









































































































































































































































predict about 50% dissipation of excess pore pressure near the center of the clay during a
rest period of 8 to 10 months. This corresponds to an average degree‘pf consolidation of
only U % 10 to 15%. An additional period of at least two to three years would be required
to achieve U ~ 90%.

9.3. MEASURED VERSUS PREDICTED SETTLEMENT BEHAVIOR OF THE CREST
9.3.1. Measured Settlements and Settlement Rates

Table 6.1 summarizes measured settlements of the SD markers (centerline) and of the
MS marks (m = seaside and t = landside) at the end of the Stage 2 consolidation
(March 31, 1992) and about one week after the final Stage 3B2 loading (varies from early
July 1992 to late October 1992). Excluding Stations 6 and 8 (due to prior failure, etc.), the
SD markers recorded settlement of 55 cm + 10SD and 70 cm + 12SD at these two times.

Tables 6.2 and 6.3 summarize measured settlement rates during Stage 2 and Stage 3B2
consolidation, respectively, and Section 6.1.2 summarizes measured rates after the Stage 3A
and 3B1 loadings. Prior to the final loading, the seaside MS markers had the highest
settlement rates and the landside markers had the lowest settlement rates. For Stages 2
and 3B2, the average rate from the MS markers was close to the mean rate from the SD
markers.

9.3.2. Comparison of Measured vs. Predicted Settlement Rates

Table 6.4 compares the mean measured settlement rates for the SD (centerline) markers
at various time intervals after the different loading stages to those predicted by the finite
element consolidation analyses. (Note: since the average degree of consolidation is always
less than 60%, the settlement rate should be independent of clay thickness according to
Terzaghi theory.) The predicted values have been increased by 15% to account for the
estimated effect of the horizontal displacement caused by lateral deformations within the
foundation clay as explained in Section 6.2.3 (Note: Section 6.2.3 also shows a very
consistent relationship between increasing settlement and increasing horizontal
displacement at QM2 and 3 during Stage 2 consolidation and during Stage 3 construction).

The results in Table 6.4 show:

e Excellent agreement between measured and predicted settlement rates (§) during
Stage 2 consolidation, wherein § decreased from about 1.65 mm/day two months after
loading to 0.7 mm/day about one year after loading. This overall agreement is further
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illustrated in Figure 6.1 by the plot of settlement rate vs. time for the individual SD
markers.

o Similar good agreement during consolidation after the Stage 3A and 3B1 loadings,
although this is somewhat surprising due to uncertainty in the applied stresses caused
by the ‘irregular” loading (see Figure 3.3).

o Measured settlement rates during the first and second months after the final Stage 3B2
loading that are about 25% higher than predicted for reasons than remain unclear.
However, there is close agreement during the third month.

The overall agreement between measured and predicted settlement rates (especially for
Stage 2 which had the best-defined loading condition) suggests that the consolidation
parameters selected for the finite element consolidation analyses are quite reasonable. This
conclusion lends confidence to the predicted consolidation stress profiles used for stability
analyses of the Reinder failure (Progress Report No. 5) and of the Redesign (Progress
Report No. 7). It also lends confidence to conclusions regarding application of the Asaoka
technique (Section 9.4) and to predictions of long-term settlements (Section 9.5).

9.4. APPLICATION OF ASAOKA TECHNIQUE

9.4.1. Scope of Asaoka Analyses

Section 7.1 describes application of the Asaoka (1978, Ref. No. 8) technique for
analyzing settlement data in order to obtain estimates of the final consolidation settlement
and of the coefficient of consolidation. The technique was applied to theoretical predictions
of settlement vs. time from the finite element consolidation analyses in order to: 1) assess
its reliability for evaluating field settlement data recorded during Stage 2 consolidation;
and 2) develop criteria for evaluating field settlement data collected after completion of the
breakwater.

9.4.2. Results of Asaoka Analyses for Stage 2 Consolidation

Table 7.1 summarizes application of Asaoka to the finite element Stage 2 settlement
data and led to the following conclusions:

1) Analyses using data obtained during 6- to 9-month periods after loading produce serious
underestimates of the final settlement and serious overestimates of the coefficient of
consolidation.



