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Abstract

This paper aimed at assessing the feasibility imfguthe recycled building-related construction
and demolition (C&D) wastes in highway embankméintst, the recycling of C&D wastes was
elaborated, which involved both the manual and raeidial sorting processes. The recycled
C&D wastes were classified as an excellent embankmaterial according to their gradation
and Atterberg limits. The physical and chemical position of recycled C&D wastes were also
investigated, which all met the requirements of BIBT 1193 in Chinese Standard.
Subsequently, the laboratory triaxial tests weradcated to measure the resilient modulus and
permanent deformation of recycled C&D wastes. [eongarison, one type of embankment clay
soil was also evaluated in this study. The triateat results indicated that the recycled C&D
wastes exhibited stress-dependent and moisturdisercharacteristics. The existing resilient
modulus and permanent deformation models were feabe capable of accurately predicting
these characteristics for recycled material. Comghéow the embankment clay soil, the recycled
C&D wastes had much higher resilient moduli anddoaccumulated permanent deformation.
This demonstrated that the substitution of recyeladtes for clay soil would improve the
structural capacity and reduce rutting damage. Mage compared to the clay soil, the recycled
material had less moisture sensitivity to resilimodulus and permanent deformation. This
characteristic would be beneficial for use of réegfdC&D waste in a hot and humid area.
Finally, a field project was constructed on G95jiggi Capital Area Loop Expressway, which
utilized 100% recycled C&D wastes to fill embankmérhe embankment application were
found to utilize much more recycled materials tb#lrer potential applications such as asphalt
mixture, cement concrete, and base and subbaserattces of construction of embankment
containing recycled C&D wastes were also elaboratedis study. The lightweight
deflectometer was used to measure the in-situgesihoduli of embankment. The measured
results indicated that the recycled C&D wastesdigdificantly higher structural capacity than
the clay soil.

Keywords: Construction and demolition wastes, Embankmengjlieet modulus, Permanent
deformation, Field construction, Lightweight detlmmeter
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Introduction

The building-related construction and demolitio& [ wastes refer to the debris generated
from the construction, renovation, and demolitiémbwildings, which consist of concrete, brick,
wood, metal, gypsum, glass, and plastic, etc. Tihiged States Environmental Protection
Agency (EPA) estimated that 548 million tons of C&Bbris were generated in the United
States in 2015, and over 70% of these wastes weoxered and recycled (EPA 2018). In
European Union, there are around 530 million tdnS&D wastes generated every year, and 46%
of these wastes are recycled (Vieira and Pereit®20n China, there are approximately 2

billion tons of building-related C&D wastes proddannually, accounting for 30-40% of
municipal wastes. This is substantially higher tttayse generated by the developed countries.
However, there are only less than 5% of C&D waptesently recycled in China. The primary
reason is that there are limited domestic engingesrojects utilizing the recycled C&D wastes.
The majority of these wastes are directly dispasfed landfills in suburban or rural areas,

which results in high costs of transportation aartbl use (Kartam et al. 2004, Huang et al. 2018).
Meanwhile, many environmental issues are assocwitédhe disposal of C&D waste streams,
including but not limited to the pollution of grodinvater and soil, and the increase of dust
particles in the air (Huang et al. 2002). Thereftinere is an urgent need to solve the problem of
C&D wastes management in China. In other wordsetigneering applications of C&D wastes
should be explored, so that the recycling ratdhe$¢ wastes can be improved.

