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Abstract

The durability characteristics of inorganic mixtures incorporating recycled aggregates from
rural residential construction and demolition waste with high red brick content remain
inadequately elucidated. To illuminate their long-term serviceability, two types of recycled
aggregate inorganic mixtures (RAIMs) were formulated and implemented in a test road
section, with their mechanical properties and fatigue resistance systematically monitored
and assessed. Comparative analysis indicated that RAIMs exhibit comparable resistance to
permanent deformation and analogous fracture failure mechanisms to natural aggregate
inorganic mixtures (NAIMs), yet their elastic deformation recovery capability is compro-
mised. Specifically, RAIMs attained parity with NAIMs in terms of unconfined compressive
strength, indirect tensile strength, flexural tensile strength, and static compressive resilient
modulus. However, their dynamic compressive resilient modulus, indirect tensile resilient
modulus, and flexural tensile resilient modulus were lower than those of NAIMs by over
30%. Furthermore, probabilistic fatigue prediction models for RAIMs were established,
facilitating reliable estimation of the service life of RAIMs under various stress intensity
levels. This study holds considerable significance for dispelling the inherent perception of
RAIMs’ inferior service performance and augmenting the theoretical foundation for their
resourceful utilization in road engineering.

Keywords: construction and demolition waste; recycled aggregate; high red brick content;
inorganic mixture; service performance; long-term monitoring

1. Introduction
As the largest and most concentrated solid waste in China, the resource utilization of

construction and demolition waste (CDW) is crucial for overcoming resource and environ-
mental constraints. According to incomplete statistics, the existing stock of CDW in China
has exceeded 20 billion tons, with an annual growth rate of 3.5 billion tons. However, its
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total utilization rate is only approximately 40%, significantly lower than the 90% in EU
countries and 97% in Japan [1,2]. The accumulation and storage of massive CDW not only
wastes resources but also severely damages the ecological environment.

China is a major transportation country, requiring the construction and maintenance
of nearly 400,000 km of roads annually, which consumes approximately 5 billion tons
of natural sand and gravel. CDW can be processed into recycled aggregates of various
particle sizes through specific technologies to replace natural sand and gravel in road
engineering [3]. This approach not only absorbs large quantities of CDW with diverse types
and qualities and reduces construction costs, but also mitigates environmental damage
caused by natural aggregate mining. In recent years, numerous scholars have conducted
extensive research on this topic. For instance, studies by Leite et al. [4] and Riviera et al. [5]
demonstrated that the mechanical properties of RAIMs containing red bricks and concrete
can meet the technical requirements for road bases and subbases, which was further
confirmed by Pasetto and Baldo [6] and Xiao et al. [7]. However, Xiao et al. [7] also noted
that the mechanical properties of RAIMs first increase and then decrease with the increase
in recycled aggregate content, recommending a dosage range of 30–60%. Zeng et al. [8]
similarly proposed controlling the recycled aggregate content between 40 and 60% to
achieve optimal mechanical properties. Additionally, Zhang et al. [9] and Disfani et al. [10]
found that the presence of red bricks affects the strength and water stability of RAIMs,
suggesting that the red brick content should not exceed 50% of the total mass of red bricks
and concrete. Xuan et al. [11] also recommended reducing red brick content in RAIMs to
improve the mixture’s mechanical performance.

While recycled aggregates from CDW have shown good applicability in road bases,
most studies only advocate partial replacement of natural aggregates with recycled ag-
gregates (dosage ≤ 60%). There are few applications of recycled aggregates with full-size
particle combinations (100% CDW-derived recycled coarse and fine aggregates mixed in
different mass proportions). This is attributed to the physical and chemical properties of
source CDW, natural weathering, and CDW processing/crushing factors, which result in
recycled aggregates having poorer road performance indicators (e.g., water absorption,
crushing value, Los Angeles abrasion value) compared to natural aggregates. Moreover,
waste red bricks exhibit higher crushing values, greater water absorption, and weaker
adhesion to binders than waste concrete [12], leading to the recommendation that red brick
content should not exceed 50% of the total mass of red bricks and concrete. However, cur-
rent demolition projects in most regions primarily target rural residences, where red bricks
are the main structural material, accounting for an average of over 60%—approximately
twice the proportion of concrete. Given the immaturity of existing concrete-red brick sepa-
ration technology, it is difficult to control or reduce red brick content through pre-treatment
during the resource utilization of rural residential CDW. Furthermore, most existing re-
search focuses on laboratory tests, with a lack of data supporting the long-term service
effects of CDW-derived recycled aggregates—particularly limited tracking evaluations of
performance after application in actual projects. The absence of clear durability indica-
tors has led to an awkward situation where recycled aggregates are technically feasible
but rarely adopted in practical projects due to concerns about performance. This social
phenomenon has restricted the application of CDW in road engineering, hindering road
construction from serving as the largest-scale technical channel for CDW consumption.

