B X M B 3B % Wit &

EXBEABNEES

P i = T 51 et 22 30
DX 3 g 35 e 1 32 R AR 41

— LIS XERTAH)

FlitE EEH S OB EEE 9 R OE

Mechanism and
simulation of land
supsidence in the
Cenozoic inland faulted
pasin: a case study of
Taiyuan City, Shanxi

Province, China

F €L < F




B R M B3 & BT X

BR& ¥ B
EXHEAMFEES

A ks 357 A X 7 B 22 3 X
Hh T 0T BE&E 41 3B A AR HUL

— N EE KE A B

Hek EXAH L OB
@ 5 W =

PBIRA KRG KR



BBERRE (CIP) ¥R

P i 3 A BT B ot DX ot TR O PR ML B B Bl —— DLW PR KR B/ E ikl , EJEH,
5%7 EE?E?E! gﬁﬁl‘%- *ii?‘ﬁl: *@ﬂﬁk%ﬂim?ﬁty 2006. 8

ISBN 7 - 5625~ 2116 -6

I. A

I. OE-QF QL @FE G-

M. 337 A AR - B s 2 3t -3 T 07 8 - F 9 - K IR T
IV. P642. 26

HE AR A B 4R CIP BB S (2006) % 083387 &

PR s 35 4 4 BT Bf 22 3t X 3th T 70 B AL I R AR L qQ&t 1i2% 35 B "
Ak & H KR T A i 3 =n

RERE. VML mEAN. R £

WIRESH. PEMBARXFHRE (XX TFTHLEX FBB 388 5) B BRI . 430074
e8ig. (027) 87482760 &8 . 87481537 E - mail. cbb @ cug. edu. cn

B . 2EHLEPE http: //www. cugp. cn

F&. 787mm X1 092mm 1/16 SR 262 FF Pk 10.25

BRR:. 2006 48 A& 15k EJR: 2006 58 A% 1 KPR

EDRI: PEMRRXFHRAAPRT E0¥. 1—500 #

ISBN 7 - 5625 ~2116 — 6/P + 669 Efft: 48.00 7T

AP ER TR KSR R A AR



b
i
—

Hl &

B 1891 EFEWBRT R R Z A EIIRELIE, BRIt A LEA 50 BTEFXMBR EE
TAFRBEMBETE. RET 121 £ LEEELXABEIE.BEWEH 96 M
WRHBRTEMNMEARRE. BEARER I — 23RN B AREFIRRHEKX
WM R RS, S TFHETMRAEENTEE . A0 ZHMRENE R EESHDU
¥, MALEERSHREMNBEIERFARTRNAE EMEAMNTR. BEEHEMTHARA
(UNESCO) 5EERA XM ¥ thSAHZBANEHT 7T RERGHHEIES L, REWVE
FHT 6 BLEHEEIIEERITES.

L8 S T 0 A X 50 R 38 3t IR 7 S R UT R 72 A G b BRI, BT R 43 L AN R 3 b b T UL B b
FHER . h PR S AWK TR AR . BT, TRIBRHES, R RS =M
WEAFRRS. ZEIS,UBRANET =AM EENACHFL IR EZRAN, RAUEH
MR EE R RENRIT =AM AR R RAOFYE XS, HY T iR RERR T
0T R A B 0 T LR RUAS Bk, BIA R BLE - O R R E M UTARIR R B T LY
R RO FRN YWEAR SR ERYEAEERSFEOMERFNYE OQALEH SHEERS
ARW,BETHEITERERZEVNEOE R,

KEMRILTEABS 2% MXAbo, RREMBHEREA TR, & T 20 42 50 4
AR 4 B T UTRE B 2000 sE VTR R B B ik 585km? , B KULFE R 2 815mm, HETIRED A
KEFHFEERMARBANEBRLFERT —RIINHER, “"ERHAERBHESELTN
AR, FRAKETHEIERR,. N TREYMIIREE XERREFHAEAEEENLER
B, KETBABONGEN, RRMEE R, BNMBESNESSE HERIBYERS
EEFK, AT AKERE, HIRER MBS EBRYA N TFEEEX, B,
ERETFEHEERREEDTEENEIRTRANERL S FEAR. AEERNH#

