, A. & Rahman, M. A. Recycled concrete aggregate as alternative pavement materials: Experimental and parametric 
study. J. Transp. Eng. B Pavem. 147(1), 04020076 (2021).

 91. Saberian, M. & Li, J. Long-term permanent deformation behaviour of recycled concrete aggregate with addition of crumb rubber 
in base and sub-base applications. Soil Dyn. Earthq. Eng. 121, 436–441 (2019).

 92. Parra Bastidas, A. M. Ottawa F-65 sand characterization. PhD diss., University of California (2016).
 93. Boulanger, R. W. & Ziotopoulou, K. PM4Sand (Version 3.1 Revised July 2018): A Sand Plasticity Model for Earthquake Engineering 

Applications (Department of Civil and Environmental Engineering, University of California, 2017).
 94. Perez, I., Medina, L., Gomez-Meijide, B., Costa, P. A. & Cardoso, A. S. Numerical simulation of bitumen emulsion-stabilised 

base course mixtures with C&D waste aggregates considering nonlinear elastic behaviour. Constr. Build. Mater. 249, 118696 
(2020).

 95. Maleki, M. & Mir Mohammad Hosseini, S. M. Seismic performance of deep excavations restrained by anchorage system using 
quasi static approach. J. Seismol. Earthq. Eng. 21(2), 11–21 (2019).

 96. Rahmani, F., Hosseini, S. M., Khezri, A. & Maleki, M. Effect of grid-form deep soil mixing on the liquefaction-induced founda-
tion settlement, using numerical approach. Arab. J. Geosci. 15(12), 1112 (2022).

 97. Maleki, M. & Imani, M. Active lateral pressure to rigid retaining walls in the presence of an adjacent rock mass. Arab. J. Geosci. 
15(2), 152 (2022).

 98. Mohammadinia, A., Arulrajah, A., Disfani, M. M. & Darmawan, S. Small-strain behavior of cement-stabilized recycled concrete 
aggregate in pavement base layers. J. Mater. Civ. Eng. 31(5), 04019044 (2019).

 99. PEER. NGA-West2—Shallow Crustal Earthquakes in Active Tectonic Regimes; Pacific Earthquake Engineering Research Center 
Ground Motion Database. https:// ngawe st2. berke ley. edu/ site (2022).

 100. Montgomery, J. & Ziotopoulou, K. Numerical simulations of selected LEAP centrifuge experiments with PM4Sand in FLAC. In 
Model Tests and Numerical Simulations of Liquefaction and Lateral Spreading: LEAP-UCD-2017 (eds Kutter, B. L. et al.) 481–497 
(Springer, 2020).

 101. Tziolas, A. Evaluation of the PM4Sand Constitutive Model for the Prediction of Earthquake-Induced & Static Liquefaction in 
Hydraulic Fills (2019).

 102. Quevedo, V. H. P. Seismic Liquefaction Analysis of a Critical Facility with PM4Sand in Plaxis. Doctoral dissertation, MSc Thesis, 
Delft University of Technology (2019).

 103. Subasi, O., Koltuk, S. & Iyisan, R. A numerical study on the estimation of liquefaction-induced free-field settlements by using 
PM4Sand model. KSCE J. Civ. Eng. 26, 1–12 (2022).

 104. Koltuk, S., Subaşı, O., Fernandez-Steeger, T. & İyisan, R. Assessment of Liquefaction Potential During Earthquakes by Using SPT-
Number of Blows and Two-Dimensional Finite Element Analyses (2022).

 105. Vilhar, G., Laera, A., Foria, F., Gupta, A. & Brinkgreve, R. B. Implementation, validation, and application of PM4Sand model in 
PLAXIS. In Geotechnical Earthquake Engineering and Soil Dynamics V: Numerical Modeling and Soil Structure Interaction (eds 
Brandenberg, S. J. & Manzari, M. T.) 200–211 (American Society of Civil Engineers, 2018).

 106. Vilhar, G. & Brinkgreve, R. Plaxis the PM4Sand Model 2018 (2018).
 107. Brinkgreve, R. B. J., Engin, E. & Engin, H. K. Validation of empirical formulas to derive model parameters for sands. Numer. 