To clarify the applicability of full-size particle combination RAIMs in road bases and
their long-term service effects, this study focuses on rural residential CDW with high
red brick content (approximately 70 wt%). First, the classification and composition of
CDW were statistically analyzed. Then, two types of full-size particle combination RAIMs
(cement-treated and lime-fly ash-treated) were designed and optimized through laboratory
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tests. Finally, these RAIMs were applied to the base of a heavy-load secondary road, and
their mechanical properties at the initial service stage, as well as mechanical and fatigue
properties after 3 years of service, were monitored and evaluated. This study clarifies the
specific service performance indicators of high-red-brick-content RAIMs, which is of great
significance for breaking the inherent perception of their poor service performance and
enriching the theoretical basis for their resource utilization in road engineering.

2. Test Road Application
2.1. Test Road Design

To track and evaluate the service performance of RAIMs, a test road was designed
and constructed within the Sunhe Township Construction Waste Resource Disposal Center
(Chaoyang District, Beijing). The road was designed as a secondary road under heavy
traffic conditions, with a double-width asphalt concrete pavement (total length = 140.0 m,
width = 6.0 m, thickness = 0.6 m). Two structural configurations were adopted: CRAMs
and L&FRAMs were used as the bases for the east and west road sections, respectively. The
specific pavement structure combination is shown in Figure 1.

Figure 1. Schematic of test road pavement structure.

2.2. Service Conditions

The test road was completed in October 2019, officially put into use in January 2020,
and monitored until December 2022. The service conditions (load and freeze–thaw cycles)
are critical for evaluating post-service performance, as detailed below.

2.2.1. Load Condition

The primary service vehicles were CDW-carrying inbound and outbound trucks, with
the following characteristics:

(1) Total vehicle trips: 86,634 (average of ~96 trips per day, calculated based on 10 months
of annual operation).

(2) Vehicle load: Average load = 75 tons, maximum load = 160 tons. Vehicles with a net
weight below 20 tons were six-wheel dump trucks; those between 20 and 50 tons were
ten-wheel dump trucks; and those above 70 tons were semi-trailers.

2.2.2. Freeze–Thaw Conditions

Meteorological data from Beijing Station (2020–2022) was obtained from the China
Meteorological Data Network. The temperature at a pavement depth of 0.28 m (correspond-
ing to the bottom of the upper base layer of the test road) was calculated using the Park
pavement temperature prediction model (Equation (1)) [13], which has good applicability to
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various climatic and geographical conditions. Freeze–thaw cycles were defined following
Chen [14]: a daily maximum temperature (Tpmax) > 0 ◦C and daily minimum temperature
(Tpmin) < 0 ◦C indicate a freeze–thaw cycle at that pavement depth.

Td = Ts + (0.00196d3 − 0.0432d2 − 0.3451d) · sin (−6.3252t + 5.0967) (1)

where Td is the temperature at depth d (◦C); Ts is the temperature at the statistical
time (◦C); and t is a time parameter, for example, when the statistical time is 23:30,
t = 23.5/24 = 0.9792.

The temperature variation in the test road base during service is shown in Figure 2.
A total of 84 intersections between the 0 ◦C line and the temperature curve met the
above freeze–thaw cycle criteria, indicating that 42 freeze–thaw cycles occurred during the
service period.

Figure 2. Temperature variations in the test road base during service.

3. Results and Discussions
3.1. Mechanical Properties of RAIMs at Initial Service Stage

After paving the test road base, compaction degree, cement content, lime content, and
deflection were tested. The results (Table 1) show that all relevant construction control indi-
cators comply with the Chinese industrial standard “Technical Guidelines for Construction
of Highway Roadbases” (JTG/T F20-2015) [15]. Red bricks were visible in the core samples,
with no crushing damage despite their high crushing value (Figure 3), indicating good
integrity of the RAIM core samples.

Table 1. Construction control indicators of the test road base.

Parameters Compaction Degree, % Cement Content, % Lime Content, % Deflection Value,
0.01 mm

Test result
CRAMs 99.8 5.0 – 24.6

L&FRAMs 99.2 – 5.0 27.2

Specification CRAMs ≥98 4.0–5.0 4.0–5.0
≤29.5

L&FRAMs ≤30.3
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Figure 3. Integrity of RAIM core samples. (a) CRAMs; (b) L&FRAMs.

