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漸増及び漸減荷重下における圧密解析  

奥  村  樹  郎  

本  司  

概  要：   

地盤沈下の解析を行おうとすると荷重分布が粘土層中で一様でなく，しかも荷重が時間と  

ともに変る圧密を頼り按わなければならない。   

初めに筆者らは荷重分布が直線的で荷重が時間とともに一次的に増加する場合について，  

粘土層の歪を変数とし，熱伝導の理論を応用して，その解析解を求めた。結果はTerzaghi－  

Fr6hlichおよびSchifEmanの解と一致し，これらを一部拡張したものといえる。現場での  

計算に便利な諸図表を電子計算揆によって作成した。  

荷重が時間とともに減少する場合には粘土の膨張をも加味した庄密を取り扱わなければな  

らない。筆者らは比較的単純な膨張特性を想定し，電子計算機を用いたこの場合の数値解法  

を考案した。計算結果の一例を2，3の近似解析解と比較して，かなりの差が見られた。   

以上の計算方法はウニルポイントを施した基礎の沈下，プレロ㌧－デイング工法の計算な  

ど，応用範囲が広い。   
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ANALYSIS OF CONSOLIDATION UNDERINCREASING  

AND DECREASING LOAD  

7七ね〟γ〃0点〟ク乃〟γが  

物言肋が＊  

SynopsIS  

In connection with the analysis of a ground subsidence problem，an analytic－  
alsolution of consolidation underincreaslngload and a numericalmethod for  
decreaslngload were developed．The analyticalsolution uslng the compression  
Strain as a variable was simply obtained by meanSOfthe theory ofconduction  
Of heat and corresponded to the Terzaghi－Fr6hlich’s and Schiffman’s solutions．  
A numericalanalysis was carried out，inwhich the differencein values of mod－  
ulus of volume compressibility and rebound，aS Wellas，in values of coe侃cients  
of consolidation and rebound were considered．The result of this numericalcom－  
putation wascompared with someanalyticalapproximations．  

1．IntI・OdllCtion  

One of engineering problems encounteredin settlement analysisis how to  
treat the time dependentload．Terzaghiand Fr6hlich（1936）have soIved this  
problemanalyticallyintheirearly publication．Afterward Schiffman（1963）dealt  
With the same subject and gave the tabulated results for computation of the ex－  
CeSSpOreWaterpreSSureatanypOintinaclaylayer．IntheSchifEman’sworkthe  
StreSSincrement withina claylayeris assumed to be constant with depth，SO  
the solutionis not readily applicable for the case of well－pOintor ground sub－  
Sidence，Where water heads at the upper andlower boundaries of a claylayer  
are not necessarily equal．  

Theanalyticalsolutionof one dimensionalconsolidationwith thelinearstress  
distributionis simply developed by means of the theory of conduction of heat  
uslngCOmpreSSion strainas avariable．Tabulated formsforcomputingthecom－  
pression strain，the excess pore pressure，the degree of consolidation and the  
Settlement of a claylayer are glVen．   

Whenthewaterheadofsubsidingstratum recovers or the surfaceloading  
is partly removed during consolidation，itseems necessary toconsider the com－  
poundphenomenonofconsolidationand reboundwithin a claylayer．Terzaghi  
andFr6hlichhavesoIvedapproximately some simple cases assumlng the coe凪－  
cient of rebound asinfinite．In general，however，these cases can not be soIved  
analytic卑uy．  

The authors show a numerical method of analysis for such cases assuming 
that a ratio of the coefBcient of rebound to the coefBcient of consolidationis  
constant regardless of the magnitude of preconsolidationload andover consolida－  

