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Abstract：  This  study conducted  indoor  consolidation  tests  on  the  aging  road and natural  ground foundational  soils  from the  G214 permafrost
section in the Yellow River source area to compare their consolidation characteristics. The results revealed that the consolidation deformation of
the aging road foundation soil was significantly lower than that of the natural foundation soil, with a flatter consolidation curve. In the aging road
foundation,  the  2.5-4.3  m  soil  layer  affected  by  annual  temperature  fluctuations  exhibited  void  ratio  variations  2.05  times  greater  than  other
layers. However, the variation in void ratio in multiple layers of the natural foundation was greater than that in the aging road foundation. The
maximum  settlement  of  the  aging  road  foundation  originated  from  the  2.5-4.3  m  layer  with  smaller  shallow  settlement,  while  the  natural
foundation showed dominant shallow settlement followed by the 2.5-7.5 m layer,  reaching a total  settlement 1.37 times that of  the aging road
foundation.  A layered treatment strategy is  recommended:  applying techniques adapted from soft  foundation treatment to shallow layers  while
implementing  thermal  stability  protection  for  permafrost  in  deeper  layers,  achieving  a  coordinated  approach  between  deformation  control  and
permafrost environmental protection.
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1　Introduction

Permafrost  is  an  important  engineering  feature  of  highways  in
the Qinghai-Tibet Plateau region. The section of G214 route from
Gonghe to Yushu, situated on the eastern edge of the Qinghai-Tibet
Plateau’s permafrost zone, constitutes a major permafrost highway
traversing  this  area.  The  segment  from  Wenquan  to  Qingshuihe
River  spans  over  200  km  across  permafrost  terrain,  characterized
by high ground temperatures and substantial ice content [1−2]. Par-
ticularly, in most parts of this route, the permafrost is in a state of
severe degradation [3]. Initially, it was believed that subsidence of
the permafrost  roadbed  was  solely  due  to  thawing  of  the   perma-
frost. However, subsequent studies revealed that this deformation is
caused by multiple sources [4−6].  Researchers such as Tian Yahu
[7] and Zhang [8] observed that the subsidence deformation of the
embankment  exhibits  significant  seasonal  variations,  with  more
pronounced  seasonal  deformations  in  high  embankments.  These
deformations are concentrated in the warm season, while virtually
no progression is noted during the cold season. Qi [9] suggest that
the primary causes of roadbed subsidence in permafrost regions are
thaw settlement, high-temperature permafrost, seasonal thaw creep,
and  additional  deformations  induced  by  freeze-thaw  cycles  under
the influence of roadbed loads. Based on field subsidence monitor-
ing and numerical  simulation results,  scholars such as Wang [10],
Ma [11], and Yuan [12] assert that deformations during the opera-
tional  phase  of  the  highway  are  primarily  concentrated  within

0-7 m below the surface, mainly due to permafrost degradation and
compressive consolidation. Sukai [13] found that high-temperature
permafrost exhibits significant compressibility, but whether its de-
formation mechanism is  creep or  consolidation remains a  topic of
debate. Yu [5] and Ming [14] argue that the consolidation process
in permafrost lags behind the thawing process and that the volume
of  consolidation  deformation  is  generally  substantial.  This  aspect
of deformation warrants significant attention as newly thawed soil
layers are unable to consolidate within the same year, requiring ad-
ditional  time for  residual  consolidation [15].  Further  studies,  such
as  those  by  Zhang,  et  al.  [16]  on  the  permeability  coefficient  of
frozen Qinghai loess under load, suggest the possibility of consol-
idation in high-temperature permafrost. Liu and others [17] believe
that the physico-mechanical properties of high-temperature perma-
frost  are similar to those of thawed soil,  thus justifying the use of
consolidation  theory  to  explain  the  deformation  mechanisms  of
high-temperature permafrost.
Current  foundation  treatment  technologies  for  permafrost  areas

mainly focus on protective treatment, forming a variety of technic-
al  solutions  aimed  at  heat  insulation,  cold  conduction,  and  water
control [18]. However, under the influence of climate warming and
humidification,  large-scale  uneven  subsidence  damage  still  occurs
in  the  roadbeds  of  highways  in  permafrost  areas  [18].  During  the
operational  lifespan  of  aging  roads,  the  foundational  soil  beneath
roadbeds undergoes significant degradation due to the coupled long-
term  effects  of  various  additional  stresses,  including  those  from

 
Received: 14 May 2025； Revised: 20 June 2025； Accepted: 27 July 2025
* E-mail address：q949108627@gmail.com；** Corresponding author： b.tian@rioh.cn
DOI: 10.26599/HTRD.2026.9480084
2095-6215/ © The Author(s) 2026.  Published by Tsinghua University Press.  This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.00/).
Translated from Journal of Highway and Transportation Research and Development (Chinese, ISSN1002-0268), 2024, 41(S1):118−128. 

 
J. Highw. Transp. Res. Dev. 2026，20(1): 56−66

Journal of Highway and Transportation
Research and Development
Home page: www.sciopen.com/journal/2095-6215