In pavement engineering, the C&D wastes are coreidihe alternative aggregates,
which are typically used in asphalt and cement cgir¢c granular base and subbase (Herrador et
al. 2012, Silva et al. 2014, Rahman et al. 2015d@50 et al. 2016, Shi et al. 2018 & 2019, Gu
et al. 2019). Ossa et al. (2016) evaluated thenereging performance of hot asphalt mixture
containing the recycled C&D waste aggregates. Toegnd that the hot asphalt mixture with 10-
20% of recycled aggregates showed comparable gudtid moisture damage resistances to the
asphalt mixture in wearing course. Zhu et al. (3Qis2d the C&D wastes from earthquake
damaged buildings in asphalt mixtures. They repiatttat the recycled aggregates had high
absorption, low specific gravity, and low strengilinich were suggested to be pretreated by
liquid silicone resin to improve their physical pesties. Gomez-Meijide et al. (2016) evaluated
the feasibility of using the recycled C&D wastecwid asphalt mixture. They evaluated the
stiffness of cold asphalt mixtures at differenticgrtimes, and found that the use of C&D waste
yielded stiffer asphalt mixture, and had no detnitakeffect on the curing process. Rao et al.
(2007) presented an overview of using recycledegpges from C&D wastes in concrete. They
demonstrated that the recycled aggregates cangoeiusow-end applications of concrete, and
in normal structural concrete with the additiorotier additives (e.g., fly ash and condensed
silica fume). They considered the use of recyclpgt@gates in concrete as a promising solution
to the problem of C&D waste management. Park (2@Pp)ied the recycled C&D waste
aggregates in rigid pavement base. He evaluateentjeeering properties of the recycled
aggregates using the laboratory gyratory compadt#isiand field falling weight deflectometer
test. He concluded that the recycled aggregateseshsimilar compactibility and stability to the
natural mineral aggregates, which can be used aiexnative base material. Arulrajah and his
coworkers comprehensively evaluated the geotechanthgeoenvironmental properties of
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several recycled C&D wastes (e.g., recycled coraggregate, crushed brick, waste rock,
reclaimed asphalt pavement, and fine recycled plagsavement subbase applications
(Arulrajah et al. 2011, 2013a, 2013b, and 2014¢yTtoncluded that the recycled concrete
aggregate and waste rock showed equivalent or isugeotechnical properties to those of
guarry subbase materials, while the crushed brrek$aimed asphalt pavement, and fine
recycled glass were recommended to be blendednigtixquality aggregates or additives for
use in pavement subbases. Jimenez et al. (201@}edghat the recycled aggregates from C&D
wastes also showed satisfactory structural capaaityperformance in the unpaved rural
roadways. In sum, these existing studies pointédhat the recycled C&D wastes are
considered as the low-quality aggregates, whichpeamally or fully replace the natural
aggregates in asphalt and cement concrete, gramagarand subbase. However, from the
perspective of application rate, these identifipglizations might not be promising to solve the
current serious issue of C&D waste management in&Cliror instance, substituting 10-20% of
natural aggregates with recycled C&D aggregatesintig beneficial for reducing the
production cost of asphalt mixture, but not quigépful to consume the tremendous amount of
C&D wastes generated every year. Thus, the kegisC&D waste management becomes
seeking other engineering applications that camifsg@ntly consume these recycled wastes.

In the plain area of China, the highway constructisually starts from the fill of
embankment, which typically requires filling thdlseith a depth of 3 meters. For instance, the
average fill depth of Shanghai-Nanjing expressvgad.7 meters, and the highest fill depth is
even up to 12 meters. Given that the width of erkivaant is 42 meters and the length of
Shanghai-Nanjing expressway is 275 kilometerstdted fill volume of soil is approximately 43
million cubic meters. This estimation indicatestttiee construction of highway embankment
requires the massive amount of soils. Accordinigithe recycled C&D wastes are qualified as
fill material, the significant amount of C&D wasted| be utilized in this application. However,
there are few studies focused on the engineerirfgrpgance of recycled C&D wastes for use in
highway embankment. Moreover, there is no fieldegignce to instruct such application.

To address the aforementioned problems, this siurdgd at comprehensively evaluating
the feasibility of using recycled building-relat€&D wastes in highway embankment. The
laboratory tests were conducted to evaluate theneagng and environmental properties of
C&D wastes. A field project was constructed to stigate the structural performance of the
embankment containing recycled C&D wastes. For @mpn, the laboratory and field tests
were also performed on a typical embankment maigea clay soil) to evaluate its engineering
performance as the control baseline. In additioa,récycling process of C&D wastes and the
corresponding field construction procedures weiideented in this study.

