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ARTICLE INFO ABSTRACT

Keywords: This study presents a back-analysis of geotechnical parameters on prefabricated vertical drain improved ground
Geosynthetics at a site in the Mekong Delta. Various time — settlement behaviors that reflected different clay thicknesses and
Clay loading patterns were observed. The total surface settlement behavior at several monitoring locations was si-

Field monitoring
Back analysis
FEA

mulated using an updated exponential method that considered staged construction. The analyzed results were
validated by substituting the values into a theoretical solution for radial consolidation. The estimated theoretical
behaviors were comparable with the monitored behaviors. The geotechnical parameters were back-analyzed by
applying the previously analyzed results to various theoretical and empirical formulas. However, the use of
extensometer data that were installed at large intervals produced different values of the geotechnical properties.
Furthermore, finite element analysis supported the back-analyzed total settlement behaviors and nearly dis-
regarded the application of the geotechnical properties that were obtained using either surface or subsurface
settlement data. However, settlements and excess pore pressures in the sublayers were not successfully predicted
even when the geotechnical properties were adjusted. Thus, subsurface instruments that can be installed closely
in thick clay deposits are required to reliably reevaluate the variations in geotechnical properties along a certain

depth.

1. Introduction

Ground improvement of thick clay deposits has been conducted to
develop marginal lands in many parts of the world. Prefabricated ver-
tical drain (PVD) techniques are among the most extensively used
ground improvement methods. A key issue in PVD techniques is whe-
ther field monitoring (e.g., settlement and excess pore pressure beha-
viors from the initial settlement to the ultimate settlement) and beha-
vior prediction are reliably conducted. Despite numerous studies
conducted over the past two or more decades, the precise prediction of
consolidation and delayed (long-term) settlements, along with their
rates, remains difficult (Bergado et al., 2002; Chu et al., 2006;
Indraratna et al., 2012; Jang and Chung, 2014; Karim et al., 2011; Liu
and Chu, 2009; Lo et al, 2008; Olsen, 1998; Rowe and
Taechakumthorn, 2008; Rujikiatkamjorn and Indraratna, 2015;
Saowapakpiboon et al., 2011; Taechakumthorn and Rowe, 2012;
Watabe and Leroueil, 2015). The underestimation of settlement and
consolidation time have been reported in several projects, such as the
Changi Airport project in Singapore (Bo et al., 2003) and the Noksan
reclamation project in Korea (Chung, 1999). An unreliable prediction
may be related to various factors, including the limitations of the
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theoretical solutions, evaluated soil, and PVD-related parameters, the
construction procedure, deterioration of the installed PVDs. Thus,
feedback is essentially used to improve the prediction of settlement
behaviors.

Several observational methods can be used to predict the ultimate
settlement and the settlement rate (Asaoka, 1978; Debats et al., 2013;
Tan et al., 1991; Chung et al., 2014b) and the results can be applied to
reevaluate geotechnical parameters (Bergado et al., 1992; Bartlett and
Alcorn, 2004; Cao et al., 2001; Chung et al., 2009, 2014b; Chung and
Lee, 2010; Leroueil et al., 1990; Magnan et al., 1983; Voottipruex et al.,
2014). Numerical analysis is also adopted for similar purposes (Bergado
et al., 1993, 1996; Cao et al., 2001; Chai et al., 2001, 2011; Hawlader
et al., 2002). Observational methods can easily evaluate the average
geotechnical parameters. However, their variations along certain
depths are difficult to reflect, whereas numerical analysis exhibits an
opposite trend. Back-analyzed geotechnical properties are generally
used to compare laboratory and field soil test results and to predict the
settlement behaviors of neighboring sites. However, whether the results
obtained from observational and numerical methods are comparable
with each other is rarely verified (Lam et al., 2015; Rezania et al.,
2017). Thus, the two approaches should be simultaneously applied to
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validate the appropriateness of the back-analyzed geotechnical prop-
erties.

This study aims to reliably reevaluate the geotechnical properties
and to predict the settlement behaviors of a PVD-improved ground in
the Mekong Delta, in which the effect of the poorly adopted sampling
techniques are compensated. The effects of different thicknesses and
stepped loadings on the monitored settlements and excess pore pres-
sures were investigated. An observational method (i.e., the exponential
model) was modified to consider the effect of staged construction on the
settlement. Various geotechnical properties were determined based on
the back-analyzed results. Furthermore, the estimated properties were
compared with the laboratory and field test results. Moreover, finite
element (FE) analysis was performed using the estimated geotechnical
parameters, and the analysis results were compared with the two pre-
vious results. Further considerations to improve the back-analysis
process were discussed based on the comparison.

2. Observational methods and determination of geotechnical
properties

2.1. Observational methods

2.1.1. End of the primary consolidation settlement

The graphical method of Asaoka (1978) is known to produce the
most reliable value of the ultimate (p,,) or the end of the primary
consolidation settlement (p;00). The ultimate settlement is graphically
determined from a special diagram that is plotted using each settlement
read out at time interval (4t) on the p-t curve.