BB —RE S —ILES T R—F S5 ER R LR, B8 X KRET
VLR R BAR A0 B R T VMR A A S AR A S R m UMM =R R, W T i
T U1 B AL B8 F 3 J3R 3R 08 X UL R 20 A B B2 VR, S T b T DT PR BOE AR Y, S 3L T N TR 2 R BE 3t
AU ARG, # MR AR ER M EHITFRENERM TR, RTEB/AKF, XL THEND
REVSH, ARE—SRANTE.

RS E T RMERAXTIEATEN. TREHABARE TR IMAERTEEM
A THETLFHRDIHFMEY. R FPEBRRETREEOTARREEALTILE
MERBELBRPREMFEBMES.



| PR R 5 A AR T P 2 b Xt T O R L 3 R A48 VAL 5 KR A

FHSEGI AT REHRSCRMEM, BAEXPER, NEEARERXHEREFIIH
B CHRAR E7E S H O FI . 7RI, 15X 26 SCRR 1R & R iR .

EAFHEERT M EEEEFERFAEZRT B EAMSH TE, L E 28U RHM
TR HE LA, RFARHE N A B TEHER, L —FF Rl

RFEERAFE, BHRRZLEFRER, HEREMITEE.

Z &
2006 4£ 4 A 30 H



PXHE il

W B

WELEE—FMEARMANEEREN LTS SBREOFERERR. A 1891
FEHENBHTIRE R EIMELUR, BRiHR LEA 50 EMEFXMBK EA T RRBER
WETK. 1921 FREEFSBERIBELE BENES 06 MTMBX LA T =E
3 T LR () . 0 TR U IR AL — A & BR P 10 L B BD A 35 A 77 3R 8 1 B K IR 05 I () A
AR 2 R R, R T 45 e T LR R 43 3 b TRt S A 2R, B s B JEARE S . = A O T R 0 B s 2
W,

BT MEMAEENTEE DA SHENRENE 2, fEE ) SHEE A E
BAREHPIE X TR B T AT I T A MBS, 3 76 4 1 UL 69 IR 5 0L 0
MBS SRS E R EAS T ERS T S8 RENFRRE. BaESN AR
(UNESCO) 5 HERA XH 2 h&UAHS BARBHAT 7" RERBHEILESN, RENMAE L
WHEARBFT 6 BLEMBERBRERTES, EXEHAETERPFENHMHLE L,
3 T 19 i 7 15 2 30 RO BF S AR XS e 40

KEHRLTEEBE SFM LT L, RREMBREA TR, Rl E 20 2 50 4
A B b T UL R LA 3, B 2000 S B RIEEIE 35 453. 3km? , B AKUTHE R 2 815mm, i IR
BARTHFRBRAMARBANLRFLEET —RANBE, CEHAELBLEFHT
BERBR, FRAENTHEAEFAMN FRESHIRAE AEEREGHFEFERAEN
LEREE S, BN, IR HIE b, KR S R T B A, SRR T B 2, B A AR UL 44
SRR LR, BT E ShANTE Ak S, 3 T KB R 2B, HUTRE SR B U MR L B8 T34 38 B B 3
HHFEEHR., B, EXEFBLEIEFEERAEEREIERANER AEEE
HEIBE X,

ABEMBEIAPROER b, B EL M DB X , DY — R — L — B —
B 54 50 R EE 48, 5 o v 3 T T R L S8 £ 43T 390 % 4 T U R O B 25 AR s i S|
BT UMM = S EE I E TTREPLIR , 5347 b S IR 58 X4 U1 M8 4 75 60 B W1 , B ST 3 T UL R
BOEER, B GRS ARG AR MmN EN TR, BEREARD
T:

(1) 3o 7 3 M 80 B 0 5 S 4R

BARET 93 AT Zk iR B AWk, 0 7 m UL 5 B RS IE . B H R 4R
SAVIEM B IRIBHEE RAMER A4 2 TR (PR IR AR R IIERX) 4 TR
el (P TTRES O TR RO F RIS O R RETIREP L) . 1956—1981 4K
b T UL b O 80 2 T BB B - 1965 4 LLAT 6 B B b T UL BL R 5 1965—1970 4F & R 18 VLR
#;1970—1981 ERHMEMIIMEA W R BB EHHE, RXETEFLE B HR. 1981—
1989 4E R UTEARE & BBV B M VIR RSB H LK 4 37km, KE RS 12km, TLFEE
R 441. 8km*;1981—1989 4EH ] , J¥ i 2 Ab UTRE X (78 7K U1 % X R X YT R X)) , 4 A~ UTRE R <)
L (PR GLRE L TR TTRE SO T Tl O REBTIREFO) . 1989—2000 g



I\ P9 B 357 A A T I s X 0 T LR LB R AL DRI S Y. & 5%

VRERZART RUR: UBREXEERHILKY 38km, KT KL 12. Skm, FLEEE R
453. 3km” ;1989—2000 £ 8] , 4 N ULRERR I} ERBEY &.

XN ERBEFTANER ARRELREERROEAAREIEZEMPREBLT KA
LBRAEAHERER M. KETREHLIEMRES EXAEATHETRE. HH
32 R [R) BRER e 48 B AN [R) » X 3t T U R #) TR AR M R R R .

(2) 38 & LM & B 57

AR 1981 —2000 EF R BEBSEWNE | SEKERBTHH, RMEH T AN
BRI KESTIEEN 1%~12%, AT R, MAEHRAN KENHMEITES
—ERHEER,BRETERE, ANEFH ERE,E 197 FUNBHRNMEDN TRHRRUB
BRANEZLRBRESEANKESEFRREABYE ETHEME. 31997 £LE , BHHR
FHTREMNBRENBASIHIKESNBIRBR -BHEARR. TEFERERE 1997 F LR
KEHETBRRE L, WEENSI ROV RZE S VIR AT S AT RN, B 1997 4
PUEH K RAEVIFE BRI R /N WERH AR BR PO TAREATFRBRER. X—%
WU BRI IFIE KR EITREN T REAE B2 YU A BIRUTH B, W& 75 3h 1E
R R, EXT LR B mE SR B R

BT EERER T AFR—BTARUTA—FEIEEZRONEEEIR, RH.
D1956—1981 4EHI FAKF R EBAK, KA T T2, MM, i E IR B RB N FB;
@1981—1989 £E 3B T 7K FF R HEA & B K BF 3, 3t T 7K A2 K 08 BE F B, A R 3t , it B B D b T
VLR R B AR 3T 5, UL 3 B 2 B Bn K ; @1989—2000 4E, 3 T 7K JF SR 58 BE A Fr & A, 3t F K
O TFREEEA RS, BRRNEAEY K, X TE Rt THb T KA T Me—ith il iRk 2 i
HWEMMEIRK ., B4R KER T AT R—# T KA T M5 b 5 UURE &9 B Rl AR L
BEHERFN.

3 3 X E R R AR 45 7 IR 2 3 T K K A7 B % T <) 0 3t TR O PR ORE <} 53 R 4 A, R BRK LR
I} FERAETETG M X MR X, 75 70 T b X RR 6 KK 7 PR & R O MK TE BT HIAR LT
ST RFEMABERYPO;MBEARARI L EELZFTEAKSBRER MR, FEZBR
AAYIRERO TR ARA. T T ERBIUE PO, FTREE R4 15 B 5K G R %R
HLL B B AR .

METUEYS, KETHENEEITEEG TIEMBUCPRER T KERM. B, LT
TR AL T B S5, 3 T DT R 77 78 3 /o 30T, VTREIR S R R BE S TR R R

GREHEFMENLBABETRASAG YA

Xof kb3l T KA ROk 5 T ST B0, & B T DT R TR <) 5 4 T 7K 7 B 75 Rt <) 6 25 B 43 AR
EAMEEARAESYE, B REERS, TERALE . OKAMEER S 5L R0
MEBEREE,QKMNHMESHEIBRNTREEFAARLE:;QULBRFEREENRER
X, BRI PEIIMARE., S, A B EENB B IFEROBRA S EZ, 3L
BERHEEAG MELESHBE L ENEARTE ARPXERE LN ¥ RHEES BB
WMB X AT, NI KRR HENS B R R mEhm e a0 .