3.1.1. Unconfined Compressive Strength

The UCS of RAIMs at 7 d and 28 d ages was tested, with results presented in Table 2.
Both CRAMs and L&FRAMs meet the specification and design requirements for secondary
and lower-grade road bases under heavy traffic conditions. Notably, the UCS of L&FRAMs
also meets the requirements for extremely heavy/extra-heavy traffic conditions and higher-
grade roads. This may be attributed to the microporous structure of recycled aggregates,
which facilitates the adsorption of cementitious binders, stabilizes the hydration and
self-curing environment of binders, and promotes the formation of a strong interfacial
system [16,17].

Table 2. UCS of RAIMs.

Parameters
Test Result Specification

Test Method
CRAMs L&FRAMs CRAMs L&FRAMs

7 d age, MPa 3.7 1.8 3.0–5.0/≥3.4 ≥0.8/≥1.0
T080528 d age, MPa 4.9 3.2 –/≥3.4 –/≥2.7

Note: Values before “/” refer to JTG/T F20-2015 requirements; values after “/” refer to design requirements.

As shown in Figure 4, the UCS of RAIMs is slightly lower than that of NAIMs (dif-
ference in only a few tenths of a MPa). This is because recycled aggregates have more
surface and internal microcracks, and poorer road performance indicators (e.g., water ab-
sorption, crushing value) compared to natural aggregates, due to the physical and chemical
properties of source CDW, natural weathering, and processing factors [2].

Additionally, for both RAIMs and NAIMs, the UCS of cement-treated mixtures is
higher than that of lime-fly ash-treated mixtures at the same age. This is because the
strength of cement hydration products is higher than that of lime-fly ash pozzolanic reaction
products. The UCS of both mixtures increases with age: the 28 d UCS of cement-treated
mixtures is approximately 1.3 times the 7 d UCS, while the 28 d UCS of lime-fly ash-treated
mixtures is approximately 1.8 times the 7 d UCS (showing greater growth). This is due
to the faster hydration rate of cement (reaching ~70% of design strength at 7 d), whereas
lime-fly ash strength grows more slowly in the first 7 d [18].
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Figure 4. Comparison of UCS between RAIMs and NAIMs.

3.1.2. Compressive Resilient Modulus

Figure 5 shows the static compressive resilient modulus (SCRM) of NAIMs and
RAIMs tested via the top surface method. The SCRM of NAIMs is slightly higher than
that of RAIMs (difference < 3%), and both meet or slightly exceed the design reference
values for CRM of cement-treated crushed stone (cement content: 4–6%) and lime-fly
ash-treated crushed stone (lime content: 8%, fly ash content: 17%) specified in “Code for
Pavement Design of Urban Road” (CJJ 169-2011) (1300–1700 MPa and 1100–1500 MPa,
respectively) [19]. This indicates that RAIMs have sufficient stiffness. Similar to UCS, the
CRM of cement-treated mixtures is higher than that of lime-fly ash-treated mixtures due to
the higher strength of cement hydration products.
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Figure 5. Comparison of SCRM between RAIMs and NAIMs.

3.1.3. Frost Resistance

Under the influence of precipitation, road bases may remain saturated for long periods.
Free water within the base can freeze in winter, causing structural damage and partial or
total loss of strength [20,21]. Therefore, the Chinese industrial standard “Specification for
Design of Highway Asphalt Pavement” (JTG D50-2017) [22] requires frost resistance testing
of inorganic mixtures in severe and moderate freezing regions. The test road is located in a
moderate freezing region (a subcategory of seasonal frozen soil regions with the freezing
index F ranging from 800 to 2000 ◦C·d), and CDW-derived recycled aggregates have high
water absorption—making full-size particle combination RAIMs more prone to retaining
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free water and experiencing frost heave at low temperatures. Thus, the frost resistance of
RAIMs was evaluated using the residual compressive strength ratio (ratio of compressive
strength before and after freeze–thaw) and mass change rate (Table 3, Figure 6).

Table 3. Frost resistance of RAIMs.

Parameters
5 Freeze–Thaw Cycles 10 Freeze–Thaw Cycles

Residual Compressive
Strength Ratio, %

Mass Change
Rate, %

Residual Compressive
Strength Ratio, %

Mass Change
Rate, %

Test result
CRAMs 93.3 0.2 87.1 0.8

L&FRAMs 87.8 0.7 82.2 1.5

Specification CRAMs –
L&FRAMs ≥65 <5.0 ≥65 <5.0
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Figure 6. Comparison of frost resistance between RAIMs and NAIMs.