 

mailto:q949108627@gmail.com
mailto:b.tian@rioh.cn
https://doi.org/10.26599/HTRD.2026.9480084
http://creativecommons.org/licenses/by/4.00/
http://creativecommons.org/licenses/by/4.00/
https://doi.org/10.26599/HTRD.2026.9480084
https://doi.org/10.26599/HTRD.2026.9480084
https://doi.org/10.26599/HTRD.2026.9480084
https://doi.org/10.26599/HTRD.2026.9480084
https://doi.org/10.26599/HTRD.2026.9480084
https://doi.org/10.26599/HTRD.2026.9480084
https://doi.org/10.26599/HTRD.2026.9480084
https://doi.org/10.26599/HTRD.2026.9480084
https://doi.org/10.26599/HTRD.2026.9480084
https://doi.org/10.26599/HTRD.2026.9480084
https://www.sciopen.com/journal/2095-6215
https://www.sciopen.com/journal/2095-6215
https://www.sciopen.com/journal/2095-6215


permafrost.  Over time, the pore water within the foundational soil
is  progressively  expelled  and  dissipates,  leading  to  the  migration
and  reorganization  of  the  pore  structure  and  the  soil’s  skeletal
framework  [19].  These  alterations  in  the  mechanical  properties  of
the foundational soil result in changes under the influence of these
forces,  thereby  impacting  the  stability  of  the  roadbed.  Analyzing
the  consolidation  characteristics  of  the  foundational  soil  in  aging
roads assists in assessing their long-term stability and provides es-
sential  references  for  reconstruction  or  reinforcement  efforts.  In
contrast, natural foundational soil, which has not been subjected to
such additional  stresses,  displays significantly  different  mechanic-
al properties.  The  consolidation  characteristics  of  natural   founda-
tional  soil  are  greatly  influenced  by  construction  conditions,  yet
they  can  be  enhanced  through  optimized  design  and  construction
processes, such as compaction and reinforcement, to achieve better
consolidation effects. For the design and construction of new roads,
understanding the  consolidation  characteristics  of  natural   founda-
tional soil helps reduce settlement and enhance the stability of the
roadbed. During the operational period of newly constructed roads,
the properties of the subgrade soil will gradually approach those of
the existing road subgrade soil. Therefore, when designing founda-
tions in permafrost regions, it is crucial to consider both thaw set-
tlement  and consolidation  effects  to  ensure  the  long-term stability
and safety of the engineering project.
This study  focuses  on  the  native  soil  samples  from  the   perma-

frost  section  along the  G214 route  in  the  Yellow River  Source  of
the Qinghai-Tibet Plateau as the subject of investigation. Through
consolidation tests,  we analyze the consolidation behavior of  both
aging and natural  foundational  soils  at  varying depths.  The aim is
to uncover the mechanical evolution patterns of foundational soil in
permafrost regions in depth, thereby providing theoretical and tech-
nical support for the design and construction of new roads, as well
as  for  the  optimization  of  existing  road  upgrades  in  the  Qinghai-
Tibet Plateau permafrost areas. 

2　Sampling and testing methodologies for foundational soil
 

2.1　Overview of the sampling area for foundational soil

The section of the Feldspar Mountain-Duoqin Ankelang area en-
compasses  the  longest  stretch  of  continuous  permafrost  on  G214
route, spanning 46.7 km between K417+200 and K463+900. Char-
acterized  by  a  high  ice  content,  this  permafrost  segment  accounts
for 69.8% of the total permafrost length in the area, extending over
32.6  km.  The  average  annual  ground  temperature  ranges  between
−1.0 ℃ and  −0.5 ℃,  classifying  it  as  high-temperature  unstable
permafrost. The average downward displacement rate of the natur-
al  upper  limit  of  permafrost  over  many  years  and  the  average
downward displacement rate of the upper limit of permafrost over
many years after the construction of new roadbed pavement struc-
tures  are  0.099 and 0.122 m/a,  respectively  [3]. The average  tem-
perature of this section ranges from −5.3 to −2.4 ℃, with an over-
all warming  trend  and  a  warming  rate  of  approximately  0.2  ℃/
(10a)  [20].  The  predominant  soil  types  in  this  region  are  loamy
sand and silty clay, which are fine-grained soils. Overall,  the geo-
technical conditions for permafrost engineering are relatively poor,
with  some  road  sections  being  in  extremely  poor  condition  [20].
The  soil  samples  for  this  study  were  collected  from  the  Feldspar
Mountain-Duoqin Ankelang plains within the pile number range of
K435+000 to K437+000 during the warm season of the permafrost
region.  The depth of the permafrost  upper limit  beneath the aging
road’s  foundational  soil  reaches  up  to  9.0  m.  The  G214  highway
from Gonghe to Yushu was widened and completed between 2001
and 2003,  with  an  asphalt  concrete  surface,  has  experienced  vari-
ous  degrees  of  pavement  damage  due  to  the  permafrost  effects.
Following surface treatments in 2008, which included the applica-
tion of  a  4  cm thick  asphalt  concrete  overlay,  this  section  contin-

ues to  suffer  from numerous  roadway defects,  leading to  a  gener-
ally poor overall condition. 

2.2　Stratification of foundational soil layer

To investigate  the  mechanisms by which road operations  affect
permafrost foundations, field drilling was conducted to collect un-
disturbed  soil  samples  from  beneath  the  centerline  of  the  aging
road and 1.5 m outside the toe of the same cross-section for found-
ational soil analysis. The sampling depths ranged from 0 to 7.4 m.
The centerline of the aging road directly bears the heaviest vehicle
loads and  additional  stresses  on  the  pavement  structure.  It  is   loc-
ated in the core area of the roadbed fill  and is subject to the most
severe disturbance. The natural foundation 1.5 m outside the toe of
the  slope  in  the  same  cross-section can  effectively  avoid  the   dis-
turbance of the soil caused by road construction and operation and
maintenance.  At  the  same  time,  it  can  ensure  that  the  sampling
point and the centerline sampling point are in the same geological
structure, hydrological conditions, and climatic environment. After
collection, the samples  were transported to  the Ministry  of  Trans-
port’s  Permafrost  Observation  Base  for  subsequent  consolidation
testing.
Based on the borehole data (refer to Fig. 1), apparent soil proper-

ties, and particle size distribution results, the foundational soil was
classified  into  five  distinct  layers.  These  are  detailed  as  follows:
from 0 to 1.5 m, the layer consists of clayey fine sand; from 1.5 to
2.5 m, it comprises medium sand, which is unsuitable for consolid-
ation tests; from 2.5 to 4.3 m, it consists of fine-grained soil; from
4.3 to 6.0 m, it includes clayey sand; and from 6.0 to 7.5 m, it con-
sists of silty clay.
  

