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Abstract: Phosphogypsum (PG) and recycled concrete aggre-
gates  (RCA)  are  commonly  used  in  base  course  materials  as
substitutes  for  natural  aggregates.  However,  the  use  of  PG
and RCA alone may lead to  issues  such as  poor  water  stabi-
lity  and  insufficient  durability.  Therefore,  this  study  consid-
ered  using  sodium  metasilicate  nonahydrate  (SMN),  calcium
stearate  emulsion  (CSE),  and  emulsified  styrene-butadiene
rubber (ESBR) as additives for  preparing base course materi-
als  to  improve  their  water  stability  and  durability.  Dry-wet
cycling  test,  freeze-thaw  cycling  test,  dry  shrinkage  experi-
ment,  and  fatigue  test  were  conducted  to  evaluate  the
effects of the adopted additives on the comprehensive perfor-
mance of a calcined PG (CPG)/RCA base course material. The
results  indicate  that  with  the  addition  of  SMN  and  CSE,  the
28-day  strength  of  CPG/RCA-SC  increases  to  8.29  MPa.  After
five  freeze–thaw  cycles,  the  residual  compressive  strength
ratio  of  CPG/RCA-SC  reaches  72%,  which  is  substantially
higher  than  that  observed  for  the  PG/RCA  (36.7%)  and  for
the  CPG/RCA  (50.6%).  Furthermore,  the  incorporation  of
SMN,  CSE,  and  ESBR  reduces  the  180-day  drying  shrinkage
strain  from  1172.5  ×  10−6 for  the  RCA  to  570  ×  10−6 for  the
CPG/RCA-SCE.  In  terms  of  fatigue  performance,  the k-value
is  markedly  increased  from  1.083  for  PG/RCA  to  418.287  for
CPG/RCA-SCE.  Overall,  the  adopted  additives  can  help
largely consume PG and RCA into the base course for more sustainable and durable pavement applications.
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 1.  Introduction

The  recycling  and  reuse  of  multiple  solid  wastes  has  been  a
common  strategy  in  China  towards  sustainable  and  low-car-
bon developments, including industrial solid wastes like phos-
phogypsum (PG),  municipal wastes like plastics and concrete,
and other  types[1-3].  PG is  the by-product  generated from the
production of phosphoric acid by the wet method[4],  which is
primarily  composed  of  70%–90%  dihydrate  calcium  sulfate
(CaSO4·2H2O),  and contains  small  amounts  of  organic  materi-
als,  radioactive  substances,  heavy  metals,  fluorine,  and  phos-
phorus[5,6].  It  is  reported  that  approximately  3–5  tons  of  PG
are  produced  per  ton  of  phosphoric  acid  produced[7,8].  In
China,  around  75–78  million  tons  of  PG  are  produced  annu-
ally,  while  the  consumption  rate  is  still  very  low,  below  50%,
leading  to  significant  resource  and  environmental  issues[9].
Therefore,  it  is  very  pressing  to  find  a  proper  solution  to
largely recycle and reuse PG.

Currently,  PG  has  been  widely  applied  in  the  construc-
tion, agricultural, and chemical industries. Among these appli-
cations,  road  base  construction,  owing  to  its  large  consump-
tion capacity, rapid material transformation, and relatively con-
trollable  safety  risks,  is  regarded  as  one  of  the  most  promis-
ing  pathways  for  the  resource  utilization  of  PG[10-12].  Because
original  PG  is  extremely  sensitive  to  water,  it  is  generally  cal-
cined  at  temperatures  ranging  from  100  °C  to  200  °C  for  se-
veral  hours  prior  to  use,  thereby  inducing  a  crystal  phase
transformation from CaSO4 ·  2H2O to calcium sulfate  hemihy-
drate (CaSO4 · 0.5H2O), with a conversion rate of approximately
70%–90%[13]. This calcination process enhances the specific sur-
face area, activity, and reactivity of PG while reducing its sensi-
tivity  to  moisture-induced  damage[14].  For  example,  Liu  et
al.[15] reported that during the calcination of PG, soluble phos-
phorus  impurities  can  be  transformed  into  water-insoluble
compounds such as CaP2O7. Deng et al.[16] demonstrated that
composite  cementitious  materials  produced  by  combining
cement, fly ash, rice husk ash, and modified additives with cal-
cined  PG  (CPG)  exhibit  enhanced  mechanical  properties  and
water  resistance.  Overall,  CPG  shows  considerable  potential
for application in pavement base materials.

Except  for  PG,  large  amounts  of  concrete  waste  have
been  and  continue  to  be  produced  from  construction  and
demolition  every  day  in  cities  like  Wuhan  in  China  due  to
large-scale  renovations  over  the  past  few  decades,  and  this
trend is expected to continue in the future[17,18]. Recycled con-
crete  aggregate  (RCA)  is  a  granular  material  made  from  left-
over concrete. Concrete waste typically comes from construc-
tion projects, road maintenance, or demolition work[19,20].  Old
concrete  is  recycled  through  processes  like  crushing,  screen-
ing,  washing,  and  other  methods.  These  steps  break  it  down
into particles that meet the requirements for reuse in the con-
struction of new concrete[17,21]. By reducing resource consump-
tion in the construction industry, RCA helps decrease reliance
on  natural  resources.  Additionally,  the  recycling  and  reusing
of concrete waste can reduce its negative impact on the envi-
ronment by preventing large amounts of building waste from
being burned or dumped in landfills[22,23].  Furthermore,  using
RCA  can  help  save  construction  costs  and  contribute  to  a

reduction  in  building  carbon  emissions,  as  it  minimizes  the
need  for  new  materials  and  reduces  energy  consumption  in
production[24]. However, the mere incorporation of these recy-
cled materials into cement-stabilized base layers is often insuf-
ficient to overcome intrinsic performance limitations, necessi-
tating the synergistic application of composite modifiers.

