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Original Article

A comparative assessment of the bearing capacity of unselected 
construction and demolition waste aggregates in unbound and 
cement-stabilised pavement subbases

Luca Tefa , Marco Bassani *

Department of Environment, Land and Infrastructure Engineering, Politecnico di Torino, Torino, Italy
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A B S T R A C T

Using unselected construction and demolition waste (UCDW) aggregate helps the road construction industry to 
meet sustainability requirements. Although the use of recycled UCDW aggregates is increasingly recognised and 
adopted in practice, there remains limited field evidence directly comparing their performance with that of 
natural (NAT) aggregates in unbound and cement-stabilised subbases. This study compared the bearing capacity 
of four 30-cm subbases (unbound and 3% cement-stabilised NAT and UCDW) using lightweight deflectometer 
and plate loading tests on an experimental road. The study was complemented by laboratory resilient modulus 
and indirect tensile strength measurements on specimens compacted during the construction activities.

On average, the surface modulus of unbound UCDW materials was 16% higher than that of natural aggregates. 
Stabilisation with 3% cement significantly increased the bearing capacity sevenfold for UCDW materials and 
tenfold for NAT materials. After three days of curing, the average surface modulus increased from 112.3–126.6 
MPa for unbound UCDW and 95.2–111.6 MPa for unbound NAT, to 884.7–1024.6 MPa for cement-stabilised 
UCDW and 1064.3–1198.1 MPa for cement-stabilised NAT. Unlike the field tests, where cement-stabilised 
NAT performed slightly better than cement-stabilised UCDW, the laboratory tests showed that cement- 
stabilised UCDW mixtures had a higher resilient modulus than cement-stabilised natural ones. These results 
demonstrate that UCDW aggregates can effectively replace natural ones in the formation of unbound or 
cement–stabilised road subbase layers.

Introduction

In industrialised countries, the ageing road network requires a con
stant supply of materials for maintenance purposes [1,2]. Despite the 
emergence of new circular economy policies that advocate for the use of 
recycled materials in road construction, professionals, contractors and 
road agencies are reluctant to adopt these policies due to concerns 
regarding consistency with technical specifications, field performance 
and environmental regulations [3,4].

It is estimated that more than one-third of the total waste generated 
in Europe in 2022 (860 million tonnes) came from construction and 
demolition activities, making this waste stream the main source of waste 
for recycled aggregate production [5].

Construction and demolition waste (CDW) aggregates are generally 
classified into two categories [6,7]. “Selected” aggregates derive from 
selective demolition processes [8] and allow for relatively high reuse 
rates in new concrete (15–30%) and asphalt mixtures (up to 50%) 
[9,10]. However, the production of these materials is currently subject 
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to time-consuming and costly separation processes. In contrast, “unse
lected” CDW (UCDW) aggregates are derived from mixed, unsorted 
demolition debris, but their heterogeneous composition, which depends 
on the materials used, limits their suitability for structural applications 
[11]. Nevertheless, owing to their economic benefits and adequate 
performance in applications involving low loads [12], UCDW aggregates 
are increasingly used in foundations, embankments and lower pavement 
layers [13]. Evidence suggests that UCDW aggregates could conve
niently be used in the unbound and stabilised subbases of road pave
ments [6,14–16], where traffic-induced stresses are comparatively low 
due to the shielding effect of the upper layers [17]. In unbound granular 
subbases, the mechanical bearing capacity is mainly provided by 
aggregate interlock, gradation, and compaction [18,19]. While recycled 
aggregates from UCDW can offer comparable stiffness when well com
pacted [20], their behaviour may differ from NAT aggregates because of 
higher water absorption, heterogeneous composition, and a greater 
tendency for particle breakage during compaction and loading [6,21]. 
For cement-stabilised subbases, the formation of a bonded skeleton 
through hydration products significantly enhances stiffness and strength 
[22]. However, the effectiveness of stabilisation can vary depending on 
the quality of the aggregates (e.g., NAT vs. UCDW materials), moisture 
distribution, and curing [23,24]. The promotion of UCDW aggregates for 
use in road construction is often hindered by concerns that their 
promising laboratory performance may not be replicated on a large 
scale. While the majority of studies have investigated the field properties 
of “selected” CDW materials [25–28], very few have evaluated the 
performance of UCDW aggregate. Tavira et al. [29] reported lower back- 
calculated moduli for UCDW subbases compared with natural aggre
gates, recommending an increased thickness that could offset the envi
ronmental benefits of UCDW material. Similarly, Beja et al. [30]
monitored the bearing capacity of different subbase layers made with (i) 
unbound, (ii) cement-stabilised, and (iii) lime-treated UCDW aggregates 
over a period of 18 months. Improved performance was observed when 
UCDW was treated with cement or lime. However, the absence of a 
direct comparison with natural aggregates prevented the true structural 
implications of substitution from being assessed.

To the best of our knowledge, previous studies have not compre
hensively compared NAT and UCDW aggregates in unbound and 
cement-stabilised subbases under the same conditions in a full–scale 
test. This study addresses this gap by comparing the bearing capacity of 

subbases made with UCDW and natural (NAT) aggregate in both un
bound and cement-stabilised (CS) states through a controlled, full-scale 
experimental design in which all materials were produced, placed, 
compacted and tested simultaneously and under identical environ
mental and structural conditions.

A 140 m long experimental road was constructed (Fig. 1), incorpo
rating four different 30 cm-thick subbases containing unbound NAT, 
unbound UCDW, CS-NAT and CS-UCDW (with 3% in weight of cement). 
Complementary laboratory tests were also performed to classify and 
characterise the materials, enabling the field results to be robustly 
interpreted and meaningfully compared with the findings of previous 
studies. The experimental design was intentionally limited to a 
controlled comparison between NAT and UCDW, and although the full- 
scale road constrained the number of variables that could be tested, 
statistical robustness was ensured through extensive replication and 
formal statistical analyses.

Materials and methods

Experimental plan

Four subbase materials were compared in this study. Two of these 
materials were unbound, while the other two were cement-stabilised. 
The aggregates used in their production were NAT and UCDW. The 
bearing capacity of a pavement layer is conventionally assessed by 
measuring its deflection under a reference load, with the extent of 
deflection depending on the material's stiffness [31].