Recycling of C&D Wastes

Among the C&D wastes, the concrete, brick and weastk can be recycled as alternative
aggregates, but the metal, glass, and plastic dlo@utemoved via the sorting process. This is
because the addition of glass and plastic redineesttength of the recycled aggregates, while
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the metal is usually recycled for other applicasioim this study, the facility was designed to
process 200 tons of material per hour. The raw @&d3tes were obtained from the abandoned
buildings within the distance of 100 km. At the lmeing, the raw C&D wastes were sorted
manually and water was sprayed to suppress dust, the wastes were delivered for the
mechanical sorting process by conveyor. Figuréustilates the mechanical sorting process,
which includes crushing C&D wastes into small gdes, manual and magnetic separation of
metals and plastics, and screening and stockpiiaggrial (Fatta et al. 2003, Dahlbo et al. 2015).
As shown in Figure 1, the jaw crusher was empldgedtush the recycled C&D wastes, because
of its simplicity and high efficiency. Finally, thecycled C&D wastes were separated into three
stockpiles with various particle sizes.

Crusher

"7. }RQ\-?‘; =
Magnetic Separation

£

c. Screening and Stockpiling
Figure 1. Mechanical Sorting Process of C&D Wastes
According to China national testing standards, EAG/T0115 (corresponding to ASTM
D6913), the sieve analysis was conducted on thedbbtkrecycled C&D wastes. Figure 2 shows
the particle size distribution of the blended rdegicaggregates. As presented, all of the recycled
wastes are smaller than 40 mm, and the passingmage of particles to sieve size 0.075 mm is
4.9%. The Hazen uniformity coefficied, indicates the general shape of the particle size

distribution, which is calculated by Equation 1.
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c, =2 (1)
DlO

where Dy, is the diameter for which 60% of the particlesfarer, andD,, is the diameter for
which 10% of the particles are finer. The coefintief curvatureC_is another index of
distribution shape, which is given by Equation 2.

2
c =2 2)
DlODSO

where D,, is the diameter for which 30% of the particlesfaver. In this study, the Hazen

uniformity coefficientC, of the recycled C&D wastes is 95, and the coeffitof curvatureC,
is 8.9.

100
80
60

40

Passing Percentage (%)

20

0 L 1 1 1 )
0.01 0.1 1 10 100
Sieve Size (mm)

Figure 2. Particle Size Distribution of Blended Reycled C&D Wastes

In the meanwhile, the Atterberg limits of the rdegtaggregates were measured based
on JTG E40/T0118 (corresponding to ASTM D4318). Tidpeid limit and plastic limit of the
recycled aggregates were 28 and 22, respectivelsordingly, the plasticity index of the
material was 6. Based on the Unified Soil Clasatian System (USCS), the recycled material
was classified as GP (gap-graded gravels). Accgridiihe American Association of State
Highway and Transportation Officials (AASHTO) SG@ilassification System, the recycled C&D
wastes were classified as A-1-a (stone fragmeBt#h of the system ratings indicate that the
recycled C&D wastes were an excellent embankmetgnmb In addition, the modified proctor
test was used to determine the compaction chaistaterof the recycled C&D wastes, which
followed JTG E40/T0131 (corresponding to ASTM D1p3i this study, the optimum moisture
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content (OMC) of recycled material was 14.8%, dredorresponding maximum dry density
was 1.843 g/chh

This study also investigated the contents of orgamatter, soluble salt, and remaining
debris in the recycled wastes. Causarano (1993yeshthat a large organic matter content
weaken the strength of dry soils. Vegas et al. 2@dund that the C&D wastes with a soluble
salt less than 3.7% do not yield any stability peats. Jimenez et al. (2012) stated that the
recycled C&D wastes usually have higher contentargénic matter and soluble salt than the
natural aggregates, which are sometimes beyonichihs of technical specifications. Table 1
compares the measured contents of organic matlehls salt, and remaining debris to those
specified in Chinese Standard DB 41/T 1193. Asquresl, the recycled C&D wastes met all of
the requirements in DB 41/T 1193.