X FHBN PR AP A L EAS R EVIE, Hib, %57 &4 HRIR,
HELHWEFESRRIERAFEIMRESHNEERE., —Bkit B2 PRELM R
EERK,ERELBURBRR . DEAENESR/DNTHRARN AHBERATRELNES



PXRE \

B, Edxt kR m IR S A E MK TR S EE R, R I 5K XA b TR
WM TF RGNS B RS, Kbt B L EERKKN—0; 7 mARTTRER X T
KA S [ RS, T TR IR B AL S M PR A R AR A R £ R A —

BN KL EENEE BB, 2 ERTLBRK AR S HE K Sk B 85 BT % A 6] &
K AT ESTEEE, BT KU TRARKHEMER. ETAKFRBREHERE
L R EEARN, ERELWEREZ (AR EER/ND, ME L EBRKREFES,
AR, TIREERE K R I ERE RN, RREKMURIHFARKENTHT
KOIREER AL, BBEREBRIRERRTRR,. TERENRRREBE PR R EER
*ABZ 5P HEILER G ERBEE/N, Y KA T MR LB T HEK, %8 EE
hEEHBRAK. FR—RE BT AR XHRERLEIER), TFEREHTX
— WL REE, BJLPER—&, PR R3f/NREK B, L3 T KA TR A S HE
K, EGRIEH 218, VoK X 8 BRI R BRI MR + RIHEEE /N, Bk R oK G REIE
EERABR, BIREEHEMBN:; FHK—T TR A TAKSREXEZE . KELHE
WETFRKELTRRE, HE R TIFEREAKK BEMNFREXEBMEK.

FIRAKET 32 AMEFLIORI G B0 KR A R X 35 938 AR EE R, Tk X
MAEFROXASRRPEE, MILE FHAK. TR REERE, RREBX WD R
BoAmME. BEOXKNESERERE PSS ESNE (BRI HAX T ot X 48 7 Bt
BN TR ABEMKET SAMARKEGRBERIEE MEREBUXYERERK. FARK
eI BORE , 75 T b IX AR - BORE B /D, R I T A TR RS 3 MK, R ERK
MARRER, —BOEL 4 FRERS., AT, 2FXEBXEFRBEBER LK
FRAER AR IR D2 X B AR R E , 765k X KR X 68 i X X 18
PR BB/, RRVIBRER /TS EE.

& EHR, KRN HZE R E R REST B E MRS G A DT WO 53T KA RE%ER -
M, ETIRRER S RE TREELEREN—0;QHBAA LW EEHR BERES
S EFEN SRS HERBE R, RS EAEEME LI REZ AREER/DMBX; Q1L /
HFEHERNERRERIERSGFNEERR.

WA, KEREH RO BRAE TR BEEHENZT AR M ENH L, & X
EUREMMENSRAAIFERR . KX 4 M E TP OB FRELZ I SN R BT
BB BRI 4 DNUTRER S B 3 NREMETTRE X , T H & UURE IR < /9 Bk O 161 5 B R
WERFMEA -, WESHIMBEIEER 3 FTRMNEREER. —R—RIMEIIEN &
RUTYHRFE; " RHESIEZRMRHE TABN K EBEER T ZRBE THE
TR EAERNT R, ARABRR AENREZI =420 R G, VTR .0 AL FIRIb N,
FERBEEH G, KRBT KO RS W8 & B I 8 — 80 AR T STULRER - oA
FHEXMEHR, AR THELNER: RFEH XA THEEH HELEER LR
TERAEEROSEERE, IEPOMTER L2 B H TR R ME, 5 F 59 gy [
AR . ARERERMNTERIHEE.