Recent studies have shown that compound chemical addi-
tives can effectively enhance the performance of this stabiliz-
ing layer. For instance, incorporating sodium metasilicate non-
ahydrate  (SMN)  into  the  pavement  base  material  is  con-
ducive  to  the  formation  of  calcium  silicate  hydrate  gel,
thereby  enhancing  the  compressive  strength  of  the
mixture[25,26].  Similarly,  calcium  stearate  emulsion  (CSE)  and
emulsified  styrene-butadiene  rubber  (ESBR)  are  also  fre-
quently  used  as  modified  components  to  enhance  the  long-
term  performance  of  materials.  Wu  et  al.[27] found  that  intro-
ducing  CSE  into  concrete  could  significantly  enhance  its
water  resistance.  The  48-hour  water  absorption  rate  of  the
modified  cement  mortar  with  a  CSE  content  of  0.8  wt%
decreased by 39.02%, and its  strength did not decline signifi-
cantly.  Yao  et  al.[28] discovered  that  ESBR  can  enhance  the
crack  resistance  and  water  stability  of  materials,  thereby
improving  their  durability.  Therefore,  it  is  necessary  to
develop  a  comprehensive  approach  (integrating  effective
modifiers  like  SMN,  CSE,  and  ESBR)  to  address  the  technical
limitations  of  RCA  and  PG  in  road  base  applications  and  to
ensure  the  improvement  of  long-term  durability  of  the
pavement.

To  address  the  insufficient  durability  of  PG/RCA  base
course  materials  and  the  limited  consideration  of  multi-addi-
tive synergistic effects in existing studies, this research investi-
gates  a  composite  modification  strategy  incorporating  SMN
as  a  strength-enhancing  additive,  CSE  as  a  water-repellent
additive,  and  ESBR  as  a  flexibility-enhancing  modifier.  A  sys-
tematic  experimental  program,  including  dry-wet  cycling
(WDCT),  freeze-thaw  cycling  (FTCT),  dry  shrinkage  (DST),  and
fatigue  tests  (FT),  is  conducted  to  comprehensively  evaluate
the  durability  performance  of  the  modified  PG/RCA  base
course  materials.  The  results  are  expected  to  provide  a  more
robust  technical  basis  for  the  practical  application  of  PG  and
RCA in pavement base engineering.

 2.  Research program

Based  on  a  previous  study[29],  the  optimal  mixing  dosages  of
SMN,  CSE,  and  ESBR  were  determined  as  2.2%,  0.32%,  and
1.0%  of  the  total  mass,  respectively.  While  the  previous  work
mainly  focused  on  mechanical  properties,  the  present  study
extends  the  investigation  to  the  durability  performance.
Fig. 1 shows the research flowchart of this study.

 3.  Materials and methods

 3.1.  Raw materials

 3.1.1.  Phosphogypsum
The  phosphogypsum  (PG)  powders  adopted  in  this  study
were  supplied  from  a  factory  in  Hubei  province.  Their  origi-
nal  state  is  generally  moist  and  agglomerated,  with  a  dark-
gray  appearance.  To  better  satisfy  the  application  require-
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ments,  these  original  PG  powders  were  calcined  at  approxi-
mately  160  °C  for  2  h  to  remove  part  of  the  crystalline  water
for  conversions  towards  hemi-hydrous  gypsum  (CaSO4 ·
0.5H2O).  Calcination  at  160  °C  can  decompose  part  of  the
fluorine- and  phosphorus-bearing  phases,  reducing  soluble
impurities  and  heavy  metal  activity[30].  These  calcined  pow-
ders  are  denoted  as  CPG. Fig.  2 shows  the  surface  appear-
ances  of  PG  and  CPG.  It  is  observed  that  the  CPG  powders
have a smaller particle size and a much drier state in compari-
son  with  the  original  PG  powders.  In  addition,  the  relative
weight  proportions  of  CaO  and  SO3 in  the  original  and  cal-
cined powders are approximately 30.72% and 40.20%, respec-
tively, of the total chemical composition.

 3.1.2.  Aggregates
The aggregates used in this study include coarse recycled con-
crete  aggregate  (RCA)  and  fine  natural  aggregate  (NA),  as
shown  in Fig.  3.  The  coarse  RCA,  ranging  in  size  from  4.75
mm  to  19  mm,  was  sourced  from  a  local  factory  in  Wuhan
city,  while the fine NA, with a particle size of below 4.75 mm,
was also provided by a local supplier. The measured values of
their key physical properties are presented in Table 1.