2) Analyses of the last 3 to 6 months’data obtained over a period of 13 months after
loading underpredicted the final settlement by about 20 to 25% and overpredicted
¢v(NC) by a factor of 1.7 + 0.2.

Based on MIT s recommendation, Geoprojetos (Ref. No. 15) performed Asaoka analyses
on Stage 2 settlement data measured over a period of 9 to 13 months after loadings. The
results are summarized in Section 7.2.3 and predict a mean final settlement under the
Stage 2 loading of sy = 100 cm. This estimate may be too low by about 20 to 25%. And
the derived values of ¢,(NC) are probably too high by about 50%.

9.4.3. Results of Asaoka Analyses for Stage 3 Consolidation

Application of Asaoka to the finite element Stage 3B2 settlement data give the results
summarized in Table 7.2, which indicate that the technique should give reliable estimates
of final settlement when applied to data collected one year afier completion of the
breakwater. Section 7.3.2 recommends a range for the frequency and length of settlement
readings, e.g., at one- to two-month intervals over the period from June 1993 to June 1995.

9.5. ESTIMATES OF FINAL CREST ELEVATION

Section 8 describes the two methods that were used to predict the long-term post-
construction settlement that will occur due to application of the Stage 2 loading (As,) and
due to application of the Stage 3 loading (As3). One method is mainly based on Asaoka
predictions and the other method is mainly based on MIT % finite element consolidation
analyses adjusted for the effect of horizontal displacements. The breakwater was
constructed to El. +5.25 m and has a final design grade of El. +4.5 m. The allowable post-
construction settlement is therefore equal to As = 0.75 m = 75 cm. |

The following summarizes predicted post-construction settlements that were presented
in Section 8.2

Analysis method As, (cm) Ass(cm) As (cm)
1) Asaoka 38 £9 12 £2 5010 _ ﬂ}f
2) Adjusted Asaoka 58 +11 12 2 {60:10° KR

3) Adjusted finite element 73.5+ 3  11.5¢#2 85+ 3

These results show that the greatest uncertainty lies in the predicted settlement (As;) due
to the Stage 2 loading. The results also indicate that the final crest elevation should be
very close to the design value of El. +4.5 m. |
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The above estimates do not include long-term settlement caused by secondary
compression (drained creep) because they are not expected to start until after the year
2000.
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APPENDIX A

LIST OF DOCUMENTS SENT TO MIT BY GEOPROJETOS
TERMINAL PORTUARIO DE SERGIPE — BREAKWATER

FIRST DHL: 30/DEC/g1

Geotechnical Briefing — Report without number (Dec/91)
Let CO23/91 — 27/DEC/91

Let CO24/91 — 28/DEC/91

Let CO25/91 — 30/DEC/91

60 B0

ECOND DHL: 29/JAN/92 “SHeaded by Lett.CL01/92)
Blue prints of FEM results (from report R.137-23)

Rpt RL137-01 — FD Analy 818 QM3

Rpt RL137-02 — Water content and limits

Rpt RL137—03 — Best consolidation tests

10. Rpt RL137-04 — Vane tests

11. Rpt RL137-05 — Construction sequence of Hyd Berm

NOTE: plus extra copy of Geotechnical Briefing

CoNR®n

THIRD DHL: 6/FEB/92
13. Rpt RL137—06 — Spencer limit equil circuits
14. Rpt RL137-07 — FEM oy and 7xy values

FOURTH DHL: 14/FEB/92 (Headed by Lett CL02/92)

16. Rpt RL137—08 — Vert & horiz displmts at QM2, 3 and 4

17. Rpt RL137-09 — "Complete" sections at QM2, 3 and 4

18. Rpt RL137-10 — Settlements with Asaoka’s method

19. Fax 15/FEB/92 — Lett. CL03/92: Precons. Press. with strain energy, Janbu &
Spencer backanalyses, Suggestions

FIFTH DHL: 24/FEB/92 (Headed by Lett CL05/92)
21. Rpt RL137-11 - Piezocone tests in virgin ground
22. Rpt RL137-12 — Instrumentation up to failure