OFVEEX-DA T8 P¥

ERREHTRFETEFOBEREE ETEAREERLELE, HREH . OHEIIFR
BT B T ok + B g5 R 380 R R A AL TSR 9, 3F BAEfK — 52 — B MK



Vi PR Bl 7 A R BT s 23 b OXC 3t T O R L 3 R AL 2ol & B KR F A b

BEHALRP, LWABN A MR EIIEGEAMESEEMERIBIHE THT K
AR 4L @3 B UTRE AR P b #P B FLBR K BE 7 B3R/ A0 7 BB A B3 n R R 5 AT 89, 3F B
FLERK B B O AR P8 T ML T UURR I3 B O E i K~ B g —~ E M AR L B+, LB R
B I —~EH AL, L2 60 B R SO e B T .

(5) KR F 3 & L M 69 3L . AR Ao B 74

HEIBREBRTHEYIPHRBATEEFYREREHL K FAHHESR, THRARE
BROTIESHARMAATENEHNETEEENESEL. 2 BRA=ZEARESHT K
WMRE MODFLOW i FRF R EQ(BS), EXN MR AR K GBI R IEER
E BB KETARBENTES AR, EUEREA ERERRNBUNE S
BE_EHREMBELESE. AKBRXIIMBRREMIE=ZESER, THHA. TR E
GRBREMIBE— . —_EHE MREXE /NEHMXHERESEEEREN. AN L2 B
DX EEAS SRS R A VIRER, HAh 2 G TR/, BT LA 5K i XY 2038 S TS
BEEHEMENE—RESKEPHB T MAMK T EEREIRES B2
ES%2 NER BB K —MRESKEMNE~RESKEPHAK, RRE/NEBXR
KERHEIERRRAME, MEMNHIIERFTE=AERE WEN.BHE.BX.BLE
4512, BT LA 3t X5 2% 38k B b BRUYR IR (4 AR FE K (B SR — AR E & K B 97K



HIHE VI

ABSTRACT

Land subsidence is an environmental geo-hazard that occurs due to gradual downward
movement of the land. It is a differential subsidence of the earth surface with respect to the
surrounding terrain. Land subsidence has emerged in more than 50 countries all over the
world since 1891 when the first case of land subsidence was found in Mexico City. In China,
the first case of land subsidence was found in Shanghai City in 1921. By far, there have been
96 cities where severe land subsidence was found, and the total affected area has been more
than 49 000 km?. In general, land subsidence has become a serious environmental geological
problem which occurs all over the world and poses great threats on human society. Accord-
ing to its geological causes, land subsidence can be classed into three type geologically, i. e.
the type of alluvial plain, the type of delta, and the type of faulted basin.

In the past 50 years, a lot of researches about land subsidence have been carried out,
and our understanding of the causes and mechanism of land subsidence and capability of nu-
merical modeling, prediction, monitoring, prevention, control, and risk assessment of land
subsidence have been greatly improved. By far, UNESCO and IAHS have sponsored seven
international symposiums on Land Subsidence. China has also organized six national sympo-
siums on Land Subsidence. However, most of the studies have been focused on the former
two types, while little on the type of faulted basin.

Taiyuan City, the political, economic, and cultural center of Shanxi Province, is one of
the energy and industry bases in China. However, Taiyuan City has been suffering from land
subsidence. The land subsidence occurred in 1950s, and expanded to the extent of 585 km?®
by 2000. The maximum accumulated subsidence has reached 2 815 mm in 2000. Land subsid-
ence has caused a lot of losses, restricting sustainable development of Taiyuan. The research
about land subsidence in Taiyuan City is practically significant because it can reduce the dam-
age from the subsidence and improve the resident living conditions. In the term of geology,
Taiyuan City is a typical faulted basin, with complex basal structure and great variable litho-
facies and thickness of Cenozoic sediment. In addition, Taiyuan area is tectonically active,
and the groundwater is severely over exploited. All these made it different from the coastal
area of the causes, mechanisms, and controls of land subsidence in Taiyuan City. Thus, the
research about the land subsidence is also theoretically significant, enriching greatly with the
field of land subsidence researches.