In this study, the bearing capacity was measured using a lightweight 
deflectometer (LWD), while the stiffness of the constituent materials was 
determined by measuring their resilient modulus using repeated load 
triaxial tests on samples prepared with the same mixtures as those used 
on-site. As the objective was to compare material performance under 
identical structural conditions, a formal pavement structural design was 
not performed. The thickness of all subbases was set at 30 cm with each 
subbase placed on a 40 cm-thick subgrade made of unbound UCDW 
aggregate (Fig. 2), in accordance with standard Italian practice for local 
roads [32,33].

With this configuration, we assumed that the pressure bulb gener
ated by the LWD plate would remain largely confined within the sub
base, thereby limiting the supporting layer's contribution to the 

Fig. 1. Aerial picture of the experimental road with the four testing sections.
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subbase's response. A 10-cm-thick surface layer of hot-mix asphalt was 
laid after the completion of the testing programme on the subbase.

Materials

Aggregates
The UCDW aggregate was provided by Cavit S.p.A., a construction 

company based in La Loggia, Italy. Its recycling facility processes waste 
from demolition, reclamation and excavation activities, producing an 
average of 250,000 Mg of UCDW per year through cleaning, crushing 
and screening operations. A 0–40 mm size fraction was employed in the 
construction of the subgrade and subbase layers of the experimental 
road. The particle size distribution as per EN 933-1 [34] (Fig. 3), the 
shape index, the flakiness index, the particle density, and the distribu
tion of the main UCDW constituents (Table 1) were determined for four 
different samples collected during the construction phase of the exper
imental road. An analysis of the composition of the UCDW aggregate 
revealed a significant presence of concrete particles and natural aggre
gate (averaging 24.4% and 52.5%, respectively), together with more 
limited quantities of bricks and tiles, and bituminous materials. The 
variability in the composition of the UCDW aggregate is due to the 
variability in the waste stream collected and treated at the recycling 
facility [6].

The NAT aggregate, with a size fraction of 0–40 mm, was sourced 
from the Cave Germaire quarry (Carignano, Italy) and transported to the 
construction site in dump trucks. Two separate samples were collected 
during the experimental road construction for preliminary testing. The 
results of these tests are shown in Fig. 3 and Table 1. The gradation of the 

NAT aggregate closely aligns with that of the UCDW material, with both 
falling within the 0–45 mm range of granular material for subbase layers 
as indicated by the Italian Technical Specifications [32]. There is min
imal disparity between the shape and flakiness indices for the NAT and 
UCDW materials. However, the particle density value for the NAT 
aggregate is significantly higher than that for the UCDW aggregate due 
to the presence of lighter constituent materials (e.g., bricks and impu
rities) in the latter. The two aggregates were intentionally selected to 
exhibit similar basic physical characteristics, thereby enabling a com
parison that isolates the influence of their origin (natural versus recy
cled) from confounding effects related to particle size distribution and 
shape.

Mix-design and production of subbase mixtures
Prior to the construction of the experimental road, a modified 

Proctor compaction test was performed in accordance with EN 13286-2 
[35] to determine the optimum moisture content (OMC) and the 
maximum dry density (MDD) for each mixture [36]. Fig. 4 shows the 
same OMCs for both stabilised and unbound mixtures (8.5% for UCDW 
and 6.5% for NAT), despite the addition of 3% cement. The low cement 

Fig. 2. Pavement structure of the experimental road.

Fig. 3. Particle size distribution of (a) UCDW and (b) NAT aggregates. Error bars indicate one standard deviation (SD).

Table 1 
Average and standard deviation (SD) of shape index, flakiness index, particle 
density, and constituent classification of UCDW and NAT aggregates (Rc =

concrete, concrete products, mortar; Ru = unbound aggregate, natural stone; Rb 
= bricks and tiles, Ra = bituminous materials, X = impurities like metals, wood, 
plastic, rubber, etc.).

Parameter UCDW NAT Reference 
standard

Shape index (%) 13.0 ±
1.4

13.5 ±
0.7

EN 933-4 [35]

Flakiness index (%) 12.0 ±
1.6

12.5 ±
0.7

EN 933-3 [36]

Particle density (Mg/m3) 2.445 ±
0.035

2.630 ±
0.028

EN 1097-6 
[37]

Composition 
(%)

Concrete (Rc) 24.4 ±
8.1

− EN 933-11 
[38]

Unbound 
aggregate (Ru)

52.5 ±
8.1

100

Bricks and tiles 
(Rb)

13.3 ±
0.4

−

Bituminous 
materials (Ra)

9.3 ± 4.1 −

Impurities (X) 0.7 ± 0.2 −
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content did not measurably affect the compaction moisture demand in 
this specific study [23,37].

Table 2 lists the compaction parameters (OMC and MDD), the mix 
design, and the mixture designation of the subbase materials. The CS 
mixtures were produced in a mixing plant located 200 m from the 
construction site. CS mixtures were produced by adding 3% of cement to 
the dry mass of aggregates, in line with previous studies [38–40]. The 
Portland limestone cement used in this study was classified as CEM II/B- 
LL 32.5 R in accordance with EN 197-1 [41]. This cement type is 
composed of 65–79% clinker, 21–35% limestone, and 0–5% other con
stituents. This composition has been demonstrated to reduce the 
embodied CO2 compared to traditional CEM-I, making it a more sus
tainable option. CEM II/B-LL is a popular choice for structural and 
geotechnical applications, and it is readily available in the local market 
due to the high availability of limestone in the region.

Testing methods and interpretation of results

The experimental investigation was organised as shown in Fig. 5.

Field tests
The bearing capacity of subgrade and subbase layers was measured 

through deflection tests with a Dynatest 3032 LWD [27], in accordance 
with ASTM E2583-07 [42]. This equipment has an integrated plate 
loading cell with a range of 0–25.0 kN, an accuracy of 2% ± 2 kPa, and a 
precision 0.0003 kN, as well as a central geophone with a range of 
0–2200 μm, an accuracy 2% ± 2 μm and a precision of 0.1 μm, for 
recording load and displacement time histories, respectively. To meet 
the sensitivity and accuracy of measurement requirements [43], the 

plate diameter was 300 mm for the unbound materials and 200 mm for 
CS mixtures. The falling mass was kept constant at 20 kg, and the 
dropping height was set to 33, 58, and 84 cm to generate different stress 
levels and evaluate the stress-dependent behaviour of the materials 
[44,45]. Details of the stress levels are provided in Table 3. For each 
testing point, the LWD plate was centred and levelled prior to each drop. 
During the test, at least nine consecutive drops were applied. The first 
three drops were discarded as seating drops, and only stable measure
ments were retained for modulus calculation. Boussinesq’s elastic theory 
was adopted to determine the surface modulus (ELWD) assuming a stress 
distribution factor of 2 and Poisson’s ratios of 0.35 and 0.25 for unbound 
and CS mixtures, respectively [46].