SIXTH DHL: 12/MA l.[92 (Headed by Lett CL07/92)
24. Rpt RL137-13 - alyses QM1 and QM2

25. Rpt RL137-14 — Tests below elev. —21m

26. Rpt RL137-15 — Detailed piezocone results, virgin clay
27. Rpt RL137-16 — Response tests in piezometers

Al



NOTES: (a) perforated pages with corrections to RL137—04
b) perforated page with correction to RL137—07
28. Fax 16/MAR/52  Lett. CL08/52: Firite difference of QM3 with P21 as boundary
condition

29. DHL 8/APR/92 — Lett. CL09/92: Displacement behavior of breakwater (settlements
& displacements) and COPPE CRS tests

NOTE: Remaining listing is not complete and has been
assigned arbitrary numbers ,

40. Fax 12-13/MAY/92 — Studies for next placement stage (4j>)

42. Fax2/DEC/92 — Replf to CCL Nov. 25, 1992 fax (included description of rock A and
information on loading schedule for 10/89 failure)

43. DHL 12/JAN/93 — Information requested by CCL Nov. 25 and Dec. 14, 1992
(included cross—sections of 10/89 failure, settlement data for 1991,
inclinometer data since 8/92 and piezometer data since 4/92).
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APPENDIX B

CALCULATION OF STRESS INCREMENTS FOR |
ZONE 5 CONSOLIDATION ANALYSES -
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C9

C10a,b
Clla,b
Ci2a,b

APPENDIX C

SELECTED RESULTS FROM LARGE STRAIN FINITE ELEMENT
CONSOLIDATION ANALYSES

Description

El. vs. Excess Pore Pressure and Consolidation Stress: Zone 2

El. vs. Excess Pore Pressure and Consolidation Stress: Zone 3

El vs. Excess Pore Pressure and Consolidation Stress: Zone 4

Settlement and Settlement Rate vs. Time for Zone 5: t = 0 -+ 4500 days
Settlement and Settlement Rate vs. Time for Zone 5: After Stage 2

Settlement and Settlement Rate vs. Time for Zone 5: After Stages 3A and 3B1
Settlement and Settlement Rate vs. Time for Zone 5: After Stage 3B1 (Zone 5B)
Settlement and Settlement Rate vs. Time for Zone 5: After Stage 3B2 (Zone 5A)
Settlement and Settlement Rate vs. Time for Zone 5: After Stage 3B2 (Zone 5B)
El. vs. Excess Pore Pressure and Consolidation Stress: Zone 5A, Stage 2

El. vs. Excess Pore Pressure and Consolidation Stress: Zone 5A, Stage 3

Backcalculated Coefficient of Consolidation from Zone 5 Settlement Data after
Stage 2 and Stage 3B2