In this works, the land subsidence in Taiyuan City was studied systemically. The main
objectives of this works are: (i) to summarize the spatio-temporal patterns of land subsid-
ence in Taiyuan City from the monitoring data, (ii) to determine the causes of the land sub-

sidence, (iii) to find out the mechanism of the land subsidence, (iv) to analyze the effect of
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geologic environment on temporal patterns of the land subsidence, (v) to predict the trend of
the land subsidence through numerical simulation, and (vi) to put forward the control
measures of the land subsidence.

(1) Spatio-temporal patterns of land subsidence in Taiyuan City

According to the data from 93 second-class leveling sites in Taiyuan City, three stages
were divided spatially, and two land subsidence zones (i. e. the Xizhang zone and Urban
zone) with four land subsidence centers (the Xizhang center, Wanbolin center, Xiayuan cen-
ter, and Wujiabao center, respectively) were divided temporally.

@ Incipient stage (1956—1981)

There was no obvious land subsidence before 1965, a slow subsidence in 1965—1970, a
non-uniform subsidence in 1970—1981 when land subsidence center of Wujiabao came into
being.

@ Developing stage (1981—1989)

At the end of the period, the two land subsidence zones and the four land subsidence
centers came into being, and the area affected by land subsidence was about 441, 8km?, with
37km in length (NW direction) and 12km in width (EW direction).

@ Fast expanding space stage (1989—2000)

By 2000, the area affected by land subsidence was about 585 km?, with 39km in length
(NW direction) and 15km in width (EW direction).

(2)Causes of land subsidence in Taiyuan City

First-order leveling altitude data from Jinci seismic stations (BM1-BMS3 leveling sites)
located across the Jinci fault show that downward side of Jinci fault had subsided 21. 88 mm
from 1981 to 2000, accounting for 1% ~12% of the total land subsidence volume. The data
prove tectonic movement is one of the causes of land subsidence in Taiyuan City, but not the
major one. Before 1997, subsiding volume of the downward side of Jinci fault showed no
similar trend with land subsidence volume of any leveling sites. However, consistent trend
was found between them after 1997. It is thought that subsidence volume caused by tectchic
movement accounted for little proportion of the total volume for great land subsidence before
1997, and much proportion for decreasing land subsidence after 1997. It is concluded that
tectonic movement is not the major cause of land subsidence in Taiyuan City, but should be
considered when land subsidence becomes slight.

By analyzing the relationship between groundwater exploitation, changes of groundwa-
ter table, and development of land subsidence in history, it is found that: ( | ) in the period
of 1956—1981, groundwater table declined gently for little groundwater exploitation, while
the land subsidence also increased smoothly, (i ) from 1989 to 2000, more groundwater was
pumped rapidly and water table declined in great extent, accordingly, the land subsidence
turned into instant development, and (jii ) from 1989 to 2000, groundwater exploitation and
decline of water table slowed down, but the land subsidence was still in rapid expansion for

the delay between water table decline and land subsidence. In general, the groundwater ex-
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ploitation and water table decline match temporally the land subsidence in Taiyuan City.

Temporally, the groundwater depression cones are consistent with the land subsidence
centers. The groundwater depression cones occur in Xizhang sub-zone and City sub-zone.
They are the Xizhang groundwater depression cone in Xizhang sub-zone, and the groundwa-
ter depression cones of Wanbolin, Xiayuan, Wujiabao, and Beiying in City sub-zone. Ac-
cordingly, the land subsidence centers also occur in Xizhang sub-zone and City sub-zone.
They are Xizhang land subsidence center in Xizhang sub-zone, and the land subsidence cen-
ters of Wanbolin, Xiayuan, and Wujiabao in City sub-zone.

It is suggested that the land subsidence in Taiyuan City is caused mainly by over with-
drawal of groundwater in mid-deep aquifers. In addition, the development of land subsidence
lags behind groundwater depression for the delay between water table decline and land sub-

sidence.