 3.1.3.  Cementitious materials
Using  sodium  metasilicate  nonahydrate  (SMN)  as  a  strength-
enhancing  additive,  calcium  stearate  emulsion  (CSE)  as  a
water-repellent  additive,  and  emulsified  styrene-butadiene
rubber  (ESBR)  as  a  flexibility-improving  additive,  we  aim  to
solve  the  durability  issue.  The  cementitious  materials  used  in
this study include ordinary Portland cement, sodium metasili-
cate  nonahydrate  (SMN),  and  emulsified  styrene-butadiene
rubber  (ESBR),  all  of  which  were  purchased  from  the  market.
The cement used was ordinary Portland cement with a grade
of  P.O.  42.5,  serving  as  the  inorganic  binder  to  stabilize  the
aggregates  and  CPG  powders.  SMN  was  incorporated  as  a
strength-enhancing  additive  to  create  an  alkaline  environ-
ment  that  promotes  hydration  and  cementation.  ESBR  was
used as an organic flexibility-improving additive to physically
bind  the  aggregates  and  CPG  powders  while  also  enhancing
the  water-resistant  properties  of  the  mixtures.  The  molecular
structures and technical performance indicators of these mate-
rials are shown in Fig. 4 and Table 2.

 3.1.4.  Calcium stearate emulsion
Calcium  stearate  emulsion  (CSE)  is  a  white  chemical  liquid
with the molecular formula of C36H70CaO4, commonly used as
a  water-repellent  additive  in  construction  materials.  In  this
study,  it  was  utilized  to  mitigate  the  potential  risk  of  mois-
ture-induced damage caused by CPG powders and RCA aggre-
gates[31].  The  CSE  was  purchased  from  a  supplier  in
Guangzhou  City,  China.  The  molecular  structure  and  physical
properties of CSE are presented in Fig. 5 and Table 3.

 3.2.  Preparation method

 3.2.1.  Mix design
(1) Aggregate gradation

This  study substituted 20% by weight  of  the total  aggre-
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Fig. 1. Flowchart of this research plan.
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Fig. 2. Surface appearances of (a) PG and (b) CPG.

 

(a) (b)

Fig. 3. Surface appearances of (a) RCA and (b) NA.

 

Table  1.    Measured  results  of  the  main  physical  properties  of  the
used aggregates.

Test item
Measured result

RCA NA

Bulk density (kg m−3) 1190 1240
Apparent density (kg m−3) 2560 2597

Porosity (%) 0.47 -
Water absorption (%) 6.1 -

Crushing value (%) 15.9 -
Fineness modulus - 2.94

Note: “-” indicates not measured or not applicable.
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gates  with  PG or  CPG.  Before  substitution,  the graded aggre-
gates  conformed to  the skeleton-void structure  composed of
RCA, NA, and fillers, denoted as the RCA gradation. After substi-
tution,  they  were  changed  to  the  skeleton-suspension  struc-
ture  composed  of  RCA,  CPG  (or  PG),  NA,  and  fillers,  denoted
as CPG (or  PG)/RCA gradation. Table 4 and Fig.  6 provide the
aggregate  gradations  and  the  corresponding  gradation
curves of the base course mixtures, respectively.

(2) Optimum moisture content and maximum dry density
According to ASTM D698, the compaction test for cementi-

tious  stabilized  materials  was  conducted  to  determine  the
moisture  content–dry  density  relationship  curve  of  the  base
course mixture. Based on this relationship, the optimum mois-
ture  content  (OMC)  and  maximum  dry  density  (MDD)  were
determined  for  preparing  different  test  specimens.  The

results of the compaction test are shown in Fig. 7 and Table 5.
(3) Mix proportions of all designed base course mixtures
To  evaluate  the  performance  enhancement  of  various

additives,  the  mix  proportions  for  the  CPG/RCA  base  course
mixtures  were  determined  through  a  comparative  design,  as
detailed  in Table  6.  The  dosage  for  each  additive  was  based
on  the  optimal  values  established  in  our  previous  study[29],
which  systematically  analyzed  the  effects  of  additives  on  the
mechanical properties and microstructure of the base course,
while  the  current  study  focuses  on  evaluating  the  perfor-
mance  of  modified  CPG/RCA  materials  from  the  perspective
of durability.

 3.2.2.  Specimen preparation for tests
The WDCT, FTCT, DST, and FT are normally adopted to charac-
terize  the  durability  and  other  properties  of  materials  under
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Fig. 4. The molecular structures of (a) SMN and (b) ESBR.

 

Table 2.   Cement, SMN, and ESBR performance indicators.

Test item
Test result

P.O 42.5 SMN ESBR

Stability Qualified - -
Initial setting time (min) 215 - -
Final setting time (min) 279 - -

Compressive strength (3 d, MPa) 24.5 - -
Compressive strength (28 d, MPa) 48.2 - -

Solid content (%) - - 50±1
Fusing point (°C) - 40–48 -

Dissolubility - Soluble in water -
Appearance Grey powder White powder White lotion

pH - 11–13 6–7
Viscosity (mPa·s) - - 1000–1200

Note: “–” indicates not measured or not applicable.
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C36H70CaO4
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Fig. 5. (a) Apparent morphology and (b) molecular structure of CSE.
 

Table 3.   Physical properties of CSE.

