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INTRODUCTION

1. PROBLEM

Constant rate of strain (CRS) consolidation test has some advantages
over the incrementatl loading (IL) method. These advantages are: it takes
only 1 to 2 days for a CRS test while it takes almost 7 to 10 days for IL
ones; therefore, the testing time can be reduced considerably; testing data
are collected and recorded automatically and continuously so the e-logp’
curves are also continuos while data from (IL) tests consist of single
testing points following the loading increments.

Although CRS scheme has clear advantages as shown in Figure A- 1
which shows a typical comparative results of both the CRS and IL
schemes for undisturbed samples in good quality for some of Vietnam
clays, there has been no research on application of the CRS into
construction projects in Vietnam.

Therefore, this study is aimed at the application and determination of
input parameters from CRS tests on undisturbed samples for consolidation
analysis with comparison of the monitoring data for some projects in
Vietnam and other issues which are not clearly designated in the current
Vietnamese codes and standards as well as the proposal of the new multi-
layer model for consolidation assisted with prefabricated vertical drains.
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Figure A- 1 Typical comparative results of both the CRS and IL in Vietnam

2. RESEARCH NECESSITY

Ground settlement based on the methods shown in the current
standards is calculated with the equivalent single layer of the soft ground,
which results in less accuracy of the settlement results.
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Current Vietnamese codes and standards do not designate other method
except the method proposed by Asaoka, 1978 [1], regression analysis
based on monitoring data as indicated in TCVN 9842-2013 [42], TCVN
9355-2012 [41] and 22 TCN262-2000 [39]. Although these methods have
been widely utilized, the final settlement has been determined with
acceptable accuracy. The analytical solutions in these standards are based
on the equivalent single layer model with equivalent input parameters.
TCVN 4200-2012 [40] has only mentioned the incremental loading
consolidation test method.

No current Vietnamese standards designate the constant rate of strain
consolidation scheme for laboratory testing. There have been few research
such as Umehara, 1983 [45], Suzuki, 2004 [37], Suzuki, 2008 [36], Dao
Thi Van Tram, 2013 [10] va Suzuki & Nguyen Cong Oanh, 2013 [35] on
the application of CRS into routine construction projects; however, the
research had been limited to some projects in Japan and deep excavation
in Thi Vai, Vietnam.

3. RESEARCH PURPOSES

e Application of CRS testing data in determination of input parameters
(Ce1, Ce2, Cr, 07, CyN), ChNC), Cw0C), Choc), €0) for the consolidation
analsysis assisted with prefabricated vertical drains in Vietnam and
simulation of the problems with varied PVD length by finite difference
method (FDM).

e [Establishment of some correlations for Vietnamese soft clays.

e Development of a finite difference code for multi-layer models in
consolidation analysis assisted with prefabricated vertical drains.

4. RESEARCH OBJECTS

e Soft Holocene deposits in Cuu Long and Hong River Deltas.

e Consolidation tests under CRS and IL schemes as well as common
field testing used in the investigation of the soft ground for soil treatment.
e Construction projects on soft ground with application of prefabricated
vertical drain assisted with surcharge/vacuum.

5. RESEARCH BOUNDARY

Within the research, the followings are NOT considered
e Development and/or modification of the testing equipments, proposal
of the new testing schemes. Only focus in the application of CRS testing
results in Vietnam is considered.

e Secondary compression with viscous behavior.

o Utilization of the commericial softwares in ordre to comparare with the
results from CONSOPRO software.

6. NEW FINDINGS OF THE RESEARCH

e Establishment of some correlationn for Vietnamese soft clays



3.

- Coefficient of consolidation cycrsy from CRS and cucpry from
piezocone dissipation.

- Pre-consolidaiton pressure from both CRS and IL tests.

- Pre-consolidation pressure from CRS test with different strain rate.