(D Ef fect of strata characteristics and geological structures on temporal patterns of
the land subsidence

The monitoring data in the period of 1956—2000 shows that the land subsidence spatial-
ly coincides with the groundwater depression on the whole, but deviates locally. Firstly, the
groundwater depression cone doesn’t coincide exactly with the land subsidence center. Sec-
ondly, the amount of groundwater depression is disproportional with the land subsidence. At
last, the land subsidence is localized in the alluvial plain, not emerging in the flood plain. In
the present study, spatial heterogeneity of medium was used to explain the phenomena. The
following factors were taken into account: patterns of accumulated clay soil thickness, con-
figurations of clay soils and coarse soils, and mechanical properties of soils in different sub-
zones and depths. It is found that the strata heterogeneity affects spatial pattern of the land
subsidence in Taiyuan City.

The compaction occurred mainly in the clay interbeds and adjacent confining clay layers
when groundwater level decreased. It means that the difference of clay thickness becomes the
main factor affecting variation of subsidence volume under the same other conditions. Where
the total clay thickness is greater often occurs greater compaction. Comparing the land sub-
sidence contour maps with the clay thickness contour maps, we found the land subsidence
centers in Xizhang sub-zone, Wanbolin sub-zone and Xiayuan sub-zone deviate from the cor-
responding groundwater depression centers to the sides in the east, south and west respec-
tively, where there are thicker accumulated clay soils.

Under the same intensity of groundwater withdrawal, the subsidence volume is usually
greater where clay interbeds are more and the individual interbed is thinner. 1f there are a lot
of thin clay interbeds in formations, water can be drained off through the both sides or in dif-
ferent directions. In this case, when groundwater head decreases, the clay interbeds drain
quickly, the time-delay between drainage and soil compaction is comparatively short, and
subsidence volume is great accordingly. On the contrary, if there are few but very thick clay

layers, drainage will be slow, the time-delay will be long, and subsidence volume will be
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small. In Wujiabao sub-zone, with a lot of thin clay interbeds in formations, the subsidence
volume is the greatest though the groundwater depression isn’t the greatest. And for Beiying
sub-zone, with the much thicker but less clay layers, the subsidence volume is small because
water is drained off very slowly. In Xizhang sub-zone, where the individual interbed is thin
but the accumulated thickness of clay interbeds is small, the subsidence volume is compara-
tively small though the groundwater table declined greatly. In Wanbolin-Xiayuan sub-zones,
where there are clay layers more than that in Xizhang sub-zone but less than that in Wujiabao sub-
zone and the accumulated thickness is greater than that in the both sub-zones, the accumulated sub-
sidence volume is greater than that in Xizhang sub-zone but much less than that in Wujiabao sub-
zone,

According to the data from 32 drills in Taiyuan city, the statistic values of physical me-
chanical characteristics in different sub-zones were gotten. The sand layers in Xizhang and
Urban sub-zones is the densest, in Beiying, Wanbolin and Xiayuan sub-zones looser, in Wu-
jiabao sub-zone the loosest. Of the compressibility, the sand layers in all sub-zones are mid-
compressible, though with the relative smaller in Wanbolin and Xiayuan sub-zones, the simi-
lar in Xizhang, Beiying, and Urban sub-zones, and the relative large in Wujiabao sub-zone.
Of the liquidity index, the clay in Xizhang sub-zone has the minimum liquid limit value, the
middle in Wanbolin, Xiayuan, and Urban sub-zones, and the maximum in Wujiabao sub-
zone, with part of clay in soft plasticity static. Therefore, the maximum subsidence volume
occurred in Wujiabao sub-zone can be partly attributed to the relative large compressibility
and liquid limit value, while the less subsidence volume represented in Xizhang, Urban, and
Beiying sub-zones partly can be attributed to the relative small ones.

In General, strata heterogeneity has the following effects on spatial pattern of land sub-
sidence in Taiyuan City: ( | ) the land subsidence centers deviate from the corresponding
groundwater depression centers to the sides with thicker accumulated clay soils, (i ) in the
same intensity of groundwater withdraw, the subsidence volume is usually greater where clay
interbeds are more and the individual interbed is thinner, and (i ) the land subsidence is cor-
related closely with the mechanical property of soil.