Table 1. Physical and Chemical Composition of Recled C&D Wastes

Composition Indicator Recycled C&D Wastes DB 41/T 193 Requirement
Organic Matter Content (%) 1.9 Less than 5
Soluble Salt Content (%) 0.38 Less than 0.5
Remaining Debris Content (%) 0.9 Less than 1

Laboratory Performance Evaluation of Recycled C&D Wastes

In this section, the resilient modulus and permadeformation tests were performed to
evaluate the mechanical performance of the recyc&iD wastes and one embankment clay soil.
For embankment clay soil, the OMC was 23.5%, theimam dry density was 1.562 g/cnthe
liquid limit was 57, and plastic limit was 29. Thpecimens of recycled aggregates and clay soils
were both prepared using a vibratory compactiorhotebased on the recommendation of
AASHTO T307. The recycled C&D waste specimens vearapacted at the three moisture
levels, which were 13.3% (0.9 OMC), 14.8% (OMC)J 416.3% (1.1 OMC). Likewise, the clay
soil specimens were compacted at 21.1% (0.9 OM&E}% (OMC), and 25.9% (1.1 OMC). In
this study, the dimensions of the recycled aggeegpécimens were 150 mm diameter with 300
mm height, and the dimensions of the clay soil spenss were 100 mm diameter with 200 mm
height. The repeated load triaxial tests were cotatlion these cylindrical specimens using the
testing system shown in Figure 3.
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Triaxial Chanm<-
|

Figure 3. Configuration of Repeated Load Triaxial Test

The resilient modulus test followed the AASHTO T368gt procedures, which included
15 loading sequences with 100 load applicationb.eBte permanent deformation test protocol
is shown in Table 2, which contains 5 stress lewtls 10,000 load applications. As illustrated,
stress states 1, 2, and 3 employed the same aogpfinéssure with various deviatoric stresses,
whereas stress states 2, 4, and 5 applied thedaraoric stress with different confining
pressures. This testing protocol was designedviesiigate the influences of confining pressure
and deviatoric stress on the permanent deformatbavior of the recycled C&D wastes. Prior
to loading, 500 cycles of 41.4 kPa confining pressind 27.6 kPa deviatoric stress were applied
to precondition the specimen. In the permanentrdedtion test, different stress levels were
applied to the duplicate specimens. For each Igesiguence, the specimens were tested at a
constant confining pressure and under a specifa ayclic stress using a haversine shape with
a 0.2-s load duration and a 1.0-s cycle duratidra(q et al. 2019). The axial load was applied to
the specimen through the loading frame, and thérdog stress was directly applied to the
specimen through the air pressure. The linear blaridifferential transformers (LVDTS) were
used to measure the vertical deformations of teeisgen. The test data were used to determine
the recoverable and unrecoverable behaviors detted materials. The relevant discussion of
testing results are presented as follows.
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210 Table 2. Permanent Deformation Test Protocol
Stress State| Confining Stress (kPa) Deviatoric Stss (kPa) | No. of Load Applications
1 28 28 10,000
2 28 48 10,000
3 28 69 10,000
4 12 48 10,000
5 42 48 10,000

211
212  Resilient Modulus Characteristic

213 Figure 4 shows the resilient moduli of the recydB&D wastes compacted at the optimal

214  moisture content (OMC) and at different stresslews presented, the recycled material

215  exhibited the stress-dependent resilient charatierirhe increasing of confining pressure and
216  deviatoric stress both enhanced the resilient moahich resulted in a stiffer material. This was
217  consistent with the stress-hardening resilientattaristic of unbound aggregates (Gu et al. 2015,
218 2016, Saha et al. 2018). Figure 5 presents thigergsnoduli of embankment clay soil at the

219 OMC. As illustrated, the resilient modulus of emkawent soil was lower than the recycled

220 C&D wastes at every stress level. This demonsttatdshe recycled C&D wastes may provide
221  astronger structural support than the traditiatey to the upper layers. It is also shown that the
222 increase of confining pressure yielded higher imsilmoduli of embankment soil and the