Parameters Solid content (%) pH Viscosity (mPa·s) Density (g cm−3)

Values 42±2 9–12 ≤500 1.0–1.1
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specific  conditions.  In  this  study,  they  were  used  to  evaluate
whether  the  road  base  mixture  can  meet  the  requirements
for pavement usage. Prior to the tests, the corresponding speci-
mens  were  fabricated  and  cured  according  to  ASTM  D559,
ASTM  C666,  ASTM  C157,  and  ASTM  D8044.  The  fabrication
method of  the  specimens  is  shown in Fig.  8,  while  the  shape
and  dimensions  of  the  specimens  for  different  tests  are  pre-
sented in Table 7.

 3.3.  Testing method

 3.3.1.  Dry-wet cycle test
The dry-wet cycle test (WDCT) was conducted in this study to
evaluate  the moisture-induced damage of  the prepared base
course mixtures according to ASTM D559. Under standard con-
ditions,  the  prepared  CPG/RCA  base  course  mixtures  were
cured for 6 d. After curing, the samples were dried in an oven

 

Table 4.   Aggregate gradations of base course mixtures.

Mesh size (mm)
Passing percentage (%)

Upper limit Lower limit RCA gradation PG/RCA gradation CPG/RCA gradation

0.075 5 2 3 2.4 2.4
0.15 7 3 5 4.6 4.6
0.3 10 5 7 12.5 12.5
0.6 15 8 11 29.7 29.7

1.18 22 13 17 34.5 34.5
2.36 31 22 26 41.6 41.6
4.75 45 35 40 52.6 52.6
9.5 72 59 65 72.4 72.4

13.2 86 76 81 85 85
16 93 88 90 92.1 92.1
19 100 100 100 100 100
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Table 5.   The determined OMC and MDD values of base course materials.

Item Cement (%) CPG (%) PG (%) NA (%) RCA (%) OMC (%) MDD (g cm−3)

0CPG/57RCA 5 0 0 38 57 6.73 2.272
20PG/45RCA 5 0 20 30 45 5.97 2.059

20CPG/45RCA 5 20 0 30 45 6.17 2.044

 

Table 6.   Mix design of target base course mixtures.

Abbreviation CSE (%) SMN (%) ESBR (%) Cement (%) PG (%) CPG (%) RCA (%) NA (%)

RCA 0 0 0 5 0 0 57 38
PG/RCA 0 0 0 5 20 0 45 30

CPG/RCA 0 0 0 5 0 20 45 30
CPG/RCA-S 0 2.2 0 5 0 20 45 30

CPG/RCA-SC 0.32 2.2 0 5 0 20 45 30
CPG/RCA-SCE 0.32 2.2 1 5 0 20 45 30

Note: S denotes SMN, SC denotes the combined addition of SMN and CSE, and SCE denotes the combined addition of SMN, CSE, and ESBR.

Materials Reports: Solidwaste and Ecomaterials 2(2026) 9520023 J. Huang et al.

5



at 40 °C for 1 d and then soaked in 20 °C water for 1 d, which
constituted a dry-wet cycle. To assess the resistance of the pre-
pared  base  course  mixtures  to  water  damage,  the  tests  on
unconfined  compressive  strength  and  mass  loss  were  per-
formed after five dry-wet cycles. Equation (1) is used to calcu-
late the strength variation. 

Wn =
mn −mn−

mn−
× % (1)

Wn

mn

where,  refers  to the strength variation of  the sample after
n dry-wet  cycles  (%),  and  refers  to  the  compressive
strength of the sample after n dry-wet cycles (MPa).
 3.3.2.  Freeze-thaw cycle test
As  per  ASTM  C666,  the  prepared  CPG/RCA  and  other  control
samples were first  subjected to a 28-day curing period under
typical  conditions,  and  then  these  cured  samples  were  taken
out  and  placed  in  a −18  °C  cold  chamber  for  16  h  for  freez-
ing. Following the freezing test, some samples were removed
for weighing and then placed into a 20 °C water tank for thaw-
ing over  the course of  8  h.  This  process is  known as a  freeze-
thaw  cycle.  In  this  study,  five  freeze-thaw  cycles  were
designed  to  evaluate  the  resistance  of  the  prepared  base
course  mixtures  to  freeze-thaw  damage.  Equation  (2)  is  used
to calculate the frost resistance index: 

RCSR =
mn

mc
× % (2)

mn

mc

where, RCSR refers  to  the  residual  compressive  strength  rate
of  the  sample  (%),  refers  to  the  compressive  strength  of
the  sample  after n freeze-thaw  cycles  (MPa),  and  refers  to
the compressive strength of the control sample (MPa).

 3.3.3.  Dry shrinkage test
As  per  ASTM  C157,  the  prepared  100  mm  ×  100  mm  ×  400
mm center-beam sample was placed on the laboratory's home-
made shrinkage equipment with the dial gauges fixed on the
two  ends.  The  displacement  sensor  of  the  dial  gauge  indi-
cates  a  change  when  the  sample  experiences  volumetric
shrinkage as a result of water loss, making it possible to deter-
mine the shrinkage deformation value of the sample by moni-
toring the dial gauge readings.

 3.3.4.  Fatigue test
The fatigue test method used in this study was the semi-circu-
lar  bending  (SCB)  test[32].  In  order  to  assess  the  effect  of  CSE
and  SMN  additives  on  the  fatigue  performance  of  CPG/RCA
base course  samples,  the SCB test  was  performed in  a  stress-
controlled  mode  using  the  UTM  testing  equipment.  A  half-
sine  loading  form  was  applied  with  a  loading  frequency  of
2 Hz. The test was carried out at 25 °C.