C13a,b,c Tabulated Settlement Data for Zone 5B (Complete) and for Zone 5A (Only 3B2)
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230 989,000 =72.620 , 296  1416.000 -94,.181 353 2031.000 -113.723
231 994.000 «72.939 ; 297 1426.000 | .~94.587 - 359 2041.000 -113.964
232 999.000 -73,2%6 . 2968 1436.000- -94.990 . -360 2051.000 ~114.203
233 1004.000 =73.570 299 1446.000 -95.390 . 361 2061.000 ~114.440
234 1009.000 -73.802 300 1456.000 -95.786 362 2071.000 -~114.67S
238 1014.000 -74.191 301  1466.000 | -96.179 363 2081.000 -114.908
236 1019.000 -74.499 - 302 . 1476.000 -96.560 - 364 2091.000 -115.139
237 1024.000 -74.804 e 303 1486.000 «96.954 . 365 2101.000 -115.368
238 1029.000 -75.107 ’ . 304, 1496.000 «97.337 366 2111.000 -115.398
239 1034.000 «75,400 '305. 1506.000 -97.716 367 2121.000 ~-11%.821
240 1039.000 -75.707 306 1316.000 -98.092 | - 368 2131.000 -116.044
241  1044.000 «76.004 o 307 "1526.000 . -98.465 369 2141.000 ~-116.265
242 1049.000 -76.299 1! . 308 1336.000 298,338 . 370 2151.000 ~-116.484
243 1034.000 -16.592 ' © 309 1546.000 99,201 ) 371 2161.000° . -116.702
244 1059.000 - =76.884 .. 310 13856.000 «99.568 - V' . 372 2171.000 -116.917
245 1064.000 «77.173 - ' 311  1566.000 -99.923 . 373 2181.000 ~-117.131
246 1069.000 «77.461 312 °1576.000 -100.233 : 374 2191.000 =-117.343
‘247  1074.000 . <717.747 313 1581.000 ~100.461 \ 378 2201.000 ~-117.553
248 1079.000 - =78.031 , 314  1591.000 ~100.914 \ 376 2211.000 -117.761
249 1084.000 -790.314 . - 318  1601.000 -101.163 T 317 2221.000 -117.967
250 1089.000 -78.593 . 316 1611.000 ~101.510 . 378 2231.000 -118.172
251  1094.000 -78,874 . 317 1621.000 -1031.8%54 . 379  2241.000 -118,37%
252 - 1099.000 -79.152 l 318 1631.000 -102,.198 380 2251.000 ~-118.576
253 1104.000 -79.428 . 319 1641.000° -<102,833 381 2261,000 ~-118.778
254 1109.000 «79,.703 320 1651.000  ~-102.868 i 392 2271.000 -118.972
255  1114.000 =79.976 321 1661.000 ~-103.201 T 383 2281.000 -119.168
256 1119.000 -80,.248 322 1671.000 -103.530 384 2291.000 =-119.362
257 1124.000 -80,.518 323 1681.000 -103.857 - 38 2301.000 -119.354
258 1129.000 -80,786 : 324 1691.000 -104.181 ! 386 2311.000 -119.744
259 1134.000 -81,054 323. 1701.000 -104.503 387 2321.000 -119.933
260 1139.000 -81.319 + 326 1711.000 °-104.822 . 388 2331.000 ~-120,120
261  1144.000 -81,504 327 1721.000 ~-105.138 . 389 2341.000 <120.306
262 1149.000 -81,847 \ .o . 390 2351.000 =120.490
263" 1154.000  -82,108 e 391 2361.000 _~120.672
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APPENDIX D
SETTLEMENT AND LATERAL DISPLACEMENT DATA

Description

Construction Day vs. Date

Linear Regression on Stage 2 Settlement Data at At = 2 and 4 months: SDO,
MS11, SD19, MS25 and SD27

Linear Regression on Stage 2 Settlement Data at End of 1991: SDO, 3, 11, 19 and
27, MS15, 21, 23 and 25

Settlement Rates at End of 1991 vs. Time after Stage 2 Loading
Settlement Rate vs. Station at End of Stage 2 Consolidation
Settlement Rate vs. Station during Stage 3B2 Consolidation
Settlement Rate vs. Time during Stage 3B2 Consolidation

Comparison of CNO and MIT Settlement Rates for Stage 3B2

Linear Regression on Stage 3B2 Settlement Data: SD27

Settlement Rate vs. Station during Stage 3A2 Consolidation

Linear Regression on Stage 3A2 Settlement Data: SDO, 3, 11, 19 and 27
Settlement Rate vs. Station during Stage 3B1 Consolidation

Linear Regression on Stage 3A2 Settlement Data: SD11 and 19

"Horizontal Displacement vs. Depth: QM2

Horizontal Displacement vs. Depth: QM3

Max. Horizontal Displacement vs. SD Settlement for Stage 2: QM2 and 3
Max. Horizontal Displacement vs. SD Settlement for Stage 3: QM2 and 3 »
Estimated Effect of Lateral Displacement on Measured Centerline Settlements
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APPENDIX E
ASAOKA ANALYSES

Description

Description of Techniques to Analyze Pore Pressure and Settlement Data (from
Progress Report No. 3%

Asaoka Analysis Applied to Example Problem that Exactly Follows Terzaghi
Theory (from Progress Report No. 3)