＊ Chief，SoilTest andInvestigation Section，Soils Division  

＊＊ Member，Computation Center，Design Standard Division  

－ 3 －   
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（b）  （a）  

Fig．1Loading condition（1）  

∈＝昔［中＋（輌1）孟）  

・ ク乙ノ7z   

7ゑ5－ β刷′4）sin面  

孟。か－β棚′i）sin晋］ （0≦劇  
由一♪116  

2   〟3  

∈＝貰［中＋（輌1）孟卜  ・景ゑ。如拙」グ1）′4  
宗孟。忘｛打朗吋叫1〉′1  

（f≧fl）  

－β一刷′りSin＋重  

ーβ－叫｝sin晋］  （5b）  

in which  

T：time factor（T＝Cvt／HB）  
7l：time factor at time tl（7l＝Cvtl／HB）  

Theaboveinfiniteseries have been calculatedwithdigitalcomputerTOSBAC－  
3400by the sixfigures．The results areshownTableland Fig．2，aS afunc－  
tion of the time factor and relative depth z／2H．Eq．（5）may then be rewritten  
in the followlng form，  

昭，揮）］  
∈＝貰［中＋（♪2一山孟卜  

♪1＋如  蛮－♪1   
ダ1（r，オ2月■）＋  

（0≦f≦fl）（6a）  

孟竿｛耶z㈲－叩－n，卯）｝  8＝昔［車＋（輌1）卜  

＋竿｛即，2ノ2g）一昭－n・Z′2珂   膨1） （6b）  

inwhichF（T，Z／2H）is referred to the coe伍cientof strain and expressedin the  

forms  

－ 5 －   
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1一去・豊丘5まセ一冊－ア1）パーβ一曲〃 
｝  

（0≦≠≦り  

（≠≧ム）  

and Uisindependentofmagnitudeof pressuresi＞1andi，2．  
Ifwewrite  

。 昭）≡1ヰ（喜一意孟吉β棚′4 

Eq．（12）becomes：  

）   

（13）  

こん（T）  （0≦f≦≠1）  

【．7＝   （14）  

［f町ト（ト→1）昭一n）］（勧）  

Uo（T）shallbe called the coe氏cient o壬 degree of consolidation．Values of  

Uo（T）computed by TOSBAC－3400are shownin Table2andFi岳．3．Using the  
COe氏cient of degree of consolidation，the expression for settlement becomes  

5＝～：〝∈dg  

か＋か  
・昭）  （0≦f≦fl）  

【≠町T）一伸1）叫r－n）］・（勧）  

T ■C，レHt  

O．‡  10  

2月椚v・  

（15）  

J、い＝上  
2ガ椚。・  

9001 0♪1 81 10 －00  

Fig・3 CoefEicient of degree ofconsolidation UD（T）  
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It may be said that the settlement in this particular case is expressed as the 
productofthe thickness of claylayer，the modulus of volume compressibility，  
the meantOtalpressure at that time and the degree of consolidation．   

Thelaw of superposition holdsin this case，then more complicated cases  
Can be analyzed．For example，under theloading condition shownin Fig．4，  
the excess pore pressure is represented as follows 

〟＝〟1＋〟9′  （0≦f≦f8）   

乙J＝〟1＋〟2＋α3′  （f3≦f≦f4）   

〟＝〟1＋〟3＋〟8＋〟l′ （f4≦f≦f5）   

〟＝〟1＋〟2＋〟8＋〟1 （f≧f5）  

（16）  

in which   

2〟1＝（♪占＋♪6）Gl（T，Z／2月■）－（♪6一勿）G！（T，Z／2ガ）  

2〟2′＝｛（か＋動）凡佑揮）一（♪8－棚（r・Z′2即  

2〟2＝［（州泄（T，研ガ）一理丁一苅，明方））  

－（♪8－♪7）（昂（T，オ2ガ）一凡（T一苅，オ2月■））］  

如（f4－f3）  ‡鞘T－れ，揮）  2机′＝  
r▲一乃   f占一f3  

♪10（わーね）  
一中（T－れ朋） 

］  

♪10（f4－わ）  ト鞘T一苅，  2〟3＝  オ2一打）一凡（T－n，オ2一打））  
rl－rl  f占一才‡  

♪10（f4一方3）  一項昭一れ，明方）一理丁一れ，躍）｝］  
f5－f3  

2〟ノ  （凡（r－n，Z／2月■）－ダ2（T－n，Z／2月■））  
丁壱－n  

払＝諾嵩｛鞘T－れ，卿）一理T－れ，沼ガ）一理T－n，仰）  

＋爪（T一れ，Z／2月■））  

Inthe above equations，7L T4，Ts are the time factor corresponding to timei3，  
t」，t5reSpeCtively．And Gl（T，Z／2H）and G2（T，Z／2H）are given as  