By
1-5 €y

where fp and f3; are the intercept and slope of a straight line in the
special diagram, respectively. However, py (Or pigp) in this method
varies depending on the selected time interval (Arulrajah et al., 2004;
Asaoka, 1978; Chung et al., 2014b; Edil et al.,, 1991). The ultimate
settlement is also estimated using the hyperbolic relationship of p-t, as
follows (Tan et al., 1991):

t

Puir =

p:

a+ Bt (2a)
limp = lim—>— =p, = 1
el T airg PuT g (2b)

The hyperbolic methods overestimate the ultimate value, which
depends on the percentage of data (Chung et al., 2014a, b).

Recently, an exponential model is used as a rational method to si-
mulate consolidation behavior (Chung et al., 2014b).

p = p,[1 — exp(=nt)J* 3)

where three unknowns (pyy, 7, and «) are determined by best fitting the
measured data. The data after the end of construction are generally
used in observational methods. However, the current study considers
stepped loading data as part of the primary consolidation settlement.
Thus, the time () to initiate the primary consolidation in the mon-
itored p-t relationships is determined as follows. Eq. (3) is rearranged to
consider the initial settlement and time.

%3
—In 1—(L) =n(t—ty)
P1oo 4)

where the unknowns (p1p0, #, and «) are successfully obtained using
Excel Solver.

2.1.2. Consolidation coefficient
For thick deposits with small drain spacing, only radial flow may be
approximately considered to occur, thereby neglecting the effect of
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vertical flow (Lee and Chung, 2010). That is,

)

or

8
U,=11—-exp| ——=T,
h [ P( F, h(n))]

where Ty, (=cut/d.?) and Ty (= chet/de?) are the time factors; d. is
the diameter of the influence zone of each drain; F is a factor that ac-
counts for the combined effects of spacing (F, = In(n) — 0.75 for
n > 10), [Fs = (kn/ks —1)In(s)] is the smear; (F,) is the well resistance;
n = d,/d,, in which d,, is the equivalent diameter of the drain; s = dy/
d,,, in which d; is the equivalent diameter of the smear zone; and k; and
ks are the coefficients of the horizontal permeability of the undisturbed
soil and smear zone, respectively. Thus, a relation is obtained based on
Eq. (6) as follows:

(5a)

(5b)

Ch _

F

Ch(n) _ Ch(n+s)

B Fats (6)

where chm+5) is the consolidation coefficient that corresponds to Fj, .
The radial consolidation coefficient cpy for the ideal condition
(without the effects of smear and well resistance) can be obtained with
a given F,,.

Magnan et al. (1983) proposed a method for estimating the cp(,) of
PVD-improved ground based on the analytical solution developed by
Asaoka (1978).

d? E,

£ —.Ing,

Chin) = —
"= T A

@)
Chung et al. (2009) presented a method for estimating ¢y, based on
the hyperbolic method.
pd;
n = [0.1333 In — 0.0906]-—
ey = | (n) ] " )
Ch(n that varies with time can be considered with the exponential model
(Chung et al., 2014b). That is, the following expression is derived from
Egs. (3) and (5b):

nhd; In(l-Uy) _ nd;
8 In(1 — UYY) 8

exp

Thn)

Ch(n)—var = dgz = [ln(n) - 0.75]' 03]

9
where @ = In(1 — Up)/In(1 — Uexp'”™) and Uexp = p/p100 = Un. The @
value rapidly decreases at the initial part and then gradually decreases
with increasing Uy,. Thus, the average value of @ is determined for 30%
< Uy < 90% as follows:

S @dU

Sdu

where the coefficient of determination r* = 0.9999. Thus, the average
value of cpq) is obtained by

Doy =

= [0.9711(‘0'119 + 0‘0287(—1.978] 5.123
(10

nd;
S [In(n) — 0.75]- Pyye an

where @, approximately corresponds to @ at U}, = 60%.

Ch(n)ave =

2.2. Determination of geotechnical properties

2.2.1. Compressive parameters

Compressive parameters may be estimated using the applied load,
the monitored settlement, and excess pore pressure. Recompression and
consolidation settlements for the 1D condition are calculated as follows:

o
Ah; log( ,p' )
Ovoi

m

=27

i=1

Csi

+ ey

(12a)
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where p, and p. are the recompression and virgin compression, re-
spectively; eg is the in situ void ratio; 0’y¢ is the effective overburden
stress; i is the number of layers; and o7, is the preconsolidation stress.
The stress increment Ao is considered for the initial and final loading
conditions (Leroueil et al., 1990).

AU(initia[) = yyHcr (133)

AG(finaly = ¥, Her + Ay (o + hy) — 0.5y,0 (13b)

where vy, and H,, are the unit weight and the critical height of the fill,
respectively; Ay is the difference between the saturated and bulk unit
weights; h,, is the incremental water height caused by fill placement;
and v,, is the unit weight of water.

The recompression (C,) and compression (C.) indexes are generally
correlated with ey as follows:

C,=a + be, (14a)

CC =a + bzeo (14b)

where a,, as, by, and b, are constants. Thus, C, and C. can be back-
analyzed using Egs. (12) and (14), respectively.

The preconsolidation stress o', should be determined using the in-
cremental stress and dissipated excess pore pressure.

oy = Opg + AGy — Au

P (15)

where Ao., and Au are the incremental stress and the excess pore
pressure induced by the critical fill height H,, respectively. When
piezometers