A static plate loading test (PLT) was conducted in accordance with 
the ASTM D1195 standard and adapted to meet the requirements of the 
Italian standard CNR 146/1992 [47]. A double-cycle static PLT was 
carried out using a 300 mm diameter plate, a 200 kN hydraulic jack, and 
three dial gauges (range 0–50,000 μm; resolution 1 μm; precision 6 μm; 
measuring force ≤2.1 N), which were positioned at 120◦ on the plate to c 
reaction frame (e.g., 20 tonne roller) was used to ensure uniform load 
transfer.

In the first cycle, the pressure was increased from 0.05 to 0.35 MPa in 
increments of 0.10 MPa. After an unloading step, a second loading cycle 
was applied in 0.10 MPa increments from 0.05 to 0.25 MPa. During each 
loading increment, the pressure was increased to the target value, after 
which it was held constant to allow the layer to undergo primary 
deformation. Settlement readings were then taken.

The strain moduli at the first loading cycle (MPLT) and the second 
loading cycle (M′PLT) were calculated using Eqs. (1) and (2), respec
tively, where Δp and Δp′ represent the pressure increments from 0.15 to 
0.25 MPa for the first and second loading cycles, Δs and Δs′ represent the 
corresponding settlements for the first and second loading cycles, and D 
is the plate diameter (300 mm): 

MPLT =
Δp
Δs

⋅D (1) 

M ṔLT =
Δpʹ

Δś
⋅D (2) 

The sand-cone test method, as defined in ASTM D1556-15 [48], was 
used to determine the dry density (DDsitu) of the subgrade and subbase 
materials in the field. A small hole was excavated at the test point, and 
the removed material was collected and weighed in the lab to determine 
the wet and dry masses and the water content. Next, a sand-cone 
apparatus filled with calibrated and uniformly graded sand was posi
tioned over the hole and the volume of sand required to fill the cavity 
was measured. The in-situ dry density was then calculated using the dry 
mass of the material, the measured sand volume, and the water content 
of the sample.

Each of the four subbase sections was characterised by eight LWD 
drops, as well as two PLT and two in-situ density tests. All field tests 
were carried out three days after construction. Testing points were 
randomly selected on a 1 × 1 m grid, with the exclusion of the first and 
final 4 m of each section, and the outer 1 m of the two lateral edges. The 
PLT and sand-cone tests were conducted at points adjacent to those 
tested with the LWD. Figs. 6 and 7 show the locations of the testing 
points for the unbound and cement-stabilised subbases, respectively.

Laboratory tests
During the construction of the experimental road, the subbase ma

terials were sampled to produce cylindrical specimens for laboratory 
testing (see Fig. 8c, d). Before compaction, both the unbound and CS 
mixtures were sieved to a maximum size of 25 mm to ensure the 100 mm 
diameter specimens did not contain any larger particles. This inevitably 
introduced differences in the gradation between the laboratory (0–25 
mm) and the field material (0–40 mm). However, because this prepa
ratory step was applied identically to all mixtures, any influence it 

Fig. 4. Proctor compaction test results.

Table 2 
Mix-design and mixture designation with indication of Proctor compaction 
parameters.

Aggregate Cement content Mixture designation OMC (%) MDD (kg/m3)

UCDW − UCDW 8.5 2127
UCDW 3 CS-UCDW 8.5 2119
NAT − NAT 6.5 2243
NAT 3 CS-NAT 6.5 2255
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introduced affected both materials equally. As a result, it did not 
compromise the comparative trends on which this study is based.

Two different geometries were produced: slender (100 × 200 mm, 
diameter × height) for resilient modulus (RM) tests, and stubby (100 ×
100 mm, diameter × height) for indirect tensile strength (ITS) tests. The 
slender and stubby specimens were compacted into eight and four 
layers, respectively, with 25 blows per layer administered to achieve the 
modified Proctor compaction energy of 2.6 MJ/m3. After compaction, 
the samples were stored in split plastic moulds to prevent damage during 
transportation to the laboratory, then sealed in a plastic bag to prevent 
moisture loss. The unbound and CS mixtures were then cured in a 
temperature- and humidity-controlled room at 25 ◦C and a relative 
humidity (RH) above 90% for 7 and 28 days before testing. Three 
identical specimens were prepared for each material (i.e., unbound 
UCDW and NAT, and CS-UCDW and CS-NAT) and curing time (7 and 28 
days), yielding three replicates for each measurement. Consequently, 48 
cylindrical specimens were compacted in the field and tested in the 
laboratory: twenty-four 100 × 200 mm for RM and twenty-four 100 ×
100 mm for ITS.

The elastic properties of the materials were investigated through 
repeated triaxial load tests using a triaxial cell equipped with two 
external displacement transducers. After curing, the specimens were 
carefully demoulded, wrapped in a latex membrane and placed in the 
triaxial cell. Confining and axial stresses were applied via a servo- 
pneumatic actuator. In accordance with the AASHTO T307 protocol 
for base/subbase materials [49], each specimen underwent a pre
conditioning phase consisting of 1000 haversine loading pulses, fol
lowed by 100 pulses at each of the stress configurations combining 
different values of major (σ1) and minor (σ3) principal stresses. The last 
five pulses were used to determine the resilient modulus (RM) as the 
ratio of deviatoric stress (σd = σ1 − σ3) to recoverable axial strain [50]. 
The RM test outputs were fitted according to the M-EPDG model pro
posed in the Mechanistic-Empirical Pavement Design Guide [51], to 
obtain the calibration coefficients that characterise the resilient prop
erties of the material: 

RM = k1⋅pa⋅
(

I1

pa

)k2

⋅
(

τoct

pa
+ 1

)k3

(3) 

where I1 is the first stress invariant (i.e., the sum of the three principal 
stresses), τoct represents the octahedral shear stress, pa is the atmospheric 
pressure, and k1, k2, and k3 are fitting coefficients that vary based on the 
material properties. In the indirect tensile test, a constant displacement 
rate of 0.50 mm per minute was applied [52].

Construction of the experimental road

The experimental road was constructed in April 2023 and is 180 m 

Fig. 5. Experimental plan.

Table 3 
Pressure ranges (in kPa) on the LWD loading plate.