- Pre-consolidation pressure from Cone Penetration Test with pore water

pressure measurement.

e Undrained shear strength ratio (sv/c’v) vs OCR.
e Determination of input parameters (Cei, Cc2, Cr, G ¢, CyNC), ChNC)> Cv(0C),
cnoc), €o) for the analysis of consolidation from constant rate of strain
consolidation test results.
e Proposal of the newly modified multi-layer consolidation model for the
analysis of consolidation assisted with prefabricated vertical drains and
development of the software CONSOPRO.
7. SCIENTIFIC AND PRACTICAL CONTRIBUTION
SCIENTIFIC CONTRIBUTION
e Development of the new multi-layer model for consolidation
analysis assisted with prefabricated vertical drains (PVD) and
consideration of varied input parameters such as compression
indices, coefficient of consolidation in the OC and NC state during
the soil improvement period.
PRACTICAL CONTRIBUTION
e Application of constant rate of strain consolidation tests in
routine design and construction of soft ground improvement with
utilization of multi-layer soil model in order to reduce error in post-
construction settlement.
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CHAPTER 1 LITERATURE REVIEW ON APPLICATION OF
CONSOLIDATION TESTS IN GEOTECHNICAL ANALYSIS
1.1 SOFT GROUND DISTRIBUTIOIN WITHIN THE REGION AND
VIETNAM
1.2 HISTORICAL DEVELOPMENT OF CRS TESTING METHOD
1.2.1 INTERNATIONAL RESEARCH RESULTS

Crawford, 1964 [9] presented a new method in order to save the testing
time compared to traditional incremental loading method, then Byrne,
1969 [6], Smith, 1969 [33] va Wissa, 1971 [48] had proposed the
theoretical background for the constant rate of strain consolidation test.
There has come to the the standards for CRS testing such as ASTM
D4186-2012 [2] and JIS A1227-2009 [18].

Umehara, 1975 [47], Umehara, 1979 [46] had proposed the method of
determination of the input parameters of which the consideration of
sample unit weight effects had been included; Leroueil, 1983 [22], [23]
had studied the rate effects on the pre-consolidation pressures G’c (G’y)
under different testing schemes including CRS.

1.2.2 RESEARCH RESULTS IN VIETNAM

No research on direct application of CRS into routine design in
Vietnam for consolidation problems.

1.3 RESEARCH RESULTS ON CRS TESTING METHOD
1.4 PROJECTS WITH CRS TESTING IN VIETNAM
1.4.1 CRS TESTING METHOD

1.4.2 PROJECTS WITH CRS TESTING IN VIETNAM
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Figure 1-1 Atterberg chart for Vietnamese soft clays
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Figure 1-2 Vietnamese map and location of studied sites
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Figure 1-3 Correlation of compression indices, liquid limit and plastic index
1.5 HISTORICAL CONSOLIDATION SOLUTION DEVELOPMENT

1.6 CONCLUSSIONS FOR CHAPTER 1

1. Although there had been many researchers publishing the CRS data for
several areas, the application of the CRS testing results into the
consolidation analysis had been limited. Even some of the conclusion on
some studied soils had been stated that the CRS should not be
implemented directly into the practical routine design.

2. Moreover, in Vietnam there has not been much overall researches on
application of the CRS testing method in order to determine the input
parameters into the practical design of ground improvement issisted with
prefabricated vertical drains; therefore, it would be much necessary to
study this kind of testing method and apply the input parameters from the
test into practical routine design and construction in Vietnam.

3. Current analytical solutions have not been able to simulate the actual
multi-layer soft soil condition with different and varied input parameters
such as compression indices, coefficient of consolidation during the
consolidation period.

CHAPTER 2 SOME OF THE PARAMETERS
DIFFERENT TESTING METHODS

2.1 SOME TYPICAL PARAMETERS OF SOFT SOILS
2.1.1 UNDRAINED SHEAR STRENTH

2.1.2 PRECONSOLIDATION PRESSURE

Pre-consolidation pressure which is varied vs depth can be determined
by various kind of testing methods such as CRS, IL. and CPTU. The value
of POP for the investigated sites is ranging from 20 kPa in Ca Mau to 60
kPa in Thi Vai. This confirms the Hollocene deposits in Vietnam are in