The maximum load of each group of specimens was deter-
mined  by  the  SCB  test  in  accordance  with  the  aforemen-
tioned fatigue test procedure, and the fracture strength KIC of
the  specimens  was  calculated  using  Equations  (3)–(6).  Load-
ing levels were set at 40%, 50%, 60%, 70%, and 80% of the frac-
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Fig. 8. The fabrication method of the specimens.

 

Table 7.   Fabrication and testing programs for different studied mixtures.

Property Fabrication method Sample dimension Test Test standard

Dry-wet resistance Cyclic soak and pressurization Φ100 mm × 100 mm WDCT ASTM D559
Freeze-thaw resistance Cyclic soak and pressurization Φ100 mm × 100 mm FTCT ASTM C666
Dry shrinkage property Cyclic soak and pressurization 100 mm × 100 mm × 400 mm DST ASTM C157

Fatigue performance Semi-circular bending Φ100 mm × 100 mm FT ASTM D8044
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ture  strength KIC,  and  the  stress  ratio  was  between  0.4  and
0.8. Fig.  9 shows  the  fatigue  test  procedure  and  the  loading
method.  The  fatigue  performance  of  the  RCA  sample  cannot
adequately  be  evaluated  by  only  comparing  fatigue  life,  as
each  sample  has  a  different  fracture  strength.  Thus,  as  illus-
trated  in  Equations  (3)  to  (6),  a  power  function  linear  regres-
sion  curve  is  fitted  to  the  relationship  between  fatigue  life
and  stress  intensity  factor,  describing  the  fatigue  perfor-
mance of the mixes through the functional relationship. 

σ =
P
rt

(3)
 

YI(.) = . + . (ar ) + .exp (. (ar )) (4)
 

KIC = YIσ

√
πa (5)

 

Nf = K × k−nI (6)

KIC P

t r

YI
a Nf

where,  refers  to  fracture  toughness  (MPa·m0.5),  refers  to
peak load (N),  refers to sample thickness (m),  refers to sam-
ple  radius  (m),  refers  to  standard  stress  intensity  factor
(dimensionless),  refers  to  the  length  of  the  slit  (m),  and 
refers to load quantity when sample is broken.

 4.  Results and discussion

 4.1.  Dry-wet resistance

Prior to the dry-wet resistance evaluation, the effects of treat-
ment  methods  on  the  7-day  unconfined  compressive

strength  of  CPG/RCA  base  course  material  are  analyzed  for
comparisons,  as  displayed in Fig.  10.  It  is  observed that  com-
pared  to  the  RCA-type  (4.79  MPa),  PG/RCA  and  CPG/RCA
types reach 3.34 MPa and 4.08 MPa in 7-day unconfined com-
pressive  strength,  decreased  by  30.14%  and  14.83%,  respec-
tively.  These results  indicate that  the addition of  PG and CPG
reduces  the  early  strength  of  the  materials.  The  reason  for
this  phenomenon  is  that  PG  reacts  with  cement  during  the
hydration  process  to  form  expansive  ettringite  (AFt),  which
may induce microcracks within the matrix, thereby compromis-
ing  the  compressive  strength.  In  contrast,  the  incorporation
of  SMN,  CSE,  and  ESBR  enhances  the  material  strength.  This
improvement  can  be  attributed  to  the  fact  that  SMN,  CSE,
and  ESBR  effectively  activate  the  cement  hydration  process,
promoting  the  formation  of  denser  hydration  products  and
optimizing the microstructure of  the composite material.  The
divergent effects of additives highlight the critical role of che-
mical  compatibility  in  designing  cement-stabilized  recycled
aggregates for strength development.

Fig. 11 reflects the effect of dry-wet cycles on the uncon-
fined  compressive  strength  of  CPG/RCA  base  course  materi-
als after 7-day curing. In contrast to the results shown in Fig. 10,
after  one  dry-wet  cycle,  the  compressive  strength  of  RCA,
PG/RCA,  CPG/RCA,  CPG/RCA-S,  CPG/RCA-SC,  and  CPG/RCA-
SCE  types  increases  from  4.79,  3.34,  4.08,  5.37,  5.48,  and  5.38
MPa to 5.03, 3.45, 4.32, 5.61, 5.97, and 5.65 MPa, respectively.

Furthermore,  the  compressive  strengths  start  decreasing
from  the  third  dry-wet  cycle,  and  remain  3.15,  3.92,  4.6,  5.36,
5.66,  and  5.39  MPa  at  the  fifth  cycle  for  RCA,  PG/RCA,
CPG/RCA,  CPG/RCA-S,  CPG/RCA-SC,  and  CPG/RCA-SCE  types,
respectively.  It  is  worthwhile  noting  that  although  CPG/RCA-
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Fig. 9. Loading method and process of fatigue test: (a) sample size, (b) sample loading, (c) sample destruction.
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SCE  type  decreases  in  compressive  strength  to  some  extent
within  five  cycles  compared  to  CPG/RCA-SC  type,  it  still  has
similar  results  to  that  of  CPG/RCA-S type.  The results  indicate
that the optimal incorporations of SMN and CSE can not only
compensate  for  the  strength  loss  of  7-day-cured  CPG/RCA
base  course  material  but  also  contribute  to  increasing  the
strength at  the earlier  stage of  dry-wet cycles,  although ESBR
will  slightly  cut  down  some  of  the  increased  strength.  This
depends on the fact that the mixing of SMN and CSE can pro-
duce more chemical opportunities towards hydrations for sta-
bilization  and  coating  of  RCA,  CPG,  and  other  aggregates  in
terms  of  strength  enhancement  and  waterproofing  improve-
ment,  while  the  organic  coatings  of  ESBR  work  to  mainly
enhance  the  flexibility  and  resilience,  which  results  in
reduced strength[33,34].