Additionally, tectonic process plays a more important role in causing land subsidence
than what was thought before. The spatial distribution of land subsidence and geological
structure were compared. The important findings are as follows: ( | ) all of the four land
subsidence centers were close to the SN buried fracture line in central Taiyuan, (ii ) the cen-
ters were just in three geologically subsiding sub-zones, and (i ) the axial directions of the
centers were roughly parallel to directions of the structural lines nearby. The results indicate
that there are three controls of tectonic movement on land subsidence: the first is to supply
basin sediments; the second is the differential subsidence or vertical subsidence due to basin
extension, and the last is its restriction on the location and expansion of land subsidence. For
example, located in the Chengbei depression and restricted by Sangei uplift to the south,

land subsidence center in Xizhang sub-zone is trending to expand to the north. Land subsi-
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dence centers in Wanbolin sub-zone and Xiayuan sub-zone lies in Urban depression and re-
stricted by Sangei uplift to the south. For the special arrangement, clay thickness, and engi-
neering mechanics properties of strata, land subsidence center in Wujiabao lies in Qinxian up-
lift, and expands to the south and north, where there are depressions.

(4)Mechanism of land subsidence in Taiyuan City

Undisturbed soil columns were sampled from the Wujiabao land subsidence center to
carry out consolidation experiment under high pressure. The results suggest that: ( j ) land
subsidence caused by groundwater withdrawal is essential for the changes of structure and
physical mechanics properties of soil. In the process of pumping—tranquilization—rechar-
ging, the change of effective stress and land subsidence (soil compaction and rebound) delays
behind groundwater table change, (i ) clay has the nature of shrink when dehydration and
swell when absorption and the nature varies for different types of clay, which causes that
land subsidence centers are not always inaccordance with the groundwater cone, (jii) in the
process of land subsidence, decrease of pore groundwater stress is consistent with increase of
effective stress, and dissipation of pore groundwater stress decides the velocity of land sub-
sidence, and (iv) in the process of pumping— tranquilization— recharging, soil layer is in
loaded-unloaded, and its rebound coefficient decreases when load increases.

(5)Simulation, prediction, and control of land subsidence in Taiyuan City

Through affecting compaction of each compressible layer, distribution of clay interbeds
in formations has great effect on the spatio-temporal pattern of land subsidence which is the
overall result of subsidence of all compressible layers in formations, When layered monito-
ring data of land subsidence is unavailable, determining the horizontal distribution of com-
pression of individual compressible layer is important for spatial planning of groundwater ex-
ploitation. It has been well known that distribution of clay interbeds in formations has great
effect on the spatio-temporal pattern of land subsidence. In this works, a modular subroutine
of MODFLOW called Interbed Storage Package-1 was employed to simulate the horizontal
distribution of subsidence in different compressible layers in Taiyuan City. Our results show
that clay layer 3, clay layer 1 and 2, and clay layer 4, 5, 6, and 7 contribute chiefly to the
land subsidence in Xizhang sub-zone, Wanbolin and Xiayuan sub-zones, and Wujiabao and
Xiaodian sub-zones, respectively. It is suggested that both temporal and spatial arrangement
of pumping wells must be taken into account to control land subsidence in Taiyuan. Pumping
from middle water-bearing zone in Xizhang sub-zone and from the lower water-bearing layer
in Wujiabao and Xiaodian sub-zones should be avoided. To control land subsidence in
Taiyuan, both temporal and spatial arrangement of pumping wells must be taken into consid-
eration. In Xizhang sub-zone, pumping from middle water-bearing zone should be avoided
since the zone is adjacent to and partly contains clay layer 3, which is the major contributor to
land subsidence in Xizhang sub-zone. In Wujiabao and Xiaodian sub-zones, the zone with the maxi-
mum land subsidence in Taiyuan , the pumping from lower water-bearing layer should be avoided for

clay layer 4, 5, 6, and 7 that are the major contributors to land subsidence here.
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