The frost resistance of mixtures is mainly influenced by porosity and aggregate wa-
ter absorption. Despite the high water absorption of CDW-derived recycled aggregates,
CRAMs and L&FRAMs exhibited minimal mass loss: CRAM samples showed no particle
detachment or edge defects after freeze–thaw, while L&FRAM samples had slight local
particle detachment but no loosening. Although the frost resistance of RAIMs is slightly
lower than that of NAIMs, their residual compressive strength ratio and mass change rate
far exceed the technical requirements for moderate freezing regions and also meet those for
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severe freezing regions (residual compressive strength ratio ≥ 70%). This is attributed to the
dense gradation of the mixtures (low void ratio) and the filling of recycled aggregate surface
pores by cementitious products from the hydration of cement, lime, and fly ash—blocking
internal–external connectivity and inhibiting water penetration [23]. Additionally, cement-
treated mixtures have better frost resistance than lime-fly ash-treated mixtures due to the
stronger hydration capacity of cement and superior overall mixture performance.

3.2. Mechanical and Fatigue Properties of RAIMs After 3 Years of Service
3.2.1. Disease and Deflection Conditions

To intuitively assess the structural integrity and stability of the test road base after
3 years of service, disease investigations and statistical analyses were conducted. The
results show only four transverse cracks in the base (Table 4), which correspond to surface
layer cracks (Figure 7). This indicates good structural integrity of the RAIM base, with no
severe damage—fully meeting the requirements of heavy traffic conditions. Core samples
taken at the transverse cracks revealed that the cracks did not penetrate the upper base
layer, suggesting top-down crack initiation—likely caused by continuous heavy traffic
loads during service.

Table 4. Statistics of typical road base diseases.

Serial Number Position Length, m Disease Type

1 K0 + 074 Across the left and right lanes 6.0

Transverse crack
2 K0 + 088 Right lane 3.0
3 K0 + 099 Across the left and right lanes 6.0
4 K0 + 113 6.0

 
Figure 7. Schematic of typical road base diseases.

Deflection tests were conducted and compared with initial service values (Figure 8).
The deflection values of the test road base decreased significantly after 3 years: 31.3% for
the CRAM base and 17.3% for the L&FRAM base. This is because continuous vehicle loads
promoted further interlocking and densification of the mixtures, enhancing the strength
and stability of the structural layer [8].
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Figure 8. Deflection values of RAIMs before and after 3 years of service.

3.2.2. Mechanical Properties
Strength

The UCS, ITS, and FTS of RAIMs after 3 years of service are compared with those of
NAIMs with similar service time and mixture composition in Figures 9–11 [24–27].

0 2 4 6 8 10 12

11.2%

28d

UCS (MPa)

 Cement stabilized
 Lime and fly ash stabilized

7d                 RAIMs 
(At the beginning of service)

              RAIMs 
(After 3 years of service)

              NAIMs 
(After 3 years of service)

9.6%

Figure 9. Comparison of UCS between RAIMs and NAIMs before and after service.
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Figure 10. Comparison of ITS between RAIMs and NAIMs after service.
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Figure 11. Comparison of FTS between RAIMs and NAIMs after service.

Overall, NAIMs still exhibit better resistance to permanent deformation and frac-
ture than RAIMs after 3 years of service, due to the performance advantages of natural
aggregates. However, the differences in UCS, ITS, and FTS between the two are insignif-
icant (≤15%). Moreover, due to continuous traffic compaction and cementitious binder
hydration, the UCS of RAIMs is significantly higher than that at initial service. The ITS
of RAIMs exceeds the design reference values for cement-treated crushed stone (cement
content: 4–6%) and lime-fly ash-treated crushed stone (lime content: 8%, fly ash content:
17%) specified in CJJ 169-2011 [19] (0.4–0.6 MPa and 0.5–0.8 MPa, respectively). Their FTS
also falls within the range of 0.9–2.0 MPa specified in JTG D50-2017 [22] for cement-treated
and lime-fly ash-treated materials. This indicates that despite the weakening effects of
accumulated vehicle loads (86,634 trips) and freeze–thaw cycles (42 times), full-size particle
combination RAIMs still maintain good mechanical strength.

Consistent with previous results, the UCS, ITS, and FTS of cement-treated mixtures
are higher than those of lime-fly ash-treated mixtures, due to differences in the properties
of cementitious binder hydration products.