Fig.  12 illustrates  the  strength  variation  of  7-day-cured
CPG/RCA base course materials with dry-wet cycles. As clearly
observed,  the  strength  variation  trends  differed  among  the
mixtures.  After  the  third  cycle,  all  mixtures  exhibited  a
decrease  in  unconfined  compressive  strength.  Mixtures  like
CPG/RCA-SCE  and  CPG/RCA-SC  maintained  higher  strength

compared  to  others  after  several  cycles,  while  mixtures  like
PG/RCA  and  CPG/RCA  showed  a  more  gradual  and  consis-
tent decrease in strength. The results suggest that the rate of
strength loss is significantly influenced by the material compo-
sition and the ability of the mixtures to retain water. Some mix-
tures  exhibited  slower  strength  loss  and  better  resistance  to
moisture fluctuations, while others showed more rapid deterio-
ration. The reason for the results is that the high-water reten-
tion  capacity  of  CPG/RCA-SC  contributed  to  better  moisture
resistance  during  the  dry-wet  cycles,  which  helped  minimize
strength loss.

 4.2.  Freeze-thaw resistance

To  better  understand  the  freeze-thaw  resistance  of  CPG/RCA
base  course  materials,  the  effects  of  the  treatment  methods
on their 28-day unconfined compressive strengths are shown
in Fig.  13.  Significantly,  compared  to  the  RCA  type,  the
PG/RCA  type  shows  a  lower  compressive  strength  of  4.03
MPa,  decreased  by  2.20  MPa.  When  CPG  is  used  to  replace
PG,  the  compressive  strength  of  the  CPG/RCA  type  comes
back  to  4.92  MPa,  which  still  doesn’t  catch  up  with  6.23  MPa
of  the  RCA  type.  As  the  additives  are  further  added  into  the
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Fig. 10. Effects of treatment methods on the 7-day unconfined com-
pressive strength of CPG/RCA base course material.
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CPG/RCA  type,  the  compressive  strengths  of  CPG/RCA-S,
CPG/RCA-SC,  and  CPG/RCA-SCE  types  are  increased  to  6.65,
8.29,  and  6.92  MPa,  respectively,  which  are  all  higher  than
that of the RCA type. It is noteworthy that with the incorpora-
tion  of  ESBR,  the  compressive  strength  of  the  CPG/RCA-SCE
type  doesn’t  show  a  desired  increase  but  rather  a  slight
decrease.  The  results  suggest  that  the  collective  use  of  SMN
and  CSE  can  significantly  enhance  the  long-term  strength  of
CPG/RCA base course material,  whereas ESBR exerts a certain
degree  of  negative  impact  on  the  strength.  This  is  because
SMN  and  CSE  partake  in  the  hydration  reaction  of  the
CPG/RCA base material mixture, generating inorganic cementi-
tious  substances  that  contribute  to  the  enhancement  of
strength[35,36].  Conversely,  ESBR  forms  an  organic  layer  at  the
internal  interfaces,  which  serves  to  augment  the  flexibility  of
the  mixture,  albeit  at  the  expense  of  a  certain  reduction  in
compressive capacity.

Fig.  14 shows  the  effect  of  freeze-thaw  cycles  on  the
unconfined  compressive  strength  of  CPG/RCA  base  course
materials after 28-day curing. It is clear that, with the increase
in  freeze-thaw  cycles,  the  compressive  strength  of  all  base
course  materials  exhibits  a  uniform  downward  trend.  During
the  whole  freeze-thaw  process,  the  strength  ranking  among
the types is  CPG/RCA-SC > CPG/RCA-SCE > CPG/RCA-S > RCA
>  CPG/RCA  >  PG/RCA,  with  respective  values  of  5.96,  4.93,
4.41,  4.12,  2.49,  and  1.48  MPa  after  the  fifth  cycle.  Among
them,  except  for  PG/RCA  and  CPG/RCA  types,  other  types
have  residual  strength  far  exceeding  3  MPa  as  required  for
the  least  applicability.  The  results  indicate  that  the  degrada-
tion effect  of  freeze-thaw cycles on the compressive strength
of  various  base  course  materials  is  notably  significant,
whereas  the  synergistic  use  of  SMN,  CSE,  and  ESBR  can
enable the CPG/RCA base course material to endure a greater
number of freeze-thaw cycles for practical application.

