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Abstract A large number of earthen heritage sites are preserved in the alpine regions of northwestern China.

Under the coupled action of freeze-thaw cycles and water-salt effects, the shallow surface layer of these sites
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undergoes repeated freezing and thawing, which induces various forms of deterioration. To investigate the dete-
rioration characteristics of the near-surface layer of earthen heritage sites under the coupled action of freeze-
thaw cycles and water-salt effects, laboratory freeze-thaw simulation tests were conducted. Based on six indica-
tors-apparent morphology, surface temperature field, sonic wave velocity, surface hardness, microstructure,
and particle size distribution of remolded samples-the deterioration characteristics of the shallow surface layer
under the coupled influence of freeze-thaw cycles and salt migration were revealed. The experiments found that
during freeze-thaw processes, soluble salts migrate towards the center of the samples and crystallize, thereby
inducing salt weathering and forming a horizontal deterioration layer. Salt content shows a positive correlation
with freeze-thaw damage, and higher Na,SO, content leads to more severe damage. Freeze-thaw cycles signifi-
cantly reduce sonic wave velocity and surface hardness, and disrupt the aggregated structure of soil particles,
although the particle size gradation characteristics of the soil remain stable. The primary factor in the deteriora-
tion of the shallow surface layer of earthen sites is the coupled action of freeze-thaw cycles and water-salt
effects, which causes salt accumulation and crystallization, damages the cementation state of soil particles,

and leads to a loosened soil structure. The relevant findings can provide a reference for the prevention and mit-

igation of deterioration in the shallow surface layer of earthen heritage sites.
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Fig.2 Particle size distribution of earthen site soil
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Basic properties of earthen samples
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Fig.8 P-wave velocity variation profile of sample

2.4 REEETN

GE 2P IT 52 O R 1 588 B R 2 R
SALEANE 3 Frs, MHAES R ANE 9 Frs . Frfy
IRERI AR B S0 A S 1L 85 ~ 95 HA, il 3 M
FE B 0 N S A i s R R B G 3

VRRIAG PR S 285 RN, 0 TR Y 2 T s 32 4y
0, 102 f TR & KRl w o Br E-2 E-3 1K
P, RIS 4 VRAE A I, e T 63 2 A
LU 3 URRIE R A 914 BT [ T, 5 8] 7 )5 ) 2 T
I %0 50 HA DU o PIrfy U A B0 5130 A



236 - PO R0 ( A RBI2ERR) %56 5

A4 B ALCH D IXFEAFFROLAE AR RN BRI RAE . 500 A (EAH L, U 3 T A 2
AU THER < B3R < ol < Tl BEHRRMAME  E TR T 57% ~84% o F AR KB A FF Bk
AW BEAT , AR AN R S A BB & TAEURER - KR B A1 N iR R e (A
e HBME T — 2, s &0 A AE 15 ~40 HAL 75 SHABIEL, i TR BE(E 32 &R ROk, NI,
54 UREEPRER A AU, B2 B3 A PR FRIREACRRIETT B (R AR BTt R MR 3R
BREL G, R A S B P A < TR < B < W