Resilience Modulus

Figures 12–14 show the CRM, ITRM, and FTRM of RAIMs and NAIMs with similar
service time and mixture composition [24,28,29]. The CRM of cement-treated mixtures
is higher than that of lime-fly ash-treated mixtures, indicating better stiffness of cement-
bound mixtures. The SCRM of RAIMs is comparable to that of NAIMs, but significant
differences exist in dynamic compressive resilient modulus (DCRM), ITRM, and FTRM:
the DCRM, ITRM, and FTRM of CNAMs are approximately 1.3, 1.3, and 1.4 times higher
than those of CRAMs, while the DCRM of L&FNAMs is ~1.4 times higher than that of
L&FRAMs. Although no direct reference values for the ITRM and FTRM of NAIMs were
found, similar trends are inferred based on previous results. This indicates that RAIMs
exhibit weaker resistance to elastic deformation than NAIMs and are more susceptible to
cracking under repeated loading, in part attributed to the greater number of microcracks on
the surface and inside recycled aggregates. These microcracks elevate the risk of aggregate
fracture and binder detachment under cyclic loading. Nevertheless, RAIMs still meet
service requirements. Relevant studies have also demonstrated that pores at different
scales, crack connectivity, and interfacial damage contribute differently to the stiffness
degradation of the mixture [30]. Accordingly, further in-depth mechanistic research on
these aspects should be carried out in future work.
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Figure 12. Comparison of CRM between RAIMs and NAIMs after service [24].
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Figure 13. Comparison of ITRM between RAIMs and NAIMs after service [28].
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Figure 14. Comparison of FTRM between RAIMs and NAIMs after service [29].

3.2.3. Fatigue Properties

Fatigue property is a key indicator of pavement durability and reliability. The fatigue
test results of RAIMs are shown in Figure 15, along with a comparison with NAIMs of
similar service time and mixture composition [31].
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Figure 15. Fatigue properties of RAIMs and NAIMs.

As shown in Figure 15, the fatigue life of cement-treated mixtures is significantly
higher than that of lime-fly ash-treated mixtures, but both maintain high levels of fatigue
resistance. When the stress-to-strength ratio (σ/s) is small, the fatigue life difference
between CRAMs and L&FRAMs is large (e.g., 1,176,400 more cycles for CRAMs when
σ/s = 0.5). As σ/s increases, the gap narrows (e.g., only 4423 more cycles for CRAMs when
σ/s = 0.7). NAIMs exhibit the same trend. This indicates that cement-treated mixtures have
better fatigue resistance than lime-fly ash-treated mixtures, and that fatigue damage occurs
rapidly for all mixtures when the applied load approaches the flexural tensile strength limit.
Additionally, the fatigue life of RAIMs is slightly lower than that of NAIMs but remains
comparable, demonstrating excellent durability and reliability of RAIMs.

To estimate the fatigue life of RAIMs under different load levels, regression analysis
was performed on the fatigue test results using a single logarithmic equation, yielding
fatigue equations with a 50% guarantee rate (Table 5). Compared with the NAIM fatigue
equations (50% guarantee rate) reported by Wei [31], the lime-fly ash-treated mixture
equations are nearly identical, while the cement-treated mixture equations differ slightly.
However, the calculated fatigue life differences at the same stress level are minimal, con-
firming the reliable service performance of RAIMs. It should be noted that the fatigue
equation established through regression analysis is an empirical, interval-dependent and
single-scenario statistical model, which cannot be directly applied to the accurate prediction
of pavement fatigue life under complex in-service environments.

Table 5. Fatigue equations of RAIMs and CAIMs.

Mixture Type Fatigue Equation

CRAMs lgN = 10.69 − 7.29 (σ/s)
CNAMs lgN = 13.775 − 12.231 (σ/s)

L&FRAMs lgN = 12.05 − 9.24 (σ/s)
L&FNAMs lgN = 12.26 − 9.9563 (σ/s)

Note: N is the number of load cycles (times); σ is the flexural tensile stress (MPa); s is the flexural tensile
strength (MPa).

4. Materials and Methods
4.1. Classification and Composition Analysis of CDW

To fully understand the classification and composition of rural residential CDW, sam-
ples were collected from Sunhe Township (Chaoyang District), Shahe Township (Changping
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District), and Lehe Township (Pinggu District) in Beijing for systematic investigation and
analysis. The building structures in these three demolition areas are representative of
typical rural residential CDW: Sunhe Township and Shahe Township mainly consist of
rural residences with a small number of factories and auxiliary buildings, while Lehe
Township is entirely composed of rural residences. The statistical results are presented
in Figure 16. Since waste concrete, red bricks, and mortar are the primary raw materials
for preparing recycled aggregates, the proportions of these three components were also
analyzed (Figure 17). It should be noted that CDW particles smaller than 100 mm are
difficult to classify into specific types, with residual soil accounting for approximately
25–30% of the total CDW. Therefore, only the contents of waste concrete, red bricks, and
mortar in particles larger than 100 mm were statistically analyzed.
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Figure 16. Classification and composition of CDW.
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Figure 17. Proportion of waste red bricks, waste concrete, and waste mortar in recyclable
CDW components.