Fig. 1    Distribution of soil samples from field boreholes.
 
Soil samples were collected from the median depths of each soil

layer  to  facilitate  a  clear  visual  demonstration  of  the  soil  layer
properties and to aid in the subsequent analysis of soil sample test-
ing  results.  The  samples  of  foundational  soil  were  systematically
numbered. Table 1 presents the basic properties and sample identi-
fication for foundational soil. 

2.3　Methodology for the consolidation test of foundational soil

The experimental apparatus employed in this study was a lever-
action  high-pressure  consolidation  instrument  (Model  WG single-
lever consolidation apparatus，refer to Fig. 2). Prior to conducting
the experiments, the equipment was meticulously calibrated to en-
sure that it was positioned on a level surface and the lever was bal-
anced in  a  no-load condition.  The method adopted for  the  experi-
ment was  the  rapid  consolidation  technique,  utilizing  an   undis-
turbed  soil  sample  with  a  cross-sectional  area  of  30  cm2  and  a
height  of  2  cm.  The  samples,  including  those  from an  aging  road
foundational  soil  and  natural  foundational  soil,  were  subjected  to
high-pressure consolidation tests under double-sided drainage con-
ditions, with incremental loading applied.
To explore the thawing process of permafrost in natural founda-

tional soil  subsequent to roadbed construction, the tests were con-
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ducted  under  local  climatic  conditions  (10  °C,  0.6  atm  pressure).
Each load level was maintained for a duration of 1 h, and readings
were  taken  at  the  final  load  level  until  settlement  stabilized.  The
criterion for consolidation stability was defined as a deformation of
no more  than  0.01  mm in  the  final  hour.  The  test  loads  were   se-
quentially  set  at  25,  50,  100,  200,  400,  800,  and  1,600 kPa,  with
timing  intervals  recorded  at  0.25,  1,  2.25,  4,  6.25,  9,  12.25,  16,
20.25, 25, 30.25, 36, 42.25, and 60 min. 

3　Experimental results and analysis
 

3.1　 Consolidation  compression  characteristics  of  foundational  soil  in

aging roads
 

3.1.1　Consolidation curve of foundational soil in aging roads
Fig.  3  shows  the  consolidation  settlement  curves  of  the  aging

road foundation soil  at  different depths.  As the consolidation tests
progressed,  the  consolidation  settlement  curves  of  soil  samples  at
various depths gradually flattened out, exhibiting typical consolida-
tion  settlement  characteristics:  an  initial  rapid  compression  phase,
an intermediate deceleration phase, and a final stabilization phase.
During  the  initial  stage,  soil  samples  from all  depths  of  the  aging
road foundation exhibited a noticeable rapid increase in settlement.
As  time  progressed,  the  settlement  rate  significantly  slowed,  and
the  consolidation  rate  gradually  decreased.  Ultimately,  the  curves
stabilized,  with  minimal  changes  in  settlement,  indicating  that  the
consolidation process had largely concluded. The consolidation de-
formation of the A1 soil sample was the smallest among all aging
road foundation  soil  samples,  with  relatively  slow changes  in  set-
tlement throughout the loading stage. In contrast, the consolidation
deformation  of  the  A2  soil  sample  was  significantly  higher  than
that of other soil samples, making it the largest deformation among
all aging road foundation soil samples. Additionally, the deforma-
tion  of  the  A3  and  A4  soil  samples  was  also  relatively  large  but
slightly lower than that of the A2 soil sample. 

3.1.2　Compressive characteristics of the aging road’s foundational soil

lg p

As  depicted  in  Fig.  4,  the  compressive  characteristics  of  the
foundational soil from an aging road were obtained through the one-
dimensional  consolidation  test.  This  test  yielded  the  e-   curves
for four undisturbed soil samples from the foundational layer. Dur-

ing the  consolidation  process,  the  trends  in  porosity  ratio  changes
under  various  loads  were  consistent  across  all  soil  samples.  The
porosity ratio  (e)  of  each sample  decreased progressively  with   in-
creasing  pressure.  The  curve  profiles  for  samples  at  different
depths were similar, exhibiting an inverse relationship. When com-
paring samples from different depths, it was observed that the ini-
tial  porosity  ratio  decreased  with  increasing  depth.  Specifically,
soil samples A1 and A2 exhibited significantly higher initial poros-
ity ratios than samples A3 and A4. As indicated in Table 1, the ini-
tial porosity ratio for sample A1 was 0.65, slightly lower than that
of A2, yet demonstrating greater compressibility. The initial poros-
ity ratio of sample A2 was the highest among the samples at 0.70,
and it  showed a  substantial  decrease  in  porosity  ratio  during  con-
solidation,  approximately  2.05  times  greater  than  other  layers.  In
contrast, the deeper samples (A3 and A4) had lower initial  poros-
ity  ratios  of  approximately  0.48  and  0.47,  respectively,  indicating
that the deeper soil  layers  were more compact  and less  compress-
ible. 

3.2　Consolidation characteristics of natural foundational soil
 

3.2.1　Consolidation curve of natural foundational soil
Fig.  5  shows  the  consolidation  settlement  curves  for  natural

foundation soils at  different depths.  As the consolidation test  time
increases,  the  consolidation  settlement  curves  for  soil  samples  at
various depths gradually become flatter, exhibiting typical consol-
idation  settlement  characteristics:  an  initial  rapid  compression
phase, an intermediate deceleration phase, and a final stabilization
phase. During the initial stage, soil samples from all depths exhibit
a  noticeable  rapid  increase  in  settlement.  As  time  progresses,  the
settlement rate significantly slows down, and the consolidation rate
gradually decreases. Ultimately, the curves stabilize, with minimal
changes in settlement, indicating that the consolidation process has
largely  concluded.  Soil  samples  at  different  depths  exhibit  similar
trends  under  the  same  pressure  conditions.  Among  them,  B1  and
B4  soil  samples  exhibit  greater  deformation  during  consolidation,
indicating stronger compressibility,  while B2 and B3 soil  samples
exhibit smaller deformation and lower compressibility. This indic-
ates that shallow and deep soils exhibit faster and more intense de-
formation  responses,  while  intermediate-depth soils  exhibit   smal-
ler deformation amplitudes and rates. This suggests that depth has a
significant influence on the consolidation characteristics of soil. 