223 recycled C&D wastes, while the increase of deviatsiress diminished the soil’s resilient

224 moduli but promoted the recycled C&D wastes’ resitimoduli. This indicates that the increase
225  of confining pressure stiffened the embankmentad the recycled C&D wastes, while the

226  increase of deviatoric stress softened the soistvahgthen the recycled C&D wastes. This

227  might be because increasing deviatoric stress ampdove the interlocking effect for the

228 coarse-grained C&D wastes, but weaken the intemgcgffect for fine-grained clay soil. At the
229 deviatoric stress of 13.8 kPa, the resilient modfithe recycled C&D wastes were greater than
230 the embankment soil by 20-50%. However, at theatexic stress of 68.9 kPa, the difference of
231 resilient moduli increased by 130-165%. This infiat the recycled C&D wastes can provide a
232 much higher structural bearing capacity than thditional embankment clay soil at the location
233 with high shear stresses.
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In the National Cooperative Highway Research ProgitdCHRP) project 1-28A, the
generalized model was developed to predict théigesmoduli of granular material at any given
stress level, which is presented in Equation 3 ¢¥¢ik 2003).

_ |1 ko To_c'[ k3
womee ] (524

a a

where M, is the resilient modulud, is the first invariant of stress tensay, is the octahedral
shear stress, is the atmospheric pressure, aqd k,, andk, are the regression coefficients.

By fitting the test results shown in Figure 4, Kaealues of recycled C&D wastes at OMC were
determined as:jk= 1061.5, k= 0.69, and k= -0.28. Similarly, the k-values of clay soil aMC
were calculated as; k 887.3, k= 0.53, and k= -2.29. For embankment material, Witczak
(2003) suggested to report the resilient modulustd¢éPa confining pressure and 41 kPa
deviatoric stress, which is hereafter referrecbagpresentative resilient modulus. Figure 6
shows the representative resilient moduli of tleyecked C&D wastes at different moisture
contents, and compares them to the embankmen®soiresented, the resilient moduli of
recycled C&D wastes also had the moisture-sensitiagacteristic. Increasing moisture content
reduced the matric suction of unbound material civinereby decreased its resilient moduli (Gu
et al. 2015). The change percentage of resiliemuinat different moisture contents are also
presented in Figure 6. Compared to the embanknodnttee resilient moduli of recycled C&D
wastes showed much less sensitivity to moistureatiran. This characteristic is extremely
beneficial for use in a hot and humid area of Chiigere the in-situ moisture content of
embankment sometimes can double the OMC.
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Figure 6. Representative of Resilient Moduli of Reeled Wastes and Clay Soil at Various
Moisture Content

Permanent Deformation Characteristic

Figure 7 shows the permanent strain curves ofdbgcted C&D wastes at the different
deviatoric stresses and confining pressures. Asepted, increasing deviatoric stress and
decreasing confining pressure both increased thenadated permanent strain of the recycled
C&D wastes.
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Figure 7. Permanent Strain Curves of Recycled C&D Vastes at Different Stress Levels

Gu et al. (2016) developed a mechanistic-empirwadiel to characterize the stress-

dependent permanent deformation behavior of unbauwatdrial, which is given in Equations 4-
6.

£, =& (ﬁ)ﬂ (\/\Tz)m(al +K)" (4)

_ 2sing

- J/3(3-sing) ©)
_ clB6cosp

~ J/3(3- sing) ©)

where £” is the permanent strain of granular materdgl,s the second invariant of the
deviatoric stress tensot, is the first invariant of the stress tensgy, p, §, m andn are

model coefficientscand @ are cohesion and friction angle, respectivelythla study, this
mechanistic-empirical model was used to fit theotabory-measured permanent strain curves.
For the recycled C&D wastes, the cohesmwas 30.1 kPa, and the friction angbewvas 51.2°,
which were both determined by the compressive gthetest. As illustrated in Figure 8, the root
mean square error (RMSE) between laboratory-medsure model-predicted permanent strains
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only varied from 0.013% to 0.037%. This demonsgdtat the developed model could
accurately predicted the stress-dependent permdeé&rmation behavior of the recycled C&D
wastes. The determined model coefficients showkigare 8 were used to predict the permanent
deformation of the recycled C&D wastes at any gistass levels.