DETERMINED BY
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over-consolidated state. It reveals that as long as OCR is equal 1.0, the
undrained strength at normally consolidated state is specified as
Sun/0’v0=0.22, and the undrained shear strength increases in relation to the
increase in OCR.
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Figure 2-1 Correlation between undrained shear strength with OCR
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2.1.3 COMPRESSION INDICES Ce1, Cc2 AND Cr OF SOFT SOILS
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Figure 2-4 Strain rate effect on pre-consolidation pressure

Figure 2-4 plots the test results through e-log(c’y) and log(cy)-log(c’v)
with related to different strain rate ranging from 0.020 %/min., 0.056
%/min., 0.112 %/min., 0.200 %/min. va 0.400 %/min. The test results on
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undisturbed samples shows that consolidation coefficient ¢, comes to a
constant value which is equal to that at NC state dispite of the strain rate.
2.2 PIEZOCONE PENETRATION TEST

2.2.1 PRE-CONSOLIDATION PRESSURE VS CONE RESISTANCE

2.2.2 HORIZONTAL CONSOLIDATION COEFFICIENT BY CPTU

Houlsby & Teh, 1987 [17] proposed the formula in order to determine
cnso based on the dissipation phase of the piezocone testing as the below
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Figure 2-5 Correlation of coefficient of consoliation by CPTU and CRS

2.3 CONCLUSSIONS FOR CHAPTER 2

1. Vietnamese soft Holocene deposit is always in over-consolidated state
with OCR > 1.20 for the undisturbed samples with the strain of 6.0 % from
zero to effective over-burdened stress. The pre-consolidation pressure is
larger than the effective over-burdened stress by 20 kPa to 60 kPa.

2. Strain rate does not affect the coefficient of consolidation at normally
consolidated state; however, the more strain rate is, the larger pre-
consolidation pressure is. The pre-consolidation pressure at 0.40 %/min.
is 1.80 times larger than that at 0.02 %/min. for Vietnamese soft Holocene.
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3. Pre-consolidation pressure from CRS tests at 0.02 %/min. is larger than
that from IL tests by average of 16 %.

4. The correlation between pre-consolidation pressure and NET cone
resistance is 6°¢ = (qr-Gvo)/3.

5. Correlation between horizontal consolidation coefficient cncpru) from
piezocone testing and vertical consolidation coefficient cycrs) from CRS
follows the the formulation as chcrs=3Cvcrs) and

C Cc
WCPTU) _y o [HCPTUY 0 20+ EHEPTU) :0.891/ MEPTD) _6.90
CV(CRS) OCR Ch(CRS) OCR

CHAPTER 3 ANALYTICAL SOLUTION FOR CONSOLIDATION
ASSISTED BY PREFABRICATED VERTICAL DRAIN
3.1 SOLUTION FOR CONSOLIDATION ASSISTED BY PVD

Litterature review of some analytical solution such Rendulic, 1936
[32], Carrilo, 1942 [7], Barron, 1948 [3], Yoshikuni, 1974 [49], Hansbo,
1979 [13], Hansbo, 1981 [15], Hansbo, 1997 [12], Hansbo, 2011 [16],
Onoue, 1988 [31], [30], Zeng, 1989 [50]...
3.2 PROPOSED MULTI-LAYER MODEL IN THIS STUDY
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Figure 3-1 Proposed multi-layer model for consolidation assisted by PVD



3.3 CONSOPRO SOFTWARE
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Figure 3-2 Block diagram of CONSOPRO software
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3.4 COMPARISION BETWEEN HANSBO AND CONSOPRO

Figure 3-2 summaries the block diagram of CONSOPRO software and
Figure 3-3 plots the comparative results of consolidation analysis between
CONSOPRO and Hansbo, 1981 [15] with the input parameters
determined from CRS and IL. Equivalent single layer is applied for
Hansbo case.
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Figure 3-3 Comparative results for Hansbo, 1981 [15] and CONSOPRO [24]
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3.5 CONCLUSION FOR CHAPTER 3

1. Hansbo solution with sigle equivalent layer cannot estimate the
settlement behavior of soft soils under load correctly. During the period
of consolidation the state of soft soils changes from over-consolidated
state (OC) to normally consolidated state (NC); therefore, average input
paramters used for the consolidation of soft soils can lead to considerable
difference compared to field measurement. The proposed multi-layer
model considering the variation in compression indices, coefficient of
consolidation in OC and NC state can have the capability to simulate the
process of soft ground consolidation and has certain advantages over the
equivalent single layer model proposed by Hansbo.