3.2.2　Compressive characteristics of natural foundational soil

lg p

As depicted in Fig.  6, the compressibility of four groups of un-
disturbed  natural  foundational  soil  samples  was  assessed  through
one-dimensional  consolidation  tests.  These  tests  yielded  the e-
curves for each soil sample.
Overall, during the consolidation process, the trend in the change

of  porosity  ratios  under  varying  loads  was  consistent  across  all
samples. As pressure increased, the porosity ratio (e) of all samples
decreased  progressively,  indicating  a  negative  correlation.  The
shape of the curves for samples from different depths was similar,
suggesting uniform behavior across the sample depths. A compar-
ative analysis  of  samples from various depths reveals  that  the  ini-

 

Table 1    Basic properties of foundational soil samples.
 

Foundation soil samples Number Sampling layer (m) Apparent properties Initial porosity ratio Density (g/cm3) Moisture content (%) Dry density (g/cm3)

Aging road foundational soil samples

A1 0-1.5 Clayey fine sand 0.65 1.78 8.70 1.63

A2 2.5-4.3 Fine-grained soil 0.70 1.99 23.77 1.61

A3 4.3-6.0 Clayey sand 0.48 2.20 19.18 1.85

A4 6.0-7.5 Silty clay 0.47 2.14 15.21 1.86

Natural foundational soil samples

B1 0-1.5 Clayey fine sand 0.74 2.02 23.6 1.55

B2 2.5-4.3 Fine-grained soil 0.60 2.12 22.8 1.70

B3 4.3-6.0 Clayey sand 0.51 2.10 17.1 1.79

B4 6.0-7.5 Silty clay 0.54 2.12 21.9 1.74

 

Fig. 2    Field consolidation test of foundational soil.
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tial porosity ratio decreases with increasing depth of sampling. Ac-
cording to Table 1, the initial porosity ratios of shallower samples
are significantly higher than those of deeper samples. Specifically,
Sample  B1,  with  an  initial  porosity  ratio  of  0.74,  exhibited  the
highest  initial  porosity  among  the  natural  foundational  soil
samples,  indicating  a  loose  arrangement  of  particles  and  a  higher
porosity in the shallower strata. Under increasing pressure, Sample
B1 showed the greatest reduction in porosity ratio, highlighting the
marked  compressibility  of  shallow  soil  under  high  pressure.
Sample  B2  had  an  initial  porosity  ratio  of  approximately  0.60,
slightly lower  than  that  of  B1,  yet  it  still  demonstrated   consider-

able  compressibility  and  a  deformation  pattern  similar  to  that  of
B1.  In  contrast,  the  mid  to  deep  layer  samples  (B3  and  B4)  had
lower initial  porosity  ratios,  approximately  0.51  and  0.54   respect-
ively,  suggesting  that  the  deeper  soil  strata  are  more  densely
packed  and  exhibit  lower  compressibility.  Notably,  Sample  B4
maintained the  lowest  porosity  ratio  throughout  the  loading   pro-
cess. 

3.3　Comparative study on the compression characteristics of  consolida-

tion
 

3.3.1　Comparison of consolidation characteristics
Fig. 7 illustrates the comparative total settlement due to consol-

idation  of  foundational  soil  from various  depths  of  an  aging  road
with that of natural foundational soil. The results indicate signific-
ant differences in the settlement volumes of soil samples at differ-
ent depths.  Between  depths  of  0  to  1.5  m,  the  consolidation   de-
formation  of  natural  foundational  soil  (B1)  significantly  exceeds
that  of  the  aging  road  foundational  soil  (A1).  At  depths  of  2.5  to
4.3 m, the consolidation deformation of the aging road foundation-
al  soil  (A2)  surpasses  that  of  the  natural  foundational  soil  (B2).
Between 4.3 to 6.0 m, the settlement volumes of both types of soil
are  comparable,  though  the  natural  foundational  soil  (B3)  shows
slightly  higher  settlement,  suggesting  similar  physical  properties
within this  depth  range.  From 6.0  to  7.5  m,  the  consolidation  de-
formation of the natural foundational soil  (B4) is greater than that
of the aging road foundational soil (A4). Overall, the natural found-
ational soil exhibits significantly higher settlement volumes at both
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Fig. 3    Settlement curves for consolidation of foundational soil on aging roads at various depths. (a) Consolidation settlement curve for soil sample A1. (b) Consolidation

settlement curve for soil sample A2. (c) Consolidation settlement curve for soil sample A3. (d) Consolidation settlement curve for soil sample A4.
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shallow and  deep  layers  compared  to  the  aging  road  foundational
soil,  whereas  the  latter  shows  higher  settlement  at  intermediate
depths.

Cv

Based on the consolidation curves,  the coefficient of consolida-
tion can be calculated using the square root of time method. After
determining the time, t90, when the degree of consolidation reaches
90%,  the  coefficient  of  consolidation    can be  computed  as   fol-
lows:

Cv =
0.848h

2

t90
(1)

h̄ =
h1+h2

4
(2)