Fig. 15 exhibits the residual compressive strength ratio of
28-day-cured  CPG/RCA  base  course  materials  with  freeze-
thaw cycles. It is obvious that the residual strength ratio of all
materials  presents  a  uniform  decreasing  trend  to  different
extents,  where  the  PG/RCA  and  CPG/RCA  types  have  similar
residual  compressive  strength  ratios  at  the  first  four  cycles

and  then  remain  levels  of  36.7%  and  50.6%,  respectively,  at
the  fifth  cycle.  It  is  worthwhile  noting  that  the  residual  com-
pressive  strength  ratio  of  the  RCA  type  is  much  higher  than
that  of  these  two  types,  which  can  still  reach  66.1%  at  the
fifth  cycle.  The  results  suggest  that  the  utilization  of  calcina-
tion methods to treat PG evidently does not resolve the issue
of  freeze-thaw  resistance  in  CPG/RCA  base  course  materials,
and  even  so,  it  still  falls  short  of  the  freeze-thaw  resistance
level  exhibited  by  the  RCA  base  course  material.  Based  on
this,  as  the additives are added,  the CPG/RCA-S,  CPG/RCA-SC,
and  CPG/RCA-SCE  types  show  improved  residual  compres-
sive strength ratios,  reaching at 66.3%, 72%, and 71.1% while
being  subjected  to  five  cycles.  This  result  indicates  that  the
incorporation of  SMN, CSE,  and ESBR has markedly enhanced
the  residual  compressive  strength  ratio  of  CPG/RCA  base
course  materials  under  multiple  freeze-thaw  cycles,  thereby
endowing  them  with  the  potential  for  long-term  application
in cold climatic conditions.

 4.3.  Dry shrinkage property

Fig.  16 reflects  the  effect  of  treatment  methods  on  the  dry
shrinkage strain development of  CPG/RCA base course mate-
rial  within  180  d.  It  is  clear  that  a  significant  change  in  dry
shrinkage  strain  occurs  during  the  first  30  d  for  all  materials,
and  after  that,  the  rate  of  dry  shrinkage  slows  down  with  a
small  change  from  30  d  to  180  d.  Meanwhile,  the  changing
extent  of  the  dry  shrinkage  strain  follows  the  order:  RCA  >
PG/RCA  ≈  CPG/RCA  >  CPG/RCA-S  >  CPG/RCA-SC  >  CPG/RCA-
SCE in type, within 180 d, and at the final day, the dry shrink-
age  strain  of  the  CPG/RCA-SCE  type  (namely  570×10−6)  is
much  lower  than  that  of  others,  particularly  the  RCA  type
(1172.5×10−6). The results show that PG and CPG possess a simi-
lar  capacity  to  reduce  the  dry  shrinkage  strain  of  RCA  base
course  material  and  improve  dimensional  stability,  while  the
sequential  addition  of  SMN,  CSE,  and  ESBR  further  mitigates
the  risk  of  cracking  in  CPG/RCA  base  course  material  caused
by  shrinkage  variations.  This  phenomenon  arises  because  PG
and  CPG  exhibit  a  certain  degree  of  water-absorbing  expan-
sion,  partially  counteracting  the  shrinkage  induced  by  the
hydration  reaction  of  RCA  base  course  material,  while  SMN,
CSE,  and  ESBR  play  roles  in  water  consumption  and  infiltra-
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tion  prevention  for  further  reducing  the  shrinkage  of
CPG/RCA base material[37].

Fig.  17 illustrates the effect of  treatment methods on the
total  shrinkage  of  CPG/RCA  base  course  material  at  180  d.  It
can be seen that the RCA type shows the highest total shrink-
age  at  0.469  mm,  and  as  the  PG  or  CPG  is  added  for  graded
replacements,  the  values  of  PG/RCA  and  CPG/RCA  types  are
0.369 mm and 0.363 mm, respectively.  Furthermore,  with the
addition  of  additives,  the  values  of  CPG/RCA-S,  CPG/RCA-SC,
and  CPG/RCA-SCE  types  are  decreased  to  0.305  mm,  0.278
mm,  and  0.228  mm,  respectively.  The  results  also  reveal  that

the combined effects  of  SMN,  CSE,  and ESBR can more effec-
tively  mitigate  the  dry  shrinkage  of  CPG/RCA  base  course
material over time.

 4.4.  Fatigue performance

Fig. 18 displays the fitted fatigue curves showing the effect of
treatment  methods  on  fatigue  life  of  CPG/RCA  base  course
materials.  Based  on  this,  their  corresponding  fitted  fatigue
equations and correlation coefficients are presented in Table 8.
From them,  it  is  evident  that  all  the fitted results  have the R2

values  greater  than  0.9,  which  are  considered  reliable  for
reflecting their  fatigue behaviors.  From Fig.  18,  it  is  clear  that
compared  to  the  RCA  type,  when  PG  is  directly  used  as  a
replacement,  the  PG/RCA  type  exhibits  a  significantly  dimini-
shed  fatigue  life  with  the  increasing  stress  intensity  factor.
However,  when  CPG  is  used  to  substitute  for  PG,  the  fatigue
life  of  CPG/RCA  type  recovers  to  some  extent,  approaching
that  of  the  RCA  type  during  the  stress-loading  period.  Fur-
ther,  as  the SMN is  added,  the fatigue life  of  CPG/RCA-S type
presents  very  similar  changes  to  that  of  RCA  type.  More
notably,  the  fatigue  life  of  CPG/RCA-SC  and  CPG/RCA-SCE
types  is  obviously  higher  than  that  of  CPG/RCA-S  type  while
loaded, particularly the latter.