The classification and composition of CDW in the three demolition areas showed good
consistency. As shown in Figure 16, CDW can be categorized into three particle size ranges:
<100 mm, 100–600 mm, and >600 mm, with over 98.86% of particles concentrated below
600 mm. CDW particles larger than 600 mm are mainly large, sortable waste concrete
pieces, accounting for less than 2%. For a disposal line processing 700,000 tons of CDW
annually, large waste concrete pieces amount to less than 15,000 tons. Sorting only large
waste concrete pieces to prepare recycled aggregates is far from meeting market demand,
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reflecting the limitations of CDW resource utilization when relying primarily on cement-
based components.

In terms of composition, CDW can be divided into waste concrete, waste red bricks,
waste mortar, waste ceramics, scrap metals, sundries, and mixtures of these substances.
However, the amount of recyclable CDW is relatively small, accounting for less than 45%
of the total. Among recyclable components, waste red bricks, waste concrete, and waste
mortar account for approximately 55–75%, 23–40%, and 3–5%, respectively (Figure 17). This
indicates that recyclable rural residential CDW is dominated by red bricks and concrete,
with a high red brick content. Therefore, research on high-red-brick-content CDW is both
reasonable and necessary.

4.2. Materials
4.2.1. Recycled Aggregate

The CDW used in this study was sourced from the demolition project in Sunhe
Township, Chaoyang District, Beijing, and the recycled aggregates were produced by
the Sunhe Township CDW Resource Disposal Center. The particle sizes of the recycled
aggregates were 0–5 mm, 5–10 mm, 10–20 mm, and 20–31.5 mm (Figure 18).

    
Figure 18. CDW-derived recycled aggregates with different particle sizes.

The basic properties of the recycled aggregates were tested in accordance with the
Chinese industrial standards “Test Methods for Aggregate for Highway Engineering”
(JTG E42-2005) [32] and “Technical Specifications for Utilization of Construction Waste in
Highway Engineering” (JTG/T 2321-2021) [33], with the results presented in Tables 6 and 7.
It can be seen that the properties of the recycled aggregates meet the requirements for
secondary and lower-grade road bases specified in JTG/T 2321-2021 [33].

Table 6. Properties of CDW-derived recycled coarse aggregates (particle size ≥ 4.75 mm).

Parameters
Apparent
Relative
Density

Water
Absorption, %

Crushing
Value, %

Needle Flake
Particle

Content, %

Dust
Content
Below

0.075 mm, %

Lightweight
Miscellaneous

Content, %

Recycled
Concrete
Particle

Content, %

Test result 2.391 14.2 32.7 6.9 1.1 0.2 39.5
Specification – – ≤35 ≤20 ≤2.0 ≤0.5 ≥35
Test method T0308 T0307 T0316 T0312 T0310 Appendix A of JTG/T 2321
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Table 7. Properties of CDW-derived recycled fine aggregates (particle size < 4.75 mm).

Parameters
Apparent
Relative
Density

Plasticity Index
of Materials

Below 0.075 mm

Sand
Equivalent, %

Organic Matter
Content, %

Sulfate
Content, % Mud Content, %

Test result 2.454 7.4 69.3 0.6 0.08 1.7
Specification – ≤17 ≥40 <2.0 ≤0.25 ≤3.0
Test method T0328 T0118 T0334 T0336 T0341 T0335

4.2.2. Natural Aggregate

To compare the performance differences between RAIMs and NAIMs, inorganic
mixtures were prepared using natural aggregates from Huairou District, Beijing. The basic
properties of the natural aggregates were tested in accordance with JTG E42-2005 [32].
The test results for coarse aggregates are shown in Table 8; the fine aggregates were clean,
dry, unweathered, and free of impurities, with particles below 0.075 mm accounting for
5.9%. The properties of the natural aggregates meet the requirements for secondary and
lower-grade roads specified in JTG/T F20-2015 [15].

Table 8. Properties of natural coarse aggregates (particle size ≥ 4.75 mm).