Cv h̄where,   is coefficient of consolidation (cm2/s);   is Half the aver-
age  of  the  initial  and  final  heights  of  the  sample  under  a  specific
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Fig. 5    Consolidation settlement curves of natural foundational soil at various depths. (a) Consolidation settlement curve for soil sample B1. (b) Consolidation settlement

curve for soil sample B2. (c) Consolidation settlement curve for soil sample B3. (d) Consolidation settlement curve for soil sample B4.
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load.
As  demonstrated  in  Fig.  8,  both  the  foundational  soil  samples

from aging  roads  and  those  from  natural  conditions  exhibit  a   de-
creasing trend in the coefficient of consolidation as the consolida-
tion  pressure  increases.  Specifically,  for  the  foundational  soil
samples from aging roads, Sample A1 displays the highest coeffi-
cient of  consolidation.  Samples  A3 and A4 exhibit  similar  coeffi-
cients under low load conditions; however, under higher load con-
ditions, the coefficient for Sample A4 exceeds that of Sample A3.
Sample A2 shows the slowest rate of consolidation, indicating that
the 0 to 1.5 meter soil samples from aging roads consolidate more
rapidly, requiring  less  time  to  achieve  full  consolidation.  In   con-
trast, the 2.5 to 4.3 m soil samples from aging roads demonstrate a
slower rate of consolidation and consequently require a longer peri-
od to consolidate. Regarding the natural foundational soil samples,
Sample B3 presents the highest coefficient of consolidation. Other
samples  in  this  category  show  similar  consolidation  coefficients
under  low load  conditions,  but  under  higher  loads,  the  coefficient
for  Sample  B1  is  greater  than  those  for  Samples  B2  and  B4.  A
comparison of the consolidation curves from the same stratigraph-
ic levels in Fig. 8 panels (a) and (b) reveals that at equivalent load-
ing conditions, the consolidation coefficients for the 0 to 1.5 m and
6.0 to 7.5 m soil samples from aging roads are higher than those for
the natural foundational soils. Conversely, the consolidation coeffi-
cients for the 2.5 to 6.0 m soil samples from aging roads are lower
than those for the corresponding natural foundational soils.
  

4

8

12

16

20

24

28

32  Soil sample A1  Soil sample A2 
 Soil sample A3  Soil sample A4

 Soil sample B1  Soil sample B2 
 Soil sample B3  Soil sample B4

C
oe

ffi
ci

en
t o

f c
on

so
lid

at
io

n 
(×

10
−4

 c
m

2 /s
)

C
oe

ffi
ci

en
t o

f c
on

so
lid

at
io

n 
(×

10
−4

 c
m

2 /s
)

(a) 

4

8

12

16

20

24

28

25 50 100 200 400 800 1,600
Pressure (kPa)

(b) 

25 50 100 200 400 800 1,600
Pressure (kPa)

Fig. 8    Relationship between Cv and p for undisturbed foundational soil samples.

(a) Cv-p Relationship curve for aging road foundational soil sample.

(b) Cv-p Relationship curve for natural foundational soil sample. 

3.3.2　Comparative analysis of compression characteristics
e− lg pFig. 4 and Fig. 6 reveal that the   curves for the foundation-

al soil of the aging road and the natural foundational soil exhibit a
similar overall trend. Specifically, both demonstrate a characterist-

ic  reduction  in  the  porosity  ratio  as  the  load  increases.  Excluding
the soil layers between 2.5 and 4.3 m, the initial porosity ratios of
the foundational soil from the aging road at various depths are gen-
erally lower than those of the natural foundational soil. Notably, in
the  soil  layers  between 4.3  and 7.5  m,  the  initial  porosity  ratio  of
the foundational soil from the aging road is significantly lower than
that  of  the  nearby  natural  foundational  soil.  As  shown  in  Fig.  9,
with  the  exception  of  the  2.5  to  4.3  m  layers,  the  amplitude  of
porosity ratio changes in the natural foundational soil exceeds that
in the  foundational  soil  of  the  aging  road.  The  initial  porosity   ra-
tios of soil samples A2 and B2 are approximately 0.70 and 0.60, re-
spectively, with A2 exhibiting a higher porosity ratio than B2. Fur-
thermore, post-loading changes in the porosity ratio are more pro-
nounced for sample A2 compared to B2, indicating a more signific-
ant  compressibility  in  the  foundational  soil  of  the  aging  road
between 2.5 and 4.3 m.
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e− lg p

OCR

Further data processing of the   curves allows for the calcu-
lation  of  pre-consolidation pressure  and  average  overlying   pres-
sure at different depths, which in turn facilitates the calculation of
the pre-consolidation ratio   and obtaining the over  consolida-
tion  characteristics  of  foundation  soil,  The  results  are  shown  in
Table 2.
  

Table 2    Super-consolidation characteristics of road foundational soil
 

Soil sample number Pre-consolidation pressure
( kPa)

Average overlying pressure
( kPa) OCR

A1 69.2 17.8 3.90
A2 61.6 75.6 0.81
A3 70.5 114.4 0.62
A4 183 145.3 1.26
B1 25.1 8.1 3.10
B2 35.4 84.8 0.42
B3 83.2 100.8 0.82
B4 79.5 148.4 0.54

 
As shown in Table 2,  the foundational soil  samples A1 and A4

from the aging road segment through the permafrost regions of the
G214 Yellow River source exhibit notably high OCR values, indic-
ating a state of over-consolidation. Conversely, samples A2 and A3
are  characterized  by  under-consolidation,  approaching  a  normal
consolidation state.  In  contrast,  the  natural  foundational  soils   dis-
play  generally  lower  OCR  values  at  various  depths,  particularly
samples B2 and B4, where the OCR values are significantly below
1, indicative of an under-consolidated state.  The pre-consolidation
pressure of  the  foundational  soil  from  the  aging  road  is   consist-
ently higher than that of the natural foundational soil. This discrep-
ancy can be attributed to the aging road foundation enduring long-
term exposure to various loads such as the weight of the roadbed it-
self,  operational  loads,  and  additional  imposed  loads,  which  have
facilitated considerable consolidation. In comparison, the consolid-
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ation  in  natural  foundational  soils  is  primarily  influenced  by  their
self-weight, resulting in relatively weaker consolidation effects. 