1.4 @ | p| B | m]| n RMSE-S3 = 0.037%
0.305 | 8144 0.155] 1.94 [ -1.06 —o---9©
12t & o---9"°
-o--"
- - - e— -
== RMSE-S5 = 0.013%

A — =N
A o= = = A
i / \

- 7
D = =

RMSE-S2 = 0.035%

RMSE-S4 = 0.014%

Accumulated Plastic Strain (%)

S TS T T Bk TR
RMSE-S1 = 0.022%

o
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0 2000 4000 6000 8000 10000
Number of Load Cycles
—>¢— Measured S1 Measured S2 Measured S3 Measured S4—A&— Measured S5
- % = Predicted S1 Predicted S2 = © = Predicted S3 Predicted S4 = A - Predicted S5

Figure 8. Prediction of Permanent Strain Curves oRecycled C&D Wastes

This study also investigated the effect of moisttagation on permanent deformation
characteristic. A typical stress combination ofkB& confining pressure and 48 kPa deviatoric
stress was selected for the permanent deformaginthe specimens were prepared at three
different moisture contents, namely, 0.9 OMC, 1@ and 1.1 OMC. Figure 9 shows the final
accumulated permanent strains of the recycled C&Btes, and compares them to those of the
embankment soll. It is shown that the increase @istare content significantly increased the
accumulated permanent strain of both recycled C&Bterand clay soil. In comparison with the
clay soil, the permanent deformation of the reay&&D waste still showed less sensitivity to
moisture variation. In addition, at any given moistcontent, the recycled C&D wastes always
had less accumulated permanent strains than thargamient soil. Thus, this infers that the
substitution of recycled C&D wastes for embanknsmik should yield a higher resistance to
rutting damage.
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302

303 Figure 9. Influence of Moisture Variation on Permarent Deformation Characteristic
304
305 Field Evaluation of Recycled C&D Wastes

306 In 2018, a field section with 100-meter long waastaucted on G95 Beijing Capital Area Loop
307 Expressway, which utilized 100% recycled C&D wadtesill embankment. For the purpose of
308 comparison, a control section was also construasetp the clay soil. Note that the performance
309 of clay soil had been evaluated in the previous@ecFigure 10 shows the cross-section of

310 designed embankment. The designed fill depth waeter, and the side slope was 1:1.5.

311  According to the degree of compaction, the embaminwas divided into three zones:

312 * Zone 1: 96 degree of compaction with a depth offeer;
313 * Zone 2: 94 degree of compaction with a depth ofi@eter;
314 » Zone 3: 93 degree of compaction with a depth ofni2efer.

315 The width of the top embankment was 34.5-metereihat the maximum dry density was
316  1.843 g/cm, the required amount of recycled material was @prately 280 ton per 1 meter
317 long. Thus, the entire field section utilized ardih8x1d ton of recycled C&D wastes in total.
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Figure 10. Cross-Section of Designed Embankment

Table 3 lists the estimated consumption of recy@& wastes if it is used for different
pavement applications. In comparison, the embankapgplication utilizes much more recycled
materials than other applications. If the use oycéed C&D wastes in embankment is a
successful application, the pressure of C&D wategcling and reuse will be substantially

relieved.

Table 3. Estimated Consumption of Recycled C&D Wass in Different Applications

Layer Amount of
Application Thickness Usazg/f)Rate Consumed C&D Reference
(mm) Wastes (ton/nf)
Asphalt Mixture 200 10-20 0.04-0.07 Ossa etal.
2016
Rao et al.
Cement Concrete 300 20 0.1 2007
Base Course 300 30-50 0.2-0.3 Not availaple
Arulrajah et
Subbase 300 100 0.6 al 2013
Embankment 4000 100 7.4 This study