Gl（T，Z㈲＝ 
≠5 

G灯，2ノ2顆 
6 

（18）  

The solution ulin Eq．（17）for theinstantaneousloadingis derived by Eq．（3）  

－13－   
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dependenton the magnitudeof pre－COnSOlidationload and theover consolidation  
ratio・Asfarastheauthorsareaware，however，nOeStablished relationshipbe・  
tween theabovefactors has been reported．Similarly much ambiguityexistsin  
the coe伍cient of rebound cv′，Whichis a counterpart of the coe伍cient of con・  
SOlidation c。．If the coe氏cient of permeability does not change，however，the  
COe伍cientof rebound☆illbecome mv／mv，times the coe伍cient of consolidation．  
Thenin this sectionit willbe assumed，   

v′‘ 

‡  
（22）  

Wherelis aconstantfor particularsoil．   
In theconsolidation phenomenonincludingrebound，the strain dependsupon  

the stress history，SO the choice of the strain as the dependent variable may not  
be relevant．Thefundarmentaldifferentialequation of consolidationincluding re－  
bound，under an assumption oflinear stress distribution，is glVen aS afunction  

Of excess pore water pressure，  

賢＋莞  ‡J ん ん   

（23）  

Thechoiceof the coe伍cient depends onthe rate of changeinefEective pressure，  
and may be written asfollows，  

≧Oi・e・≦0… ん  

＜Oi・e・＞0…払  
（24）   

Under theloading condition shownin Fig．6，thefundamentalequation，the  

boundary conditions and theimitialcondition are represented respectivelyas fol－  
lows  

晋＝に）雷一言‡恒（少4一夕囁  （25a）   

Fig．6 Loading condition（3）  
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ダ＝〟ブ＿1＋〟言＋1－2〟ゴ  （31）  

In some cases，however，it willbe possible for the efEective stressin any  
Slices toincrease after having decreased．Such situations may be encountered  
When the rate ofloading changes after a period of time，aS Shownin Fig．6．In  
this case Eq．（30）aloneis not su伍cient．Assuming that the consolidation proq  
Perties for reconsolidation are the same to those for rebound asfar as theefEec－  
tive pressure does not exceed the pre－COnSOlidationload，the choice may be ex－  
tended approximately as F≦O and  

碗一昂‾1≧2示血Ⅹ…β／J  

碗一針1＜歩抽皿Ⅹ…β  

ダ＞0  ‥・β  

inwhich the efEective pressure，Pi，Can becalculated by thefollowingequation：   

♪言＝♪ト〝言  

＝♪1－祭ブ中一♪1一昔仏一画‡一〟ブ  
（刀）  

andあⅢ8Xisthemaximumvalueof示finl≦AL（j－1）．   
Applyingthe trapezoid formula，thesettlement ofthelayerS）is represented  

as fo1lows  

α一1  

5ヰ£混）血＋∑d血                                          1＝1  

（34）  

inwhichthestrain，efshould be different corresponding to the three states of  
Slice，1．e．rebound，reCOnSOlidation and normalconsolidation，aS follows  

el＝勒屈 （inthesliceobeyingEq．（32a））  

£g＝ブ”血Ⅹ一一（あm8エー声わ  

（in the slice obeying Eqs．（32b）and（32c））  

Sincethestrain，E3and8三，for theupperand  
are alwaysin the over－COnSOlidated state，Eq．  

lower boundary faces of the layer 
（34）may then be written as  

夕1＋夕2 ブ』f′⊥．．、．ミ‾1  
5J＝用量k  （36）   一語（♪3＋♪4）＋∑  

2  2Jね、rリ■rり■吉i  

The third term of the right hand side of the above equation should be  

α－1 ∵∴  

t＝1  

喜伸一‡）瓦n皿Ⅹ＋号l  

…for condition of Eq．（32a）  

‥・forcondition ofEqs．（32b）and（32c）  
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Nく）te  