3.3.3　 Verification  through  static  cone  penetration  test  and  differential

analysis
Previous studies have shown that the cone penetration test (CPT)

is effective in assessing the bearing characteristics of active layers
in permafrost areas [21]. During the analysis of Figs. 5 to 7, a spe-
cial  layer  (2.5  to  4.3  m)  was  found  in  the  aging  road  foundation
soil, which was significantly different from other layers. Therefore,
the  cone  penetration  test  was  used  for  verification. Fig.  10  shows
the  in-situ  static  cone  penetration  test  results  for  the  aging  road
foundation and the natural foundation. According to relevant liter-
ature  [21],  the  standard  for  determining  the  bearing  layer  of  the
foundation in permafrost areas based on CPT tests is a cone tip res-
istance of 8 MPa. When the cone tip resistance exceeds 8 MPa, the
soil has strong bearing capacity and can serve as the bearing layer.
Therefore, the depth range where the cone tip resistance is ≤8 MPa
can be identified as a weak layer. As shown in Fig. 10, the cone tip
resistance within the 0  to  4.8  m depth range of  the road subgrade
soil is below 8 MPa, failing to meet the criteria for a bearing layer.
Although  the  natural  subgrade  soil  at  the  same  depth  interval  has
local  sections  with  values  greater  than  8  MPa,  the  average  value
between layers is still below 8 MPa, and its overall cone tip resist-
ance  is  significantly  higher  than  that  of  the  aging  road  subgrade
soil. This indicates that after the construction of the frozen soil sub-

grade, the additional loads encountered during road operation have
significantly  degraded  the  mechanical  properties  of  the  subgrade
soil,  leading  to  a  decline  in  bearing  capacity  under  the  combined
thermal-mechanical  effects.  Notably,  the  cone  tip  resistance  and
lateral  friction  resistance  in  the  2.0  to  4.0  m interval  of  the  aging
road foundation soil exhibit abnormally low values, while the two
parameters in the natural foundation soil show a relatively uniform
overall distribution, with only narrow low-value intervals in local-
ized areas. Based on this, it is inferred that the 2.0 to 4.0 m layer is
the most  sensitive  soil  layer  subjected  to  the  most  severe  disturb-
ance  under  thermal-mechanical  coupling  effects  in  the  aging  road
foundation.
To investigate the cause of the significantly low static cone pen-

etration resistance and sidewall friction in the 2.0 to 4.0 m soil lay-
er of the aging road foundation soil,  and given that the geological
distribution of  the  natural  foundation  and  the  aging  road   founda-
tion is consistent with the distribution of groundwater, and consid-
ering  the  significant  thermal  disturbance  effects  caused  by  road
embankment  construction  in  permafrost  regions,  it  is  speculated
that  this  anomaly  is  related  to  the  redistribution  of  the  foundation
temperature  field.  To  this  end,  the  monitored  temperature  data  of
the  aging  road  foundation  soil  were  analyzed,  with  the  results
shown in Fig. 11). The results indicate that within a depth range of
0  to  2.0  m,  temperature  fluctuations  are  most  pronounced.
However, due to the direct impact of roadbed loads, the surface soil
is  sufficiently  densified  and  compacted,  resulting  in  minimal
changes  in  consolidation  deformation  and  porosity  ratio.  Between
depths of  2.0  and  4.5  m,  the  soil  temperatures  fluctuate   signific-
antly, stabilizing at relatively high temperatures (near 0 °C) before
the onset of the warm season (January to May), with a fluctuation
range  of  3  to  11  °C  under  the  influence  of  thermal  conductivity
during  the  warm season.  Below 4.5  m,  the  temperature  variations
are less  pronounced.  Consequently,  it  can be inferred that  the soil
layer  between  2.0  and  4.5  m  is  subject  to  significant  temperature
fluctuations  over  the  long term,  influenced by freeze-thaw cycles,
which  lead  to  a  loosening  of  the  soil  structure  and  a  reduction  in
load-bearing capacity. The shallower layers, subjected to addition-
al stress, exhibit reduced compressibility yet maintain a higher load-
bearing capacity.
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Fig. 11    Temperature data for the aging road foundational soil. 

4　Foundation optimization strategies based on settlement character-

istics
 

4.1　Prediction of foundation settlement

The layered summation method is a generic term for a category
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Fig. 10    In-situ static cone penetration test results. (a) In-situ static cone

penetration test results for the aging road foundational soil. (b) In-situ

static cone penetration test results for the natural foundational soil.
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of  settlement  calculation methods.  In  these  methods,  the  layers  of
foundational soil within the compression zone are divided into sev-
eral strata, and the vertical compression of each stratified soil layer
is calculated  separately.  The  total  settlement  volume  is  then   ob-
tained  by  summing  these  individual  compressions.  This  approach
typically employs a one-dimensional compression model [22−23].

e1 e2

As depicted in Fig. 12, when the stress on the soil increases from
P1  to P2,  the  height  of  the  soil  decreases  from H1  to H2,  and  the
porosity  ratio  changes  from    to  .  Under  these  conditions,  the
volume change per unit of soil can be expressed as:

V1−V2

V1
=

(1+ e1)Vs− (1+ e2)Vs

(1+ e1)Vs
=

e1− e2

1+ e1
(3)

V1 V2

Vs

where,    is  the  volume  of  the  sample  before  compression;    is
the volume of the sample after compression; and   is the volume
of the soil.
From  Eq.  (3),  the  volumetric  compression  deformation  of  the

soil unit, disregarding lateral deformation, can be described by:

∆z =
e1− e2

1+ e1
H =

−∆e
1+ e1

H (4)

e− p
e− lgp
Experimental results can yield the soil compression curves (

or  )  for a single layer,  and the total settlement of an n-layer
foundation is the sum of the compressions of each layer, expressed
as:

S =
n∑

i=1

∆zi =

n∑
i=1

−∆ei

(1+ e0)i
zi (5)

∆zi zi

ei

∆ei

where,   is the compression amount of the i-th layer of soil;   is
the thickness of  the  i-th layer  of  soil;    is  the porosity of  the  i-th
layer of soil before compression; and   is the change in porosity
of the i-th layer of soil.
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Fig. 12    Specimen before and after compression. (a) Condition of the sample be-

fore compression. (b) Condition of the sample before compression.
 