In  addition,  as  presented  in Table  8,  it  is  evident  that,  as
the  additives  are  added,  the k-value  of  the  CPG/RCA  type  is
increased  from  17.131  to  33.819,  81.398,  and  418.287  for  the
CPG/RCA-S,  CPG/RCA-SC,  and  CPG/RCA-SCE  types,  respec-
tively.  Obviously,  the  addition  of  SMN  increased  the k-value
of CPG/RCA for improved resistance to fatigue; while the incor-
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Table 8.   Fitted fatigue equations and correlation coefficients of the studied base course materials.

Material type Fitted fatigue equation
Regression coefficient

R2

k n

RCA Nf = . × KI
−. 55.125 2.778 0.998

PG/RCA Nf = . × KI
−. 1.083 3.848 0.992

CPG/RCA Nf = . × KI
−. 17.131 3.071 0.998

CPG/RCA-S Nf = . × KI
−. 33.819 3.056 0.981

CPG/RCA-SC Nf = . × KI
−. 81.398 3.067 0.999

CPG/RCA-SCE Nf = . × KI
−. 418.287 2.649 0.997
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poration of CSE and ESBR orderly produces better effects, fur-
ther  raising  the k-value  and  thereby  decreasing  the  cracking
risk caused by fatigue behavior. It is noteworthy that a compar-
ative  analysis  of n-value  for  all  types  indicates  that  the
CPG/RCA-SCE  type  has  the  lowest  result  of  2.649,  showing
the smallest susceptibility to repeated loads.

The abovementioned results suggest that the use of CPG
cannot  fully  solve  the  issue  of  fatigue  life  loss  caused  by  the
direct  use  of  PG  in  RCA  base  course  material,  but  the  adop-
tion  of  ESBR,  with  a  combined  use  of  SMN  and  CSE,  shows  a
positively  surprising  improvement  in  extending  the  fatigue
life  of  CPG/RCA  base  course  material.  The  reason  is  that  the
organic layers of demulsified ESBR can be formed and existed
in the interfacial zones resulting from physicochemical interac-
tions  from  SMN  and  SCE  among  RCA,  CPG,  and  other  aggre-
gates,  which thus provides the multiple benefits in enhanced
stress  absorption,  improved  bonding  strength,  and  reduced
void  ratio  in  the  CPG/RCA  mixture,  enabling  it  to  withstand
more cycles of loads.

 5.  Conclusions

This  study  focused  on  the  sustainable  recycling  of  PG  and
RCA  into  the  base  course  for  pavement  construction,  aiming
to  mitigate  moisture-induced  damage  and  improve  durabil-
ity.  After  converting  PG  to  calcined  PG  (CPG),  the  combined
use of SMN, CSE, and ESBR, as strength-enhancing, water-pre-
venting,  and  flexibility-improving  additives,  was  considered
to  solve  the  durability  issue  of  CPG/RCA  base  course  materi-
als.  Based  on  the  dry-wet  cycle  test,  freeze-thaw  cycle  test,
shrinkage test,  and fatigue test,  the moisture-induced perfor-
mance and durability of base course materials were compara-
tively  analyzed.  Some  concluding  findings  can  be  drawn  as
follows:

(1)  WDCT  results  show  that  PG  and  CPG  reduced  7-day
strength  by  30.14%  and  14.83%,  respectively.  SMN  and  CSE
mitigated this loss,  with CPG/RCA-SC retaining 5.66 MPa after
five  cycles.  These  additives  effectively  stabilized  the  matrix
structure,  although  ESBR  caused  a  marginal  decrease  in  the
final strength.

(2)  FTCT  evaluations  reveal  that  CPG/RCA-SC  reached  a
28-day  strength  of  8.29  MPa.  Its  residual  strength  ratio  after
five  cycles  was  72%,  significantly  exceeding  those  of  PG/RCA
(36.7%)  and  CPG/RCA  (50.6%).  The  synergy  of  SMN,  CSE,  and
ESBR markedly enhanced long-term durability for cold environ-
ment applications.

(3)  DST  results  indicate  that  CPG/RCA-SCE  reduced  the
180-day  strain  from  1172.5×10−6 (RCA)  to  570×10−6,  and
decreased  the  total  shrinkage  from  0.469  mm  (RCA)  to  0.228
mm.  These  results  prove  that  additives  inhibit  shrinkage-
induced cracking and enhance dimensional stability.

(4) FT results show that the k-value is markedly increased
from 1.083 (PG/RCA type) to 418.287 (CPG/RCA-SCE type), rep-
resenting a vast enhancement in fatigue resistance.

In  summary,  the  proposed  method  paves  the  way  for
novel  approaches  in  the  recycling  and  application  of  PG  and
RCA  in  forthcoming  pavement  base  constructions.  The  find-
ings  of  this  study  offer  valuable  insights  for  the  engineering
implementation of PG/RCA base course in pavement. Nonethe-

less,  specific  durability  evaluations,  especially  concerning  the
long-term  water  resistance  and  climate  resilience  of  the
PG/RCA base course, require further extensive examination in
laboratory  settings.  Consequently,  subsequent  research
endeavors  should  integrate  comprehensive  laboratory  analy-
ses  with  field  durability  tests  to  advance  the  progression  of
engineering applications.
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