Methods Geotech. Eng. 137, 142 (2010).
 108. Andrus, R. D. & Stokoe, K. H. II. Liquefaction resistance of soils from shear-wave velocity. J. Geotech. Geoenviron. Eng. 126(11), 

1015–1025 (2000).
 109. Maleki, M. & Nabizadeh, A. Seismic performance of deep excavation restrained by guardian truss structures system using 

quasi-static approach. SN Appl. Sci. 3, 1–17 (2021).
 110. Maleki, M., Khezri, A., Nosrati, M. & Hosseini, S. M. M. M. Seismic amplification factor and dynamic response of soil-nailed 

walls. Model. Earth Syst. Environ. 9(1), 1181–1198 (2023).
 111. Maleki, M. & Mir Mohammad Hosseini, S. M. Assessment of the pseudo-static seismic behavior in the soil nail walls using 

numerical analysis. Innov. Infrastruct. Solut. 7(4), 262 (2022).
 112. Lees, A. Contents and preliminary pages. In Geotechnical Finite Element Analysis: A Practical Guide (ed. Rawlings, C.) 1–9 (ICE 

Publishing, 2016).
 113. Kuhlemeyer, R. L. & Lysmer, J. Finite element method accuracy for wave propagation problems. J. Soil Mech. Found. Div. 99(5), 

421–427 (1973).
 114. de Greef, J. Interaction Between Pipelines and Flood Defences Subject to Induced Eathquake Loads in Groningen (Delft University 

of Technology, 2015).
 115. Toloza Barría, P. Liquefaction Modelling Using the PM4Sand Soil Constitutive Model in PLAXIS 2D (2018).
 116. Bentley Advancing Infrastructure. Plaxis Connect Edition V22.02 Scientific Manual (Bentley Systems, Incorporated, 2022)
 117. Shabani, M. J., Shamsi, M. & Ghanbari, A. Dynamic response of three-dimensional midrise buildings adjacent to slope under 

seismic excitation in the direction perpendicular to the slope. Int. J. Geomech. 21(11), 04021204 (2021).
 118. Shabani, M. J., Shamsi, M. & Ghanbari, A. Slope topography effect on the seismic response of mid-rise buildings considering 

topography-soil-structure interaction. Earthq. Struct. 20(2), 187–200 (2021).
 119. Laera, A. & Brinkgreve, R. B. J. Site Response Analysis and Liquefaction Evaluation (2015).
 120. Demir, S. Investigation of Behavior of Liquefiable Soils Improved with High Modulus Columns. Doctoral dissertation, PhD Thesis, 

Yıldız Technical University, Turkey (2019).
 121. Ishihara, K. Stability of natural deposits during earthquakes. In Proc. Eleventh International Conference on Soil Mechanics and 

Foundation Engineering, San Francisco, 12–16 August 1985. Publication of: Balkema (AA) (1985).
 122. Biot, M. A. General Solutions of the Equations of Elasticity and Consolidation for a Porous Material (1956).
 123. Dinesh, N., Banerjee, S. & Rajagopal, K. Performance evaluation of PM4Sand model for simulation of the liquefaction remedial 

measures for embankment. Soil Dyn. Earthq. Eng. 152, 107042 (2022).
 124. Whitman, R. V. Earthquake like shaking of a structure founded on saturated sand. In Proc. Int. Conf. on Geotechnical Centrifuge 

Modelling 529–538 (1988).
 125. Liu, L. & Dobry, R. Seismic response of shallow foundation on liquefiable sand. J. Geotech. Geoenviron. Eng. 123(6), 557–567 

(1997).
 126. Adalier, K. & Aydingun, O. Numerical analysis of seismically induced liquefaction in earth embankment foundations. Part II. 

Application of remedial measures. Can. Geotech. J. 40(4), 766–779 (2003).

https://ngawest2.berkeley.edu/site


29

Vol.:(0123456789)

Scientific Reports |         (2023) 13:6944  | https://doi.org/10.1038/s41598-023-34239-z

www.nature.com/scientificreports/

 127. Karamitros, D. K., Bouckovalas, G. D. & Chaloulos, Y. K. Seismic settlements of shallow foundations on liquefiable soil with a 
clay crust. Soil Dyn. Earthq. Eng. 46, 64–76 (2013).

 128. Elgamal, A., Parra, E., Yang, Z. & Adalier, K. Numerical analysis of embankment foundation liquefaction countermeasures. J. 
Earthq. Eng. 6(04), 447–471 (2002).

 129. Armstrong, R. J. & Boulanger, R. W. Numerical simulations of liquefaction effects on piled bridge abutments. In 6th International 
Conference on Earthquake Geotechnical Engineering, November 1–4 (2015).

 130. Dashti, S. & Bray, J. D. Numerical simulation of building response on liquefiable sand. J. Geotech. Geoenviron. Eng. 139(8), 
1235–1249 (2013).

Author contributions
M.A.: Investigation, Resources, Data Curation, Writing—Original Draft. O.S.: Validation, Numerical analy-
sis, Data Curation, Visualization. R.I.: Conceptualization, Writing—Review & Editing, Project administration, 
Supervision.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The effect of RCA pavements on the liquefaction-induced settlement
	Experimental study
	Sample preparation. 
	Physical, mechanical and hydraulic properties of samples used in testing. 
	Stiffness properties of samples used in testing. 
	Discussion of experimental results. 

	Numerical analysis
	Strong ground motion inputs. 
	Constitutive models for finite element analysis. 
	Two-dimensional finite element model. 
	Results of numerical analysis. 
	Discussions of numerical analysis. 

	Conclusions and recommendations
	References