100 .
'ggk\\ A 0.2% —=— A-1TREB oot o B HHO.2% —e— AT ‘gg o B R0.2% A-3Ti
80} % o ALEE gl . A2 L 50/ % o A3 L
700\ Tx —a— A1 7o§\v —a A2 70} |8\ % —— A3
- \ O\ * - ) 3 \ |
= 6o} T AL T 6of | X — ADTH 60 | \X v vy Ay TR AT
{11( \ e\ v A 50 ! \\ ® o 50 \ PSP S X b S
= o W\ X /s 40 . e
* Wt \//o 3\‘; e e A -")‘xt/
30 ¥ \!-/. .\,L\,', 30 e A
20 " B \';(/ ) ,l';),: = 20 " /// —u \\Y/
10/ 10 /
0 - 0
01234567 80910111213141516 012345678010011213141516
S 2
100 100y ., 100y
oo\ AEHE0A% —— B-1T7H ool A HE04% —=— B2IH oo\ B #hH04% —— B3I
sof %, «— B-1.1#f 8o} \ % o B2k 8o} \ oy o B-3.L#
_ 70F N\ —+— B-171 70 \\.\ g —a— B2 700 |\ —+— B3
E 60+ \\ \\ v B-1TF# 60 \\ N N\ v B-2F i 60 \ \ v— B-3 T}
B 50f 4 \\ *w  aw 50 \ = sof &\ . x
B a0l \ \ D ‘}\x . a0 " \v’\:-i/x*f . aof \ WX “f oy
30 \ - L ‘1*\* 30 S \amd 30 \ b e o -
N N "R L\ LN i Ve 1;1 ; v
L - o T S \ / s o) \ * - A
20 \ ¥ S 20 \ e T 20 o )
10 “\ / = 10 \ / A of 4 e
....... V4 0 )
0123456780910111213141516 %0 234567}+ﬁ4 1011213141516 012345678910111213141516
H 4
1000w e ipin o i 100f oy . - 1000 o g gm0 .
oo f 2 & HiH0.6% —— C-1TH gokx_ & HE0.6% —=— C-2T0f %%vlma #h50.6% —=— C-3Tii
30 \\v‘\ \ —s—C-1 k6 80»\\\ X —e—C-21 80-\;\\‘\ v —e—C-3 L#f
70F \\ ——C-14 70} |8\ 4 C2P g 700 L\ —a— C-3h
\ " - LY 2
|\ — C-1T# 6o | \& ™ — C2FH# 60 Nk « +— C3TF#
S50+ \. .\‘ ) o 50 \\ .\\- po—
e aof N\ ***itaiv a0t A W AR,
O = N 0 W\ e e 30wy W ey
N A Y \ W A > L \ ¢ m LS s
VRINY S o\ TR o\ e i T
-y wf  \/ 10 \/ ™
/ ol ¥ L By L 0 v .
012345678910111213141516 0123456780910111213141516 012345678 0910111213141516
AR
100 - < 100 100 -
ool F HhHE0.8% —=— D-1T7H oo &< 5 B0 H0.8% —=— D-2TR % go., M7 E0.8% —=— D-3THE
gol ! —e— D-1 F# m{\v —e— D=2 ¥R myfv —=—D-3_ L
\! i \ S\ e o\ 2
70} |\ —aD-1h 70H\ 8\ \ —a— D217 70\ N a— D-3rh
2 60r | W\ , ~—D-1F 601\ | ¥ ~— D2 # 0r\ N \ « +—D-3 T
= S0f ® L S 50 \h N . v S0r | &\ /e v
B oa0f N R 40 \ \ /~l 400 o N Y AN e
w VTR 22\ 0F PR \ﬂ*\l\x b Ny EINCANIRENG 1
20 \ / e S e 0t/ 0f  \ ~ ]
10 \ / 10+ \\ /’/ 10 \\\ ’/
' L A Y R . -4
01234567 80910111213141516 00 T23456780910011213141516 00 T2345678010111213141516
J 4
]OO[ A h B 100 M AR 0 T 1007 p4 4~ LRE1 0 —e—E-3 &8
i \.‘Ela hE1.0% —— B-1THET goft BHEEL0% —e E-2 L 90\ EEHEL0% P
80 ‘\“X G = E- ]J_ﬁﬁ 80 \  \ 7_.— E- ﬁﬁ%ﬂ ~ E-zEP'E"K 80 \ =— E- 3]’}T nr = 3 ;L{;
‘\ oW ® 37| v
700\ \\ o B-1th 37 70 \\.‘\l-‘ . x = E-2 F#i 70 { *; oy ZAN :F i
\ N o\ . v =
E 60p |\ ; 60r | NN A x sor K\.L. - '{‘
@?( 50 500 ‘\tH\‘J,r" N 50 2\ X\ =
& 40 ) R NN wof Y/ A D
30 30 \ =T N 30 |/ N
20 20 \\ / A e \ | -
10 10 \/ 10 \/’
ol L s P L N A O S N S N SV S Y 1| U S AU SO S S (R W
0123456780910111213141516 001 23456780910111213141516 00 123456780910111213141516
J 4

KICR N S

Fig.9  Surface hardness variation profile of the samples
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