Plate diameter (mm) Dropping height (cm)

33 58 84

300 97–101 149–153 194–198
200 220–225 339–345 440–450
Stress level Low (L) Medium (M) High (H)
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long and 8 m wide (Fig. 8). The third leg of the intersection corresponds 
to a low-volume access road for cars only. Heavy trucks follow the main 
alignment. Moreover, the intersection zone was excluded from testing 
due to construction complexities and potential compaction issues 
(Fig. 1). Two 30 m sections were identified for the unbound mixtures 
and two 40 m sections for the CS subbase formation. Each layer was 
compacted to achieve the MDD with the corresponding OMC as deter
mined by preliminary laboratory compaction tests.

Subgrade
The subgrade was laid and levelled, then moisturised to achieve the 

OMC (Table 2), and subsequently laid into two layers of 20 cm each to 
ensure a more effective roller action during compaction (Fig. 8a). After 
compaction, twelve LWD (300 mm in diameter) and two plate loading 
tests were performed along the entire length of the subgrade layer. These 
tests verified the uniformity of the layer, which serves as support for the 
upper subbases (see Table 3). As shown in Fig. 9, the testing points were 
located along the centreline of the 140 m section, while the two PLTs 
were carried out at stations 0 + 040 m and 0 + 140 m.

The average LWD modulus and standard error of the mean (SEM) 
were measured as 125.4 ± 9.2 MPa, 129.6 ± 8.6 MPa and 134.2 ± 7.9 
MPa for the L, M, and H stress levels, respectively. As expected, the ELWD 
modulus trend exhibited stress-hardening behaviour [44,53,54]. With 
coefficients of variation (COV) of 23.0%, 21.0% and 18.5% for the L, M 
and H stress levels, respectively, it can be concluded that the bearing 
capacity of the subgrade layer varied within the conventionally set limit 

of uniformity of construction of 20–25% [55,56]. Furthermore, this 
variability is largely to be expected given the nature of the test [57,58]
and the intrinsic heterogeneity of UCDW materials [59–61].

The PLT indicated a subgrade MPLT ranging from 49.2 to 55.2 MPa 
and an M′PLT ranging from 207.4 to 279.5 MPa. These results are 
consistent with the strain moduli measured by Kim and Park [62] on 
subgrades made with natural aggregate-soil mixtures.

Subbase layers
The unbound subbase layers were formed by laying, levelling, 

moisturising and compacting the material. Meanwhile, the CS mixtures 
were produced in a discontinuous mixing plant located next to the 
experimental road before being laid and compacted (see Fig. 6b). During 
the mixing process, the aggregates, cement, and water were carefully 
dosed and mixed for at least three minutes in the mixing chamber. A 
20.9-tonne Dynapac CA6500D roller was used to compact the unbound 
and CS layers by vibrating compaction, except for the final static 
compaction pass, used to create a smooth surface. The number of passes 
of the roller and the material humidity were adjusted to achieve the 
MDD. Field tests were carried out on the CS layers after three days of 
curing. Immediately after compaction, a thin film of bituminous emul
sion was sprayed onto the surface to prevent moisture loss and act as a 
prime coat of the upper bituminous layer. To avoid disturbing the newly 
placed materials, the construction area was closed to traffic during the 
curing period. Once the field tests on the sub-bases had been completed, 
a 10 cm asphalt layer was laid. No further tests were conducted on the 
final pavement.

Results

Field tests

Tables 4–7 summarise the results of the LWD testing campaign 
conducted on the four subbases. Each table reports the average values of 
ELWD calculated from six drops, along with the corresponding standard 
error (SE), subdivided by the three stress levels indicated in Table 3. The 
subbase with unbound NAT materials exhibits a uniform behaviour in 
terms of ELWD, with values ranging from 88.3 to 103.3 MPa for the L 
stress state, from 94.7 to 109.6 MPa for the M stress level, and from 
102.4 to 121.2 MPa for the H stress state. A COV of 5% indicates 
excellent uniformity in the layer's compaction and mechanical response. 
The subbase layer containing unbound UCDW exhibited slightly higher 
average ELWD values than the subbase containing NAT aggregates 

Fig. 6. Map of the testing points of unbound NAT and UCDW subbases.

Fig. 7. Map of the testing points of CS-NAT and CS-UCDW subbases.
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(Table 5). However, these values were characterised by relatively large 
spatial variability, consistent with previous studies [48]. In this case, the 
COV was 11%. The ELWD values were found to range within the 
following intervals: 97–132 MPa, 103–148 MPa, and 107–152 MPa for 
the L, M, and H stress levels, respectively. The ELWD values recorded for 
the CS-NAT (Table 6) and the CS-UCDW (Table 7) subbases are signifi
cantly higher than those for the NAT and UCDW unbound aggregate 
subbase sections. The addition of cement increased the NAT material 
modulus in the ranges 977–1476 MPa, 947–1327 MPa, and 913–1302 
MPa for the L, M and H stress levels, respectively. The COV of 14.4% 
indicates higher spatial variability in the results. In the CS-UCDW sector, 
lower moduli than in the CS-NAT subbase were generally observed. 
Significant spatial variability in the results was observed here, with an 
average COV of 29.5%. For L, M, and H stress levels, ELWD values were 
605–1484 MPa, 570–1407 MPa, and 539–1286 MPa, respectively. The 
reduction in ELWD observed while increasing the applied stress levels for 
both the CS-NAT and CS-UCDW materials indicates a mechanical 

behaviour which is the opposite of that of unbound layers.
The results of the PLT and the sand-cone density tests are presented 

in Table 8. The unbound NAT and UCDW subbases exhibited very 
similar behaviour, with MPLT and M’PLT values that were nearly iden
tical. For both unbound subbases, the MPLT/M’PLT ratio was approxi
mately 0.30, indicating a certain degree of additional compaction during 
testing [48]. The MPLT and M’PLT strain moduli obtained from sectors 
made up of CS aggregates were significantly higher than those obtained 
from unbound materials. However, the two points investigated per 
sector exhibited very different values. For example, in the CS-NAT 
subbase, the measured values were 978.3 and 391.3 MPa for MPLT, 
and 1428.6 and 725.8 MPa for M'PLT, respectively. Similarly, the MPLT 
and M'PLT values for the CS-UCDW subbase differed considerably. The 
MPLT/M'PLT ratio was higher in cement-stabilised materials than in sec
tors with unbound material, indicating higher densification of the ma
terial during compaction. The in-situ moisture content (MCsitu) and dry 
density (DDsitu) during the testing campaign are reported in Table 8. For 

Fig. 8. Construction phase: (a) compaction of subgrade, (b) formation of the CS-NAT subbase, (c) preparation of cylindrical samples for laboratory characterisation, 
and (d) compacted specimen in the plastic split mould.
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all subbases, the moisture content fell below the corresponding OMC 
obtained in the Proctor study. As a result, the DDsitu values were 
consistently lower than the MDD achieved in the laboratory. This de
viation from OMC had a uniform effect on all four materials, which 
explains the consistently lower compaction levels observed across the 
test sections. It is unlikely that this deviation influenced the comparative 

trends between the investigated materials.