2. It is found that cyocycvine) = 40 for Hai Phong and 10 for remainng
investigated areas. The ratio cy/cy is 3.0 for Cai Mep (Baria, Vung Tau),
Hiep Phuoc (TP. HCM), Hai Phong and Ca Mau.

3. CONSOPRO, 2015 [24] has been developed using multi-layer model
and FDM method shows reliable results over the analytical solution with
single layer proposed by Hansbo.

CHAPTER 4 CONSOLIDATION ANALSYSIS WITH APPLICATION OF
CRS TEST RESULTS IN VIETNAM

4.1 HAI PHONG CONTAINER TERMINAL, PHASE 2

4.1.1 INTRODUCTION

4.1.2 INPUT PARAMETERS

4.1.3 CONSOLIDATION ANALYSIS
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Figure 4-1 Comparative results between CONSOPRO and monitored data on
settlement plates at Hai Phong container terminal
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4.2 CAI MEP ODA INTERNATIONAL CONTAINER TERMINAL
4.2.1 INTRODUCTION
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Figure 4-2 Layout of boreholes, cone penetration tests and instrumentation
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4.2.2 INPUT PARAMETERS
4.2.3 CONSOLIDATION ANALYSIS FOR CAI MEP ODA

Figure 4-3 shows the settlement plates (SS) and earth pressure cell are
installed at +5.00 m, stand pipes (SP) with the lowest point at + 0.00 m,
vibrating wire pressure transducer for LOT-01 (E3, P3, EPC3, SP3) and
LOT-07-1(ES, P8, EPCS8, SP8) at the elevation -0.5 m; -10 m; -20 m va -
30 m respectively from top to bottom. Magnetic extensometers are
installed at +5.00 m for plates and -5.00 m, -15.00 m va -25.00 m for
spiders.
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Figure 4-4 Comparative results between CONSOPRO and monitored data on

Extensometers and Piezometers
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4.3 SAIGON PREMIER CONTAINER TERMINAL - HIEP PHUOC
4.3.1 INTRODUCTION
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Figure 4-5 Layout of Saigon Premier Container Terminal

4.3.2 INPUT PARAMETERS
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Figure 4-6 NET cone resistance at Phase 1-1, Phase 1-4, Phase 1-5 and Phase 2-2
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4.3.3 CONSOLIDATION ANALSYSIS FOR SPCT HIEP PHUOC
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Figure 4-7 Typical cross section of sub-layers and instrumentation at SPCT
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Figure 4-8 Comparative results between CONSOPRO and monitored data for
Extensometers at Phase 1-1
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Piezometers: ©  Field monitoring data = Calculated by CONSOPRO
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Figure 4-9 CONSOPRO and monitored data for Piezometers at Phase 1-1, 1-2
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4.4 CAMAU GASS PROCESSING PLANT
4.4.1 INTRODUCTION
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Figure 4-10 Layout of investigation and instrumentation at Ca Mau

Figure 4-11 Phisical and consolidation parameters
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4.4.3 CONSOLIDATION ANALYSIS FOR CA MAU PLANT
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Figure 4-12 CONSOPRO and monitored data for Extensometer at Ca Mau
Figure 4-12 plots the comparative results between CONSOPRO and

monitored data for Extensometers at Ca Mau.
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Figure 4-13 CONSOPRO and monitored data for Piezometer at Ca Mau
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Figure 4-14 Strength gain after ground improvement in Ca Mau