Parameters
Apparent
Relative
Density

Water
Absorption, %

Crushing
Value, %

Needle Flake
Particle

Content, %

Dust Content
Below 0.075 mm, %

Soft Stone
Content, %

Test result 2.721 2.3 14.9 4.3 0.7 2.4
Specification – – ≤30 ≤20 – –
Test method T0308 T0307 T0316 T0312 T0310 T0320

Compared with natural aggregates, the water absorption and crushing value of recy-
cled aggregates are approximately 6.2 times and 2.2 times higher, respectively. Recycled
aggregates, sourced from waste concrete, red bricks, and mortar with distinct material
properties, account for this discrepancy: concrete contains high-strength, dense-structure
aggregates (e.g., stones and pebbles), resulting in recycled aggregates with low crushing
values and water absorption (accounting for less than 30%); red bricks are sintered prod-
ucts with low strength and porous internal structures, leading to recycled aggregates with
high crushing values and water absorption (accounting for nearly 70%); mortar itself has
low strength, and its crushed recycled aggregates also exhibit high crushing values and
water absorption.

4.2.3. Cementitious Binder
Cement

Jidong 32.5-grade slag Portland cement was used, and its basic properties were tested
in accordance with “Test Methods for Cement and Concrete for Highway Engineering”
(JTG E30-2005) [34]. The results (Table 9) show that the cement meets the requirements for
strength grade and setting time specified in JTG/T F20-2015 [15].

Table 9. Properties of cement.

Parameters Cement
Grade

Standard
Consistency, %

Setting Time, min Compressive
Strength, MPa

Flexural
Strength, MPa

Stability
Initial
Setting

Final
Setting 3 d 28 d 3 d 28 d

Test result 32.5 28.6 322 384 18.6 43.8 3.8 9.2 Qualified
Specification 32.5 or 42.5 – >180 360–600 –
Test method – T0505 T0506 T0505
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Lime and Fly Ash

Magnesia quicklime (Grade III) was used as the lime, and silica-alumina fly ash was
adopted. Both materials were tested in accordance with relevant methods in JTG E42-
2005 [32], with the results presented in Tables 10 and 11. The properties of lime and fly ash
comply with the requirements of JTG/T F20-2015 [15].

Table 10. Properties of lime.

Parameters Content of Effective CaO
and MgO, %

Undigested Residue
Content, % Content of MgO, %

Test result 66.98 14.27 5.26
Specification ≥65 ≤20 >5
Test method T0813 T0815 T0812

Table 11. Properties of fly ash.

Parameters
Total Content

of SiO2, Al2O3,
and Fe2O3, %

Loss on
Ignition, %

Specific
Surface Area,

cm2/g

Passing Rate of
0.3 mm

Sieve, %

Passing Rate of
0.075 mm
Sieve, %

Moisture
Content of Wet

Fly Ash, %

Test result 90.57 7.5 4800 99.6 86.3 20.1
Specification >70 ≤20 >2500 ≥90 ≥70 ≤35
Test method T0816 T0817 T0820 T0818 T0818 T0801

4.3. Mixture Composition Design
4.3.1. Gradation Design

A skeleton-dense gradation was adopted. In accordance with JTG/T F20-2015 [15],
the proportions of 0–5 mm, 5–10 mm, 10–20 mm, and 20–31.5 mm recycled aggregates in
cement-treated and lime-fly ash-treated mixtures were determined as 35%, 30%, 25%, 10%
and 25%, 30%, 30%, 15%, respectively. The designed gradations are shown in Figure 19.
Cement-treated natural aggregate mixtures (CNAMs) and lime-fly ash-treated natural
aggregate mixtures (L&FNAMs) were designed using the same gradation.
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Figure 19. Designed gradations of RAIMs. (a) Cement-treated recycled aggregate mixtures (CRAMs);
(b) lime and fly ash-treated recycled aggregate mixtures (L&FRAMs).

4.3.2. Mix Design

Based on preliminary laboratory tests and comprehensive performance evaluations
of RAIMs, the optimal cement content for CRAMs was determined to be 5%, and the
optimal lime and fly ash contents for L&FRAMs were 5% and 10%, respectively. These
proportions were adopted as the construction ratios for the subsequent test road base,
and the same ratios were used to prepare NAIMs. In accordance with “Test Methods of
Materials Stabilized with Inorganic Binders for Highway Engineering” (JTG E51-2009) [35],
the maximum dry density and optimal water content of the above inorganic mixtures were
determined via heavy compaction tests (Table 12).

Table 12. Maximum dry density and optimal water content of inorganic mixtures.