Laboratory tests

Fig. 10 illustrates the evolution of RM as a function of the first stress 
invariant (I1) after 7 and 28 days of curing for the four mixtures. The 

Fig. 9. Location of testing points on the subgrade.

Table 4 
Average and SEM values of ELWD expressed in MPa of unbound NAT subbase.

Point ID Stress level (plate diameter = 300 mm)

L M H

Average SEM Average SEM Average SEM

P17 95.4 0.6 103.9 0.5 108.1 0.7
P18 97.1 0.7 108.2 0.5 116.0 0.5
P19 89.8 0.5 101.5 0.5 110.1 0.5
P20 88.3 0.5 94.7 0.5 102.4 0.5
P21 101.1 0.9 105.0 0.4 112.5 0.5
P22 94.9 0.7 106.9 0.4 113.7 0.3
P23 91.5 1.0 103.1 0.4 108.7 0.5
P24 103.3 0.4 109.6 0.6 121.2 0.7

Table 5 
Average and SEM values of ELWD expressed in MPa of unbound UCDW subbase.

Point ID Stress level (plate diameter = 300 mm)

L M H

Average SEM Average SEM Average SEM

P25 126.0 0.6 125.7 0.6 132.0 0.9
P26 113.3 0.8 121.5 1.1 128.2 0.6
P27 132.3 0.5 147.8 0.5 151.7 0.6
P28 96.8 1.0 113.5 0.6 119.5 0.6
P29 98.1 0.5 102.9 0.3 106.7 0.7
P30 115.8 0.6 119.1 0.5 117.8 1.0
P31 102.9 1.0 109.8 0.6 121.3 1.4
P32 113.3 0.6 128.9 0.7 135.9 1.1

Table 6 
Average and SEM values of ELWD in MPa of CS-NAT subbase.

Point ID Stress level (plate diameter = 200 mm)

L M H

Average SEM Average SEM Average SEM

P1 1476.3 25.3 1326.7 13.8 1151.8 12.8
P2 1040.1 11.0 989.5 7.4 976.1 2.8
P3 1366.8 19.3 1278.3 18.2 1207.6 9.4
P4 1096.8 13.4 1017.0 7.9 1016.1 5.0
P5 976.6 12.9 946.6 11.4 912.5 2.7
P6 1083.7 13.7 1011.4 4.9 977.6 5.4
P7 1416.7 16.3 1322.3 8.5 1302.0 7.3
P8 1128.0 11.2 1071.5 7.2 970.6 5.3

Table 7 
Average and SEM values of ELWD in MPa of CS-UCDW subbase.

Point ID Stress level (plate diameter = 200 mm)

L M H

Average SEM Average SEM Average SEM

P9 605.2 4.3 595.3 2.4 592.1 2.5
P10 1133.0 17.2 1070.2 5.7 1008.1 1.8
P11 1164.8 14.0 1092.7 8.6 1012.8 3.9
P12 1483.8 15.0 1407.4 11.4 1282.5 13.2
P13 823.8 8.9 765.8 5.7 704.4 7.0
P14 651.6 4.7 570.2 6.0 538.9 2.5
P15 1138.2 9.8 1101.1 3.9 1048.6 4.7
P16 1196.8 22.1 994.7 6.5 890.2 3.9
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values shown represent modelled data derived from fitting the three- 
repetition experimental data to Eq. (3). Table 9 summarises the fitting 
parameters and model fitting statistics for all mixtures after 7 and 28 
days of curing. The model fitting for all the investigated mixtures is 
satisfactory, as the coefficients of determination (R2) are always greater 
than 0.80 and the SEE/SD ratios are significantly lower than the 
threshold of 0.55, which defines an unsatisfactory fit (SEE = standard 
error of the estimate, SD = standard deviation). While the selected in
dicators are satisfactory, they are not optimal because Eq. (3) was 
calibrated using the three repetitions. Consequently, they also account 
for small variations between different samples of the same material.

The coefficient k1 is proportional to the material stiffness. It is 
significantly higher in stabilised materials than in unbound ones, which 
is consistent with the increased stiffness you would expect from the 
cementitious binding [14]. Furthermore, for the stabilised mixtures, k1 
increases markedly from 7 to 28 days of curing, reflecting the progres
sive enhancement in the elastic properties of the material. An increase in 
k1 during the curing period was also observed for the unbound UCDW 
material, likely due to self-cementing phenomena associated with the 
presence of concrete, mortar and cement particles in the UCDW aggre
gates [67].

Regardless of the material type or curing duration, k2 is always 
positive, indicating a stress–hardening behaviour, common to both un
bound and cement-stabilised materials whose elastic properties tend to 
improve with increasing stress levels [68,69].

The coefficient k3 demonstrated significantly greater variability. For 
unbound NAT, the sign of k3 is inverted between 7 and 28 days, indi
cating a transition from shear-softening to shear-hardening behaviour. 
For unbound UCDW material, k3 remains negative, indicating a pre
dominantly shear–softening behaviour [70]. CS mixtures exhibit similar 
k3 values for both NAT and UCDW materials. In the case of CS-UCDW 
cured for 28 days, the close to zero k3 value suggests that the influ
ence of shear stresses on the resilient behaviour was significantly 
reduced and limited.