Assuming a uniform distribution of the soil layers in both natur-

al  foundational  soil  and  the  soil  of  an  aging  road  foundation,  the
total  deformation  for  both  the  natural  and  aging  road  foundations
can  be  calculated  using  the  above  equation.  Initial  porosity  ratios
are selected as per Table 1, while the final porosity ratios are inter-
polated based on the stress levels sustained by the foundation. Ac-
cording to Eqs. (3) to (5), the total settlement volume of the aging

road foundation is 313.5 mm, with the individual layer settlements
being 58.9, 100.1, 82.4, and 72.12 mm for layers A1, A2, A3, and
A4, respectively. The total settlement volume for the natural found-
ation  is  429.6  mm,  with  individual  layer  settlements  of  140.8,
100.1, 92.1, and 91.4 mm for layers B1, B2, B3, and B4, respect-
ively. The  total  settlement  of  the  natural  foundation  is   approxim-
ately 1.37 times that  of  the aging road foundation.  The settlement
in the 0 to 1.5 m soil samples of the aging road foundation is relat-
ively small due to the effects of prolonged loading, with the major-
ity  of  settlement  occurring  below  2.5  m,  particularly  between  2.5
and 4.3 m contributing the most.  In contrast,  the settlement of the
natural  foundation is  primarily concentrated in the 0 to 1.5 m and
2.5  to  4.3  m  soil  layers,  with  lesser  settlement  occurring  in  other
layers. 

4.2　Optimization of foundation treatment approaches

Previous  research  in  the  field  of  permafrost  has  introduced  the
design concept of “active cooling, cooling the foundation, and pro-
tecting  permafrost”  to maintain  the  stability  of  permafrost   road-
beds.  However,  this concept is  primarily applicable to railways or
lower-grade roads that are less affected by thermal influences. Con-
sidering  the  potential  impacts  of  future  climatic  changes  on  the
Qinghai-Tibet Plateau and the degradation of permafrost, road en-
gineering in this region still faces numerous challenges in terms of
high-quality construction, maintenance, and disaster prevention and
mitigation. Currently, the technologies for treating diseased perma-
frost  roads can be categorized into three types:  passive cooling of
the  foundation,  active  cooling  of  the  foundation,  and  measures  to
enhance  the  permafrost  foundation.  The  technologies  of  passive
and  active  cooling  foundations  are  relatively  mature,  centered
around  controlling  the  temperature  increase  of  the  foundation,
slowing the occurrence of diseases, and protecting the permafrost.
These technologies include high embankment roadbeds, insulation
layer installation,  improved fill  materials,  rubble  roadbeds,  ventil-
ated roadbeds, and thermosyphon roadbeds [24]. While these tech-
nologies  have  alleviated  roadbed  diseases  in  permafrost  areas  to
some extent,  issues still  persist  in regions with significant thermal
disturbances. Measures to enhance the permafrost foundation have
been effectively applied in areas of isolated permafrost and season-
al frost regions, such as lime piles [25], replacement methods, and
chemical improvement techniques [26]. In response to industry is-
sues such as insufficient strength and uncontrollable deformation of
degrading permafrost foundations, analogous approaches from soft
soil foundation  treatments  and  strategies  to  protect  deep   perma-
frost  have  been  adapted.  By  integrating  the  characteristics  of
foundation settlement and deformation in permafrost areas, the se-
lection  and  optimization  of  foundation  treatment  measures  aim to
improve  the  load-bearing  capacity  and  deformation  coordination
ability of the permafrost foundation from multiple perspectives.
In the analysis of foundation settlement prediction, it was found

that, regardless of whether it was an aging road foundation or a nat-
ural  foundation,  the  main  source  of  settlement  was  soil  layers
above 4.3 m. Therefore, the selection of foundation treatment plans
should focus on techniques that effectively reinforce up to a depth
of 4.3 m, while also considering those that can stabilize depths up
to 7.0 m. 

4.2.1　Dynamic consolidation technology for weak foundations
Dynamic consolidation is a method that utilizes intense compac-

tion energy to generate impact forces, creating compression waves
within the foundation which, in turn, strengthens the soil. As depic-
ted in Fig. 13, when employing a tamper with a diameter of 2.0 m
and  an  impact  energy  of  4 000  kN·m,  the  spacing  between  tamp
points can be set at 3.5 m, achieving a displacement depth of 3.6 m
and  an  effective  consolidation  depth  of  8.0  m [27]. Given  the   ef-
fective depth of consolidation achieved by dynamic consolidation,
it  is  observed  that  the  effective  consolidation  depth  during  the
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thawing  period  exceeds  that  during  the  freezing  period  under  the
same  energy  level.  Based  on  the  design  energy  level  of  dynamic
compaction, when the compaction energy level is  low, it  is  advis-
able to conduct construction during the thawing period of the act-
ive layer. However, during this period, the bearing capacity of the
active layer is  low, making it  difficult  for heavy equipment to ac-
cess the site, necessitating pre-reinforcement of the ground surface;
When  the  compaction  energy  level  is  high,  it  is  recommended  to

perform  dynamic  compaction  during  the  freezing  period.  During
this period, the surface soil layer is frozen, providing high bearing
capacity,  ensuring  stable  equipment  operation,  reducing  the  need
for treatment procedures in weak active layers, and shortening the
construction schedule [28]. Under the impact of dynamic consolid-
ation, there are no significant changes in the longitudinal wave ve-
locity  of  the  soil,  indicating  minimal  disturbance  to  the  thermal
field and negligible thermal shock disturbance to the permafrost.
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Fig. 13    Schematic diagram of dynamic compaction consolidation for weak foundation.
 