Asaoka Analyses of Stage 2 6-mon. Settlement Data

Asaoka Analyses of Stage 2 9-mon. Settlement Data

Asaoka Analyses of Stage 2 13-mon. Settlement Data

Asaoka Analyses of Stage 3B2 24-mon. Settlement Data

Asaoka Analyses of Stage 3B2 48-mon. Settlement Data

Asaoka Analyses of Stage 3B2 2-yr. Settlement Data Using 30-day Readings
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NOTE: From TRS /’rog}zs: fc/oarf Mo.3 , miT, Maysé, 1992

3. ASAOKA TECHNIQUE

3.1  Analysis of Pore Pressure Data _ _
For conditions following Terzaghi theory and for T > 0.1, the following
approximation can be used to predict the rate of pore pressure dissipation

where u=excess pore pressure, u, = initial excess pore pressure, 2 = z/Hq and T=cyt/Hg2.
Taking the log of Eq. 3.1 shows that one should obtain a linear plot of log u vs. t. More— .
over, the slope of this plot can be used (without knowing u, or when the load was applied

or the value of Z, Orleach 1983) to compute cy(u) as follows for a known value of Hyq

4 Hy2ln
e(u) = 2 54 —(9‘;1@31 ................................ 3.2

mewomo&urvmwawmm&mv@)%&cmwﬁ
pregram-written-by-MIT.

If log u vs. t is not linear, then the technique does not apply since one or more of the
following conditions occur: change in ¢y, change in loading, change in boundary conditions,
time factor less than 0.1, etc.

32 Ana.lysis' of Settlement Data A
For conditions following Terzaghi theory and for T > 0.1, the following
approximation can be used to predict the rate of settlement:

&- — —-8 TT .
Sof U 1 —,e AR E R R AR 3.3

where s = consolidation settlement = s — 81, Sc¢f = final consolidation settlement = 8¢ — s,
si = initial settlement. Because s; is difficult to estimate and because s¢ is not known,
Asaoka (1978) developed a technique to circumvent these problems as follows:

1) Plot total settlement s vs. time ¢

2) Select a constant time interval dt = tny —ta

3) Determine values of 8y, 83, .... 8n at time intervals ty, t2; .... tn.

4) Plot 8n41 (3 at t = tn.) vs. 8y (8 at t = ty)

Sheet Fla
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The above plot of 84y vs. sn should be linear and can be expressed as (see derivation
belowt)

S =M=+ N8 ... veeasonennoas s e s s e s e s e s eea s e e 34

Moréover,
| Sf=8cf+8i=m/(1-0) «.ovvrrrririnnns e 3.5
and ' : -
-4 2 In

Cv(S) = T;ld— 3%2 .................. et et e e e et s e aeeenn 3.6

-1Derivation: .
n= dSng — Sf = Snat = Scf + 81 — 8nat = 1 - {Sn+1 — 81)/8¢cf

Sn  Sf8n Sef + 8§ — 8n — [(8n — 81)/8ct]

n=Lptensyftr 1= Unut and using B 3.3 aad T = 2}

— Scn/Scf 1 - U,

2
TS Gt

n=e . Thereforelnn = :T?H% dt
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Step  Stage

[y

2  1B:GBEL-5.1m 1/15/91
3  2:HBEL +30m 3/15/91

4 3A:HBEL +3.9m 4/23/92

5 3B1: Seaside 5/28/92

HB El. +5.25 m 4

6A  3B2: ‘Barly” HB 7/12/92

completion .

6B  3B2: “Late” HB  9/5/92
completion

Table 3.1
Loading Schedules Used for ABAQUS Finite Element Consolidation Analyses

Date CD*
1A:GBEL -65m 3/15/90 -168

136

195

600

635

680

735

*CD = construction day (zero = 9/1/90)

ABAQUS Applied stress (kPa)
Zone2 Zoned Zoned Zoned

t (days)
0

304
363
768
- 803

848

903

-17 —

35

50

50

50

50

50

50

35

50

85

85

85

85

85

35
50
120
120
120

120

120

35

50

149

161

169

188

188
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