The graphs in Fig. 10 suggest that the unbound NAT specimens cured 
for 7 days exhibited superior elastic behaviour than the UCDW ones, 
with significantly higher RM values across the entire I1 spectrum. After 
28 days of curing, the resilient response of the UCDW material improved 
(Fig. 10a), but the values of RM remained, on average, 24% lower than 
those of the NAT material (Fig. 10b). As expected, the CS mixtures 
displayed significantly higher RM values. After 7 days, the CS-UCDW 
samples (Fig. 10c) exhibited higher stiffness than the corresponding 
CS-NAT samples (Fig. 10d), with RM values averaging 45% higher. After 
28 days of curing, the cement reactions in the CS-NAT mixtures enabled 
this material to almost match the excellent performance of the CS- 
UCDW mixtures, albeit the CS-UCDW samples still outperformed, 
especially at low-to-medium I1 levels. Both the unbound and CS mix
tures exhibited stress hardening, characterised by an increase in RM 
with increasing stress, which is typical of unbound and CS granular 

materials.
A parallel tendency in ITS (Fig. 11) was observed between the 7-day- 

cured CS-NAT and CS-UCDW specimens, with no statistically significant 
differences (t4 = 0.034, p-value = 0.974). After 28 days of curing, the 
average ITS value of CS-UCDW was 23% higher than that of CS-NAT, 
although independent-sample t-tests revealed that this difference was 
not statistically significant (t4 = − 1.77, p-value = 0.152). Increments of 
25% and 64% in the average ITS were recorded for the CS-NAT and CS- 
UCDW mixtures, respectively, when passing from 7 to 28 days (t4 =

− 2.28, p-value = 0.084 for CS-NAT; t4 = − 3.07, p-value = 0.037 for CS- 
UCDW). In line with the field tests, marked variability in the ITS results 
was observed for the UCDW aggregates, as indicated by the higher error 
bars in the bar charts in Fig. 11, representing one standard deviation 
(SD).

Discussion

Unbound granular materials

The LWD campaign in the two experimental sectors of unbound 
materials demonstrated the superior bearing capacity of the subbase 
made with UCDW aggregates compared to that made with NAT ones. 
This is evident from the higher average ELWD values across all three 
stress levels (Fig. 12). The high performance of the UCDW material 
subbases is primarily attributed to their high degree of densification 
[6,71]. During compaction, UCDW particles (particularly brick, mortar, 
and weaker concrete fragments) are subjected to compressive and shear 
stresses from the roller. As widely reported in the literature, this leads to 
partial fragmentation and a redistribution of particle sizes, creating 
additional fine material that fills voids and enhances densification 
[21,63,72]. The statistical analysis supported these experimental find
ings. The assumptions of normality (Shapiro-Wilk test, W = 0.961, p- 
value = 0.114) and homogeneity of variance (Levene test, F5,42 = 2.45, 
p-value = 0.050) were confirmed, allowing the use of the parametric 
analysis of variance (ANOVA). The results showed that the type of ma
terial (NAT or UCDW) had a significant effect (F1,44 = 32.84, p-value <
0.001), corroborating the superior bearing capacity of subbases made 
with unbound UCDW materials compared to those made with NAT ag
gregates. As shown in Fig. 12, the average ELWD values indicate that both 
unbound materials exhibited slight stress-hardening behaviour, 
demonstrating increased mechanical response as vertical stress 
increased [73,74]. This highlights the influence of stress levels on the 
estimation of layer moduli using LWD equipment, which is consistent 
with the stress-dependent evolution observed in the RM of granular 
materials in the laboratory [75]. ANOVA confirmed that stress levels 
significantly affected the measured ELWD (F2,44 = 9.67, p-value < 0.001). 
Post-hoc comparisons with Holm correction further illustrated this 
trend, revealing significant differences between L and M stresses (L vs. 
M, t44 = − 2.53, p-value = 0.030) and between L and H stresses (L vs. H, 

Table 8 
Results of PLT and sand-cone density test.

Subbase Testing point MPLT M′PLT MPLT/M′PLT MCsitu DDsitu DDsitu/MDD
(MPa) (MPa) (− ) (%) (kg/m3) (%)

NAT P18 109.8 383.0 0.29 2.2 2090 93.2
​ P22 93.5 351.6 0.27 2.8 2018 90.0

UCDW P27 108.2 367.3 0.29 3.6 2059 96.8
​ P32 95.7 311.4 0.31 4.3 1961 92.2

CS-NAT P2 978.3 1428.6 0.68 4.3 2045 90.7
​ P5 391.3 725.8 0.54 4.5 2083 92.4

CS-UCDW P11 389.6 841.1 0.46 7.5 1984 93.6
​ P15 508.5 720.0 0.71 7.5 1914 90.3
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t44 = − 4.38, p–value < 0.001). However, the difference between M and 
H stress levels was not statistically significant (M vs. H, t44 = − 1.85, p- 
value = 0.072).

In terms of PLT, differences between unbound UCDW and NAT ma
terial subbases were not relevant, as equal values of MPLT and M’PLT 
were measured. The LWD and PLT have different sensitivities to 

material type because they mobilise different deformation mechanisms. 
The LWD applies a short-duration impulse load in the upper portion of 
the layer [76]. In contrast, the PLT transfers a quasi-static load over a 
deeper influence zone, where the response is governed by the overall 
compressibility of the compacted layer [77]. Under these conditions, the 
settlement behaviour of NAT and UCDW is similar, which explains why 

Fig. 10. Resilient modulus results for (a) unbound UCDW, (b) unbound NAT, (c) CS-NAT, and (d) CS-UCDW specimens after 7 and 28 days of curing.
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the differences observed in PLT moduli are smaller than those observed 
in LWD characterisation. It should also be noted that the bearing ca
pacity results obtained using PLT on unbound subbases are consistent 
with the results of previous studies [29]. These results confirm the val
idity of using compacted UCDW as an alternative to natural and virgin 
materials in the construction of unbound subbases, consistent with 
previous studies [3,14,78,79].

Laboratory tests carried out after 7 and 28 days indicated a slightly 

higher ITS in the UCDW samples than in the NAT samples. The higher 
strength properties of UCDW are due to self-cementing phenomena 
resulting from the reaction of cement particles with the addition of 
water, as observed by [80,81].

In contrast, repeated load triaxial tests showed that the RM of the 
NAT aggregate was significantly higher than that of the UCDW aggre
gate across the entire stress spectrum investigated.

The observed difference between ELWD field measurements and lab
oratory RM values for NAT and UCDW aggregates can be attributed to 
several factors. In contrast to laboratory testing, field tests are influ
enced by environmental conditions, limitations in controlling material 
handling, compaction procedures, and the uniform addition and distri
bution of water into granular masses. It is important to note that vari
ations in moisture content significantly affect compaction efficiency and 
the resulting stress–strain response of the granular material [82–84]. It 
is likely that the observed discrepancies between field and laboratory 
stiffness measurements for the two aggregates are primarily due to dif
ferences in moisture conditions, as indicated by the lower amount of 
water (MCsitu, Table 8) in the unbound materials (both NAT and UCDW) 
with respect to the OMC (Table 2). Anyway, the RM values of the UCDW 
and NAT materials are consistent with literature data [3,85,86]. As the 
curing time increased to 28 days, the differences between the unbound 
NAT and UCDW materials decreased, resulting in comparable RM 
values, particularly at higher I1 stress invariants. The time-dependent 
increase in stiffness of the UCDW mixture corroborates the assumption 
of self-cementing phenomena occurring in the materials that create 
bonds between particles [67].