As shown in Figures 11a-11d, the embankment coetgruinvolves four critical steps: 1)
dumping material using bulldozers; 2) flatteningienil using motor graders; 3) spraying water
to slightly adjust the in-situ moisture contentgdal) compacting each sublayer. Note that the
compaction of each sublayer requires 1 cycle ofkwaaratory compaction with 35-38 Hz
frequency and 0.86-1.1 mm amplitude, and 3-7 cyalestrong vibratory compaction with 28-31
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332 Hz and 1.6-2 mm amplitude. After compaction, tmafisurface of embankment is shown in
333 Figure 11e.

c. Spray water d. Vibratory copcio

‘e. Embankment surface after copaction
334 Figure 11. Construction of Embankment Using Recyclk C&D Wastes

335 During construction, two thicknesses of uncompatagdr and the number of cycles (i.e.,
336 250 mm and 300 mm), and three levels of strongatilny compaction (i.e., 3, 5, and 7 cycles)
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were adopted. Their influences on the degree ofpemtion are shown in Figure 12. At the same
number of compaction cycles, increasing the thiskref uncompacted layer always resulted in a
lower degree of compaction. When laying down 300-hick loose recycled wastes, it required
3 cycles of strong vibratory compaction to achi@8edegree of compaction. To reach 94 degree
of compaction, it took at least 3 cycles of streitgratory compaction for 250-mm thick loose
material, and 7 cycles for 300-mm thick material 6 degree of compaction, the thickness of
uncompacted layer had to be 250 mm and the nunils#romg vibratory compaction cycles had
to be 7 cycles.

(e}
~N 00 ©
T T

(o]
T

Degree of Compaction (%)
O O © © © © O O
N W b O

=

JNMRAAGR
M

(o)
o

Thickness of Loose Material = 250 Thickness of Loose Mateiral = 300
mm mm

m 3 Compaction Cyclest 5 Compaction Cycles=7 Compaction Cycles

Figure 12. Degree of Compaction of Recycled Wastas Different Conditions

To evaluate the secondary breakage effect, thiystompared the gradation of recycled
C&D wastes before and after compaction, which @ashin Figure 13. Herein, the recycled
materials were taken from Zone 1 (Figure 10), whesteived the greatest compactive effort. As
shown in Figure 13, the recycled wastes had aewmltie shift to a finer gradation after
compaction. According to Equations 1 and 2, thegdamiformity coefficientC, was slightly

reduced from 95 to 91, and the coefficient of ctuwaC_ was significantly decreased from 8.9
to 1.2. According to Craig (2007), the coefficiefitcurvatureC, between 1 and 3 represents the

granular material is well-graded. Therefore, indicated that the field compaction yielded a
secondary breakage of recycled C&D wastes, whietetty formed a finer and denser gradation.
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Figure 13. Effect of Secondary Breakage on Gradatioof Recycled C&D Wastes

In this study, a portable device, lightweight deftemeter (LWD), was uséd measure
the in-situ resilient modulus of embankment surfade LWD has seven essential components,
which are loading plate, load housing, geophonegftransducer, urethane load damper, guide
rod, and a drop mass. The loading plate was cirguth a diameter of 300 mm. A 2Hz
geophone was mounted to the load plate. The drgs mih 10 kg in weight drops from 0.85-
meter high onto the loading plate. The geophonsmaneasured the corresponding deflection
caused by the mass impact on the loading platemidasured deflection at the center of loading
plate was used to estimate the in-situ resilierduhgs using Boussinesq’s solution, which is
presented in Equation 7 (Mooney and Miller, 2009).

_2F, (1_V2)

Argw,

(7)

LWD

where E,,;, is the in-situ resilient modulus;, is the peak applied force, is the Poisson’s ratio
(assuming as 0.5)A is a stress distribution factor (A=4 for an inveparabolic distribution;

A= T for a uniform distribution, and A%i—T for a parabolic distribution)f, is the radius of

loading plate, andv, is the peak vertical displacement of loading pl&&hwartz et al. (2017)
suggested that the stress distribution of gramakerial followed a parabolic distribution.