Mixture Type Cement Content, % Lime Content, % Fly Ash Content, % Maximum Dry
Density, g/cm3

Optimal Water
Content, %

CRAMs 5 – 1.768 14.1
L&FRAMs – 5 10 1.742 13.8

CNAMs 5 – 2.345 5.8
L&FNAMs – 5 10 2.321 5.9

4.4. Performance Evaluation Method

After paving the test road base, compaction degree, cement content, lime content,
deflection, and core sample integrity were tested in accordance with JTG/T F20-2015 [15] to
ensure construction quality. Meanwhile, key design indicators of RAIMs (e.g., unconfined
compressive strength (UCS), compressive resilient modulus (CRM), and frost resistance)
were tested to verify whether their basic mechanical properties at the initial service stage
meet specification and design requirements. Additionally, to gain detailed insights into
the service performance and long-term effects of RAIMs, disease investigations and deflec-
tion tests were conducted on the test road base after 3 years of service. Comprehensive
mechanical and fatigue property tests were also performed on RAIMs, including UCS,
indirect tensile strength (ITS), flexural tensile strength (FTS), CRM, indirect tensile resilient
modulus (ITRM), flexural tensile resilient modulus (FTRM), and fatigue life. Note that all
tests on RAIMs focused on the upper base layer.

4.4.1. Sample Preparation

Cylindrical samples (height = 150 mm, diameter = 150 mm) were used for UCS, ITS,
CRM, ITRM, and frost resistance tests. NAIM samples were prepared via static compaction,
while RAIM samples were obtained through core drilling. Core drilling at the initial service
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stage was conducted after the RAIM base was paved and reached the specified curing age.
For samples after 3 years of service, the asphalt pavement surface layer was first milled,
and debris/dust on the upper base layer was cleaned (Figure 20) before core drilling. A
total of 142 samples were prepared.

Figure 20. Schematic of core drilling and sampling process. (a) Pavement milling; (b) Core drilling
and sampling.

Beam-shaped samples (length = 550 mm, width = 150 mm, height = 150 mm) were
used for FTS, FTRM, and fatigue property tests, obtained through cutting and sampling
(Figure 21). For the test road with 3 years of service, the pavement surface was also milled
and cleaned prior to sampling. A total of 82 samples were prepared.

Figure 21. Schematic of the cutting and sampling process.

As specified in JTG E51-2009 [35], the obtained RAIM samples were refined (cutting,
plastering, etc.) before performance testing (Figure 22).

 
Figure 22. Sample refinement. (a) Cylindrical samples. (b) Beam-shaped samples.

4.4.2. Test Methods

Tests for compaction degree, cement content, lime content, deflection, and core sample
integrity followed the requirements of JTG/T F20-2015 [15]. For deflection testing after
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3 years of service, pavement surface milling was required first. Other performance tests
were conducted in accordance with JTG E51-2009 [35], and detailed procedures are not
repeated herein.

5. Conclusions and Recommendations
(1) Rural residential CDW mainly consists of waste red bricks, waste concrete, waste

mortar, and their mixtures. Among these, the components suitable for road engi-
neering recycling are waste red bricks (55–75%), waste concrete (23–40%), and waste
mortar (3–5%).

(2) At the initial service stage, the UCS, CRM, and frost resistance of RAIMs are slightly
lower than those of NAIMs but all meet specification and design requirements, and
the frost resistance of RAIMs far exceeds technical standards.

(3) After 3 years of service, the UCS, ITS, FTS, and SCRM of RAIMs are comparable
to those of NAIMs, but their DCRM, ITRM, and FTRM are reduced by more than
30% compared to NAIMs. This indicates that RAIMs have equivalent resistance
to permanent deformation and fracture to NAIMs but poorer elastic deformation
resistance. Targeted physicochemical modification of recycled aggregates, coupled
with dense-graded mix design and the incorporation of composite rubber powder
into the cementitious system, effectively alleviates such elastic deformation under
repeated loading.

(4) RAIMs exhibit fatigue life comparable to that of NAIMs. The fatigue equations for
CRAMs (lgN = 10.69 − 7.29 (σ/s)) and L&FRAMs (lgN = 12.05 − 9.24 (σ/s)) were
established, enabling the estimation of RAIM fatigue life under different load levels
and providing a theoretical basis for evaluating their long-term service effects.

This study clarifies the engineering applicability of full-gradation RAIMs derived from
high-red-brick-content CDW for road base layers, with a specific focus on their long-term
service performance, thereby enriching the theoretical basis for their resource utilization in
road engineering. However, the conclusions of this study are based on a limited range of
application scenarios. Future research will investigate the service performance of RAIMs in
higher-grade roads, different climatic conditions, and longer service periods to generalize
the findings. Additionally, theoretical studies on the mechanisms underlying RAIM service
performance changes should be conducted.
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