4.5 CONSOLIDATION WITH VARIATION OF PVD LENGTH

The consolidation analysis is performed by CONSOPRO with
consideration of varied PVD length of 1.00H; 0.82H; 0.71H; 0.59H and
0.47H, where H is the thickness of soft clay deposit under load.
4.5.1 INPUT PARAMETES
4.5.2 CONSOLIDATION RESULTS WITH VARIED PVD LENGTH
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Figure 4-15 Analysis results with consideration of variation of PVD length
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The consolidation analysis with consideration variatioin in PVD length
is carried out in order to investigate the relation between settlement and
PVD length for Cai Mep ODA international container terminal, Saigon
Premier container terminal, Hai Phong container terminal, phase 2 and Ca
Mau gass processing plant. The results are plotted for the cases of 0.82,
0.71, 0.59 va 0.47 times the soft clay thickness on the same graphs from
Figure 4-15 (a) to Figure 4-15 (e). The final settlement of the soft ground
under loading decreases with relation to the reduction in PVD length. This
confirms that the clay layer under the PVD tips is consolidated under one-
dimensional condition, resulted in the final settlement of the soft ground
is dependent on the PVD length. In conclusion, it is not necessary to drive
PVD to the full thickness of the soft clay in order to achieve the target
degree of consolidation.

4.6 CONCLUSION FOR CHAPTER 4
1. Field horizontal coefficient of consolidation is cy=3cycrs); coefficient
of consolidation at OC state is 10 times larger than that at NC state or cyoc)
= 1OCV(NC) and Ch(0C) = 1OCh(NC). For Hai Phong case, it is Ch(0C) = 4OCh(NC).
2. The input parameters for Vietnamese soft Hollocene deposits from CRS
tests at strain rata of 0.02 %/min. can provide good argreement in the
consolidation analsyis for surface settlement, multi-layer settlement,
dissipation of excess pore water pressure, and strength gain.
3. PVD length is some cases can be reduced to 70 % of the soft clay
thickness; however, the target degree of consolidation more than 90 % can
still be achieved.
4. As long as the soft clay deposit is in OC state, the reduction in PVD
length can be economically effective.
CONCLUSION AND RECOMMENDATION

1. CONCLUSION
1. Some correlation for Vietnamese Hollocene deposits are founded

a. Ceo=0.015w;-0.25; Ce2 = 0.018wr-0.50 va C, = 0.025P1-0.20

b. o, 4T *3%0

c ¢ ¢ ¢
o SMCPTU) _, oo [HCPTU) 2070 WCPTU) _ (oo / hCPTY) _ ¢ 9o
W(CRS) | ocr Ch(CRS) OCR

d. o’c04%) = 1.800"0.02%)

c. G,c(CRS) = 1.166’0(1L)

f. s/o’v=0.22(0OCR)"**
2. Vietnamese soft Holocene deposit is always in over-consolidated state
with OCR > 1.20 for the undisturbed samples with the strain of 6.0 % from
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zero to effective over-burdened stress. The pre-consolidation pressure is
larger than the effective over-burdened stress by 20 kPa to 60 kPa.
3. Strain rate does not affect the coefficient of consolidation at normally
consolidated state; however, the more strain rate is, the larger pre-
consolidation pressure is. The pre-consolidation pressure at 0.40 %/min.
is 1.80 times larger than that at 0.02 %/min. for Vietnamese soft Holocene.
4. The input parameters for Vietnamese soft Hollocene deposits from CRS
tests at strain rata of 0.02 %/min. can provide good argreement in the
consolidation analsyis for surface settlement, multi-layer settlement,
dissipation of excess pore water pressure, and strength gain.
5. The proposed model with the consideration of variation of input
parameters such as compression indices, horizontal and vertical
coefficient of consolidation in both OC and NC state can simulate full
behavior of the soft soil deposits and has advantages over the single layer
model with average input parameters.
6. Field horizontal coefficient of consolidation is cy=3cycrs); coefficient
of consolidation at OC state is 10 times larger than that at NC state or cvoc)
= 1OCV(NC) and Ch(0C) = 1OCh(NC). For Hai Phong case, it is Ch(0C) = 4OCh(NC).
7. PVD length is some cases can be reduced to 70 % of the soft clay
thickness; however, the target degree of consolidation more than 90 % can
still be achieved.

2. RECOMMENDATION
1. Application of Piston sampler should be used in routine geotechnical
investigation for the retrieving of the undisturbed samples of soft
Hollocene.
2. Issuance of Vietnamese standard for constant rate of strain
consolidation testing method and application of the method into
construction practice for Vietnamese soft clays.
3. Supplement of creep part into CONSOPRO software.
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