Although the unbound UCDW material exhibited an excellent 
response under loading, it also generated greater variability than the 
NAT material in both field and laboratory tests. The heterogeneous 
composition of UCDW has been identified as the primary cause of this 
dispersion in results [87,88].

Cement-stabilised materials

The mechanical properties of CS subbases were markedly higher 
than those of unbound subbases, thus demonstrating the effectiveness of 
adding cement to NAT and UCDW aggregates. During the LWD 
campaign, the average ELWD recorded for CS mixtures at the M stress 
level was approximately eight to ten times greater than that for unbound 
NAT and UCDW, respectively (Fig. 13). In contrast to unbound mixtures, 

Table 9 
Regression parameters and model fitting evaluation of RM test results by the M- 
EPDG model. SEE/SD is the ratio between the standard error of estimate (SEE) 
and the standard deviation of measure data (SD). It represents the goodness-of- 
fit variable as “excellent” for SEE/SD ≤ 0.35, “good” for.36 ≤ SEE/SD ≤ 0.55, 
“fair” for.56 ≤ SEE/SD ≤ 0.75, and “poor” for.76 ≤ SEE/SD ≤ 0.90 [57].

Material Curing M-EPDG model 
parameters

Statistics of the model 
fitting

k1 k2 k3 R2 SEE/SD

Unbound NAT 7 d 1135 0.67 − 0.34 0.84 0.42
​ 28 d 932 0.38 0.89 0.86 0.41

Unbound UCDW 7 d 546 0.91 − 0.11 0.92 0.30
​ 28 d 1066 0.69 − 0.33 0.93 0.27

CS-NAT 7 d 1261 0.35 1.39 0.85 0.40
​ 28 d 3079 0.66 − 0.16 0.92 0.29

CS-UCDW 7 d 2201 0.37 0.88 0.82 0.44
​ 28 d 3623 0.52 − 0.03 0.96 0.19

Fig. 11. Average ITS results of CS-NAT, and CS-UCDW specimens after 7 and 
28 days of curing. The error bars indicate one SD.

Fig. 12. Average ELWD moduli across the unbound NAT and UCDW subbase 
sectors for L, M, and H LWD stress levels. Error bars indicate one SD.
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the subbase consisting of CS-NAT had a higher average ELWD than the 
subbase consisting of CS-UCDW at all three stress levels. The binding 
phase plays a crucial role in transferring loads to the aggregate skeleton 
[89,90]. In the case of NAT aggregates, the hardened, non-deformable 
structure can resist external loads. In contrast, the weaker UCDW par
ticles tend to fracture under repeated loading, reducing the overall 
mechanical properties of the subbase [91,92]. It is also worth noting that 
the density of the CS-UCDW layer (Table 8) was slightly lower than the 
MDD of the Proctor test, which partly contributed to its inferior me
chanical properties [93].

These results were corroborated by ANOVA (Shapiro-Wilk test, W =
0.967, p-value = 0.197; Levene, F5,42 = 1.80, p-value = 0.134). The 
effect of the material type (CS-UCDW vs. CS-NAT) on ELWD values was 
found to be statistically significant (F1,44 = 7.19, p-value = 0.010), 
confirming that the CS-NAT subbase provided an overall higher bearing 
capacity than the CS-UCDW subbase.

Stress-softening behaviour was exhibited by both CS subbases, with 
ELWD decreasing as the vertical load increased from the L to the H stress 
level. This behaviour contrasts with the stress-hardening responses 
typically observed in laboratory RM tests (see Fig. 10). It is supposed 
that during the LWD test, the stiff, dry surface layer (within the first few 
centimetres beneath the plate) underwent localised microcracking in the 
drop zone [94]. As the number of drops increased, these microcracks led 
to greater strain on impact, reducing the measured ELWD values [95]. 
However, the effect of stress levels, as evaluated by ANOVA, was not 
significant (F2,44 = 1.48, p-value = 0.239), indicating that the observed 
decrease in ELWD from L to H stress levels (i.e., the stress-softening 
behaviour) was not statistically significant across the dataset [96].

In addition, significant spatial variability was observed across the 
sector for both the CS-NAT and CS-UCDW subbases, as is commonly 
documented in LWD investigations [49,97,98]. In this field study, 
various factors could have contributed to this. Although the CS mixtures 
were prepared by uniformly mixing aggregates, cement, and water, 
discrepancies in moisture content can occur along the testing sections. 
This directly affects the hydration reaction of the cement, resulting in 
different LWD responses. The variability is even more pronounced in the 
CS-UCDW material due to its heterogeneous nature. Furthermore, high 
COV values can indicate an inadequate distribution of water in the 
mixture for cement hydration processes [99], primarily due to signifi
cant variation in the water absorption capacities of the constituent 

materials [100].
In contrast to the field test results, laboratory results showed that CS- 

UCDW specimens had superior mechanical performance to CS-NAT 
specimens. After 7 days of curing, CS-UCDW mixtures exhibited signif
icantly higher RM values than CS-NAT mixtures did. The RM values 
recorded for 7-day cured CS-NAT specimens are lower than those pre
viously reported in [3], whereas the RM of 7-day cured CS-UCDW ma
terial aligns with that reported in previous studies [3,57,58]. However, 
after 28 days of curing, the RM of the CS-NAT material increased 
considerably, almost reaching the excellent resilient properties of the 
CS-UCDW mixture.

Finally, the addition of cement significantly increased the strength of 
both the NAT and the UCDW mixtures in the indirect tensile tests, as 
evidenced by the higher average values shown in Fig. 11. The formation 
of weak bonds between grains enables the materials to withstand tensile 
stresses in the diametral area zone of the specimen. Notably, both CS- 
NAT and CS-UCDW mixtures exhibited ITS values significantly above 
the 0.250 MPa threshold required by the Italian Technical Specifications 
[32] for CS materials used in road subbases after 7 days of curing.