Therefore, this study assumed that A equa%(ofor the embankment containing recycled

wastes. Figure 14 presents the calculated in-sdilient moduli of the two embankment sections
(i.e., recycled C&D wastes and clay soil). As ithased, the recycled wastes always exhibited
significantly higher resilient moduli than the clsgil at different compaction levels. The



Zhang et al. 19

377  increase of degree of compaction appeared to iseré in-situ resilient modulus of both

378 materials. An analysis of variance (ANOVA) with Teykhonestly significant difference (HSD)
379  test was conducted to statistically rank theselt®suhich is also shown in Figure 14. Note that
380 the results of recycled wastes and clay soil waetyaed separately. The confidence level is
381 assigned as 95%%0.05). Labels A and A’ represented the groupofcled wastes and clay
382  soil had the highest in-situ resilient moduli, resfively. It is clearly demonstrated that the

383 recycled C&D wastes had statistically differentitu resilient moduli at different compaction
384 levels. While the clay soil showed statisticallffelient when the degree of compaction increased
385  to 96. Since the LWD is capable of differentiatthg compaction level of recycled C&D wastes,
386 it might be an efficient tool for quality controf embankment compaction when utilizing the
387 recycled wastes.

80.0 r

o)
o
o

40.0

20.0

In-situ Resilient Modulus (MPa)

-

0.0

Recycled C&D Waste Clay Soil

288 m 93 Degree of Compaction = 94 Degree of Compaction =96 Degree of Compaction

389 Figure 14. Comparison of In-Situ Resilient Moduli ketween Recycled C&D Wastes and
390 Clay Soil
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Conclusions

This study explored the feasibility of using they@ed building-related construction and
demolition (C&D) wastes in highway embankment. Bibté laboratory and field tests were
performed to comprehensively evaluate the enginggmoperties of the C&D wastes. The
major contributions of this paper were summarizebdows:

The recycled C&D wastes via the manual and mechhsarting met the engineering
requirements of Chinese Standard DB 41/T 1193. BwtuUnified Soil Classification
System (USCS) and the American Association of Stggéway and Transportation
Officials (AASHTO) Soil Classification System ratdte recycled C&D wastes as an
excellent embankment material.

The recycled C&D wastes exhibited stress-dependeatacteristic in both resilient
modulus and permanent deformation tests. The egiséisilient modulus and permanent
deformation models were capable of accurately ptiedj the stress-dependency of the
recycled material. Compared to the embankmentsddythe recycled C&D wastes had
much higher resilient moduli and lower accumulgiedmanent deformation. This
demonstrated that the substitution of recycled egfir clay soil would improve the
structural capacity and reduce rutting damage.

The recycled C&D wastes also showed moisture-seasiharacteristic in the laboratory
triaxial tests. Compared to the traditional clay,sbe recycled material had less
moisture sensitivity to resilient modulus and penerg deformation. This characteristic
would be substantially beneficial when using theyoted C&D waste in a hot and humid
area.

A field project was constructed on G95 Beijing GapArea Loop Expressway, which
utilized 100% recycled C&D wastes to fill embankmérhe embankment application
was found to consume much more recycled waste ralsténan other applications. The
lightweight deflectometer (LWD) results indicatédt the recycled C&D wastes
exhibited significantly higher in-situ resilient whali than the clay soil. The statistical
analysis indicated that the LWD could statisticaifferentiate the compaction level of
recycled C&D wastes. The LWD might be an efficieadl for quality control of
embankment compaction when utilizing the recycl&DGvastes.

It is worth mentioning that this study only inveggstied one source of C&D wastes with one
blended gradation. The future studies should facuthe influences of material source and
blended gradation on the engineering properti€38&i wastes. In addition, the cost-
effectiveness and environmental impact should laduaeted for use of the recycled C&D wastes
in highway embankment.
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Use of recycled wastes in highway embankment would improve the structural capacity.
Recycled wastes had less moisture sensitivity to resilient modulus and plastic deformation.
A field project was constructed by utilizing 100% recycled wastes to fill embankment.
Lightweight deflectometer was efficient for quality control of recycled wastes compaction.