Case A and B correspond to the foregolng numericalmethod and are com－  
puted by TOSBAC－3400．   

Cases Cand D are sort of analyticalapproximations for decreaslngload．In  
Case Citis assumed that the soilproperties are not affected bythemodeof  
Changeinloading．Thecalculation formula for thesettlementin thiscaseis re・  
presented  

5＝2月h‰（51一朗′）（fl≦f≦fl＋f2）   

5＝2肋。（ざ1－5g） （f≧fl＋≠2）  
（43）  

in which   

251＝（動＋か）（托昭ト（トfl）叫T－n））  

ヱ 
2財㌧叱如＋A）叫r－n）  

2朗＝く如＋摩）（（ト」1）叫T－n）－（ト十ゎーヰ）昭一n一苅））  

（44）   

In Case Ditis assumed that m。′and cv′under decreasingload arem。／10and  
lOcv，reSpeCtively，for the wholelayer，and the calculation formula of thesettle－  
ment becomes  

・1・′（ト刃）附・灯－n））  
♪1＋如  

5＝2助p   

－J（ト」1）抗（J（T－n））＋（ト1）九抗（n）］  

蛮＋♪4J（ト」1）  
抗（J（T－  （fl≦f≦オ1＋f9）  

2  Jヨ≠g  

・立脚（ト1）頃抗（r＋（ト1）n）  
♪1＋♪2  

（45）   5＝2助。  

－（トJl＋（7－1）fヨ）亡ん（r－n＋（ト1）れ）＋（ト1）fl乙㍍（れ）】  

・［（ト抑二1）岬（丁－n・（ト1）n）  
如＋動  

、－（ト」1－≠8）昭一n－れ）】 
］ 

（劉・f2）  

The results of computation are shownin Fig．8．As shownin thefigure，  
the settlements estimated by the analyticalapproximation are found to beless  
than those by the numericalmethod．  
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5．Sllmmary  

The results of the study described above may be summarised as follows；  
1）An analyticalsolution of the consolidation underincreasingload with the   

linearstressdistributionwithin aclaylayer was developedand the tabulated   
forms forcomputationoftheco皿preSSionstrain，theexcess porewater pres・  
Sure，the degree of consolidation and the settlement were given，Whichwi11  
reduce much oflabourin practicalcomputation．  

2）A numerical method of analysis of the consolidation11nder decreasingload  
WaS Shown，aSSuming that the ratio ofthe coefBcient of rebound to the co－   
e缶cient of c（）nSOlidation was constant regardless of the magnitude of bre－  
COnSOlidationload andover consolidation ratio．Numericalexamples showed  
that the analyticalapproximations assuming consolidation properties as con－  
StantWithin thewholelayer of soil，gaVe Smaller settlement than those by  
the numericalmethod．  

す
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tl：Period ofloadincreasing（See Fig．1）  

t9：period ofload decreasing（See Fig．6）  

t3，t4，t5：（See Fig．4）  

T：time factor（T＝Cvi／H9）  

7l：time factor at time tl（7l＝Cvtl／H2）  

7L7L7l，苅：time factor at time t9，t3，ti，  

u ：eXCeSS POre Water preSSure  

Au：POre PreSSureincrement  

uf：pOrepreSSureatthegridpoint（i，j）  
ul：pOre PreSSure for aninstantaneousloading  

uB′，u2，u3′，u3，u4’，ui：（See Eqs．（16）and（17））  

U：degree of consolidation  

U］：degree of consolidation at timejAt  

Uo（T）：COe伍cient ofconsolidation（SeeFig．3andTable2）  

5 手（喜一景孟忘 ＝1一β棚′4 
）  

Ul（T）：degree of consolidation for aninstantaneousloading（See Table4）  

5 

1一芸孟忘β一曲〃  

Z：depth  

Az：depthincrement  

a：divided number of thelayer  

β＝ね血中ば  

E：COmPreSSion strain  

Ei：COmpreSSionstrainatthegridpoint（i，j）  
¢（i）：function oftime t  

† tI   
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