Implications

There is no reason to believe that unbound and CS-UCDW aggregate 
cannot be used as a substitute for traditional materials containing virgin 
NAT aggregates. The load-bearing capacity of recycled materials is 
comparable to, and often exceeds, that of traditional materials still 
widely used in road subbase construction today. In Italy, the supply of 
UCDW aggregates is abundant, as national recycling rates are high and 
in line with European trends [101]. Despite this, their use in pavement 
construction has so far been limited, with most applications confined to 
subgrades and support layers for industrial platforms. Although recy
cling plants are generally equipped to produce high-quality UCDW 
through controlled sorting and cleaning processes, concerns regarding 
variability have historically reduced industry confidence [102]. How
ever, recent regulatory developments, including the introduction of 
Minimum Environmental Criteria for roadworks, now require contrac
tors to use minimum percentages of recycled materials. Several road 
authorities are also beginning to adapt their technical specifications 
accordingly. These policy changes are expected to substantially increase 
the practical use of UCDW in pavement subbase applications.

The results of this study should convince even the most sceptical 
individuals that using UCDW in subbase pavement layers is possible and, 
indeed, cost- and environmentally effective. They should also serve to 
persuade technicians and legislators to set a minimum threshold of close 
to, if not equal to, 100% for UCDW materials in pavement subbases.

However, the compositions of UCDW aggregates are highly variable, 
and this variance is transmitted to the physical and mechanical prop
erties of the structures that include them. It is this intrinsic variability in 
properties that differentiates the performance of recycled aggregates 
from that of natural ones. Therefore, careful consideration must be given 
to the bearing capacity values used in pavement analysis and design, 
bearing in mind the non-normal nature of the surface modulus values 
observed in this study. It is also worth noting that variability in physical 
and mechanical properties can be reduced during production by con
trolling the composition of waste entering recycling plants or by pro
moting the mixing of larger volumes of individual size classes before use 
on construction sites.

Limitations and future needs

The experimental design of this study aimed to minimise the number 
of factors that affect variability in the results and to simplify their 
interpretation. However, this restricts the generalisability of the results, 
which can only be achieved through a new experimental design that 
modifies these factors and their levels of variation.

Although the cement content is a key parameter in controlling the 

Fig. 13. Average ELWD moduli across the cement-stabilised NAT and UCDW 
subbase sectors for L, M, and H LWD stress levels. Error bars indicate one SD.
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mechanical properties, environmental impact, and economic aspects of 
the mixture, only a single dosage of 3% by dry mass was investigated due 
to logistical and economic constraints. From a sustainability perspective, 
increasing the cement content generally increases embodied impacts, so 
identifying the minimum dosage that meets structural and durability 
requirements is essential. Future work should therefore combine me
chanical testing with environmental assessments and sensitivity ana
lyses of cement dosage and binder type.

The quality and type of waste converted into aggregate strongly in
fluence all experiments on recycled materials. Further studies on UCDW 
aggregates in different contexts could expand our understanding of this 
area. Although UCDW materials are inherently heterogeneous, the 
composition measured in this study is consistent with that observed in 
previous studies. Consistent trends observed across numerous field and 
laboratory repetitions suggest that the findings are representative of 
commonly encountered UCDW aggregates. However, future in
vestigations involving different recycling plants, regional waste streams 
and production conditions would enhance the applicability of the re
sults. Aspects of durability, such as wetting and drying or freeze–thaw 
cycling, as well as the long-term degradation of recycled aggregates, 
were not included in this study and should be addressed in future 
research to complement these findings.

Using the LWD to assess the mechanical properties of road subbases 
revealed persistent spatial variability in the results, particularly for 
cement-stabilised materials. Selecting points across the entire section to 
be tested is critical for an accurate assessment. However, because the 
LWD test is quite fast, the number of test points can be increased to 
obtain a more comprehensive and reliable indication of the layer's 
response across its entire extent. Nevertheless, further research efforts 
should minimise measurement variability and ensure consistent results, 
particularly with UCDW aggregates.

Conclusion

This research aimed to evaluate and compare the bearing capacity of 
road subbases composed of natural (NAT) aggregate and unselected 
construction and demolition waste (UCDW) aggregate. To this end, an 
experimental road was constructed with 30 cm-thick subbases 
comprising four sections: (i) unbound NAT aggregate, (ii) unbound 
UCDW aggregate, (iii) cement-stabilised (CS) NAT material, and (iv) CS- 
UCDW aggregate. A Light Weight Deflectometer (LWD) test campaign 
was conducted 3 days after laying and compaction. In parallel, resilient 
modulus and indirect tensile strength tests were performed on speci
mens prepared with the same materials at the construction site and 
cured under controlled conditions (25 ◦C and RH > 90%) for 7 and 28 
days.

Field investigations revealed that unbound UCDW materials 
outperform NAT aggregates in subbase applications. On average, the 
bearing capacity of subbases made of unbound UCDW is 16% higher 
than that of subbases made of NAT aggregates. The UCDW materials 
contain cement and concrete particles with self-cementing properties 
that are activated by adding water and subsequent compaction, pro
ducing a denser, stiffer material. Laboratory tests corroborated these 
findings, showing an average increase in stiffness of 29% for UCDW 
aggregates when passing from 7 to 28 days of curing.

The investigation also compared CS mixtures made using aggregates 
from the two sources (NAT and UCDW). Adding 3% cement and 8.5% 
water increased the bearing capacity of both NAT and UCDW aggregates 
by factors of 10 and 7, respectively. While the CS-NAT mixture per
formed better than the CS-UCDW mixture in field tests after 3 days of 
curing, the laboratory investigation performed on 7 and 28-day cured 
specimens produced an inverse result, with the CS-UCDW mixture out
performing the CS-NAT mixture, particularly in the low-to-medium 
stress domain of the resilient modulus test protocol. While the subbase 
containing CS-NAT had a higher bearing capacity than the corre
sponding subbase with UCDW material, it is reasonable to suspect that 

the difference in field performance between the two materials would 
dissipate over a longer curing time.

The use of the LWD equipment with different loading configurations 
enables the stress-dependent behaviour of unbound and CS granular 
materials to be evaluated. It was found that unbound mixtures tended to 
exhibit stress-hardening behaviour, with the modulus increasing as the 
transmitted vertical stress rose. Contrary to expectations, both CS-NAT 
and CS-UCDW mixtures exhibited a stress-softening response under 
loading. As is often the case with UCDW materials, considerable spatial 
variability in the surface modulus was observed in both unbound and 
stabilised UCDW mixtures, due to the heterogeneous nature of this waste 
source.
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