 

4.2.2　Rigid pile composite foundation technology
Rigid pile  composite  foundation  technology  is  an  ideal   treat-

ment  for  permafrost  foundations.  This  technique  involves  driving
the pile through the active layer and utilizing the stable underlying
permafrost as a bearing stratum, thereby enhancing the foundation’
s load-bearing capacity and resistance to deformation (Fig. 14). Ri-
gid  pile  composite  foundations  often  use  prefabricated  piles,  such
as precast pipe piles and prestressed pipe piles. Not only does this
technique improve the  ability  to  coordinate  deformation,  reducing
the risk of differential deformation due to thaw settlement beneath

roads, it also utilizes the deep, stable permafrost as a bearing layer.
This  allows  the  superficial  permafrost  to  degrade  to  some  extent,
adapting to the engineering context of a warming climate. The con-
struction of rigid pile composite foundations is less constrained by
surface bearing capacity.  Its  static  pressure pile  formation process
can adapt  to  the  weak bearing conditions  of  the  surface  soil  layer
during the thawing period. At the same time, the surface soil layer
during the thawing period is easily penetrated by the piles, signific-
antly improving  pile  driving  efficiency  and  shortening  the   con-
struction period.  Therefore,  this  technology  can  be  used  for   con-
struction during the thawing period in permafrost areas.
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Fig. 14    Schematic diagram of rigid pile composite foundation technology.
 
 

4.2.3　Enhancement  technology for  shallow in-situ foundation solidifica-

tion
The enhancement  technology for  shallow in-situ foundation so-

lidification significantly improves the engineering properties of the
soil  in  the  active  layer  by  utilizing  in-situ  solidification  methods,
thereby enhancing its load-bearing capacity and stability. The core
of this technology involves using the in-situ foundational soil as the

primary material, combined with suitable solidifying agents to im-
prove the soil's chemical and physical properties (Fig. 15). Through
the application of solidifying agents, not only is a high-strength ar-
tificial  hard  shell  layer  formed,  but  the  permeability  of  the  soil  is
also effectively  reduced,  minimizing  moisture  migration  and   sub-
sequently  lowering  the  water  content  of  the  shallow  foundation.
This  process  prevents  volume  changes  caused  by  freeze-thaw
cycles, reduces uneven deformations such as frost heave and settle-
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ment,  and  ensures  the  long-term  stability  and  load-bearing  capa-
city  of  the  foundation.  The  shallow  in-situ foundation   solidifica-
tion  enhancement  technology  leverages  natural  soil  as  the  main
material, reducing costs associated with waste disposal, transporta-
tion,  and  backfilling,  which  is  particularly  advantageous  in  areas
like the Qinghai-Tibet Plateau where transportation and backfilling

are  challenging.  The  enhancement  technology  for  shallow  in-situ
foundation  solidification  requires  soil  excavation  and  backfilling
operations. However,  during  the  freezing  period  in  permafrost   re-
gions,  the  high  strength  of  the  frozen  surface  impedes  excavation
efficiency. Therefore, construction should be scheduled during the
thawing period when excavation is easier.
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Fig. 15    Schematic diagram of shallow in-situ foundation solidification enhancement technology.
 
 

5　Conclusion

This  study  conducts  an  empirical  investigation  through  indoor
consolidation  tests  to  study  the  compressive  characteristics  of
foundational soil from both the natural ground and aging road sec-
tions along the G214 source area of the Yellow River’s permafrost.
It  successfully  extracts  multiple  parameters,  including  settlement
volume,  porosity  ratio,  pre-consolidation  ratio,  and  consolidation
coefficient, from different soil strata. The analysis not only distin-
guishes the consolidation behaviors at various depths between nat-
ural  and  aging  road  foundations  but  also  verifies  these  behaviors
through static cone penetration tests and on-site temperature monit-
oring,  thereby  providing  an  analytical  basis  for  understanding  the
differential  settlement  characteristics.  Our  primary  findings  are
summarized as follows:
(1)  The  initial  porosity  ratio  of  the  foundational  soil  from  the

aging road base is generally lower than that of the natural ground,
with  a  correspondingly  higher  consolidation  ratio.  Notably,  the
change in porosity during the consolidation process in the soil lay-
ers between 2.5 to 4.3 m in the aging road foundation is approxim-
ately  2.05  times  that  of  other  layers.  Except  for  the  2.5  to  4.3  m
layers,  the  natural  ground  foundation  exhibits  a  generally  higher
porosity ratio change, indicating a stronger compressibility.
(2) The settlement volume of the aging road foundational soil is

consistently  less  than  that  of  the  natural  ground,  especially  under
high  load  conditions,  where  the  difference  in  settlement  becomes
more  pronounced.  The  primary  source  of  settlement  in  the  aging
road foundation is the 2.5 to 4.3 m soil layer, with the smallest set-
tlement  recorded in  the  0  to  1.5  m layer;  by  contrast,  the  greatest
settlement in the natural ground occurs in the 0 to 1.5 m layer, ap-
proximately  1.37  times  that  of  the  aging  road  foundation.  Due  to
the combined effects of heat and force, the 2.0 to 4.0 m layer of the
road during its  operational  period becomes the most  sensitive soil
layer subject to the most severe disturbance, and this layer requires
special attention and treatment.
(3)  In  addressing  settlement  deformation  characteristics  within

road engineering foundation projects, it is feasible to employ tech-
niques such as dynamic compaction of weak foundations, rigid pile-
composite foundation technology, and shallow in-situ foundational
solidification  enhancement.  These  measures  are  aligned with  both

soft soil foundation treatment schemes and deep permafrost preser-
vation strategies.
(4) Our research reveals that permafrost areas possess a signific-

ant  distribution of groundwater within the thawing layers,  and the
thermohydraulic coupling  effects  under  a  warming  and  humidify-
ing environmental  backdrop are  non-negligible.  Considering these
factors  comprehensively,  future  developments  could  focus  on  an
integrated  disease  treatment  technology  that  strengthens  shallow
foundations, protects deep permafrost, and manages water compre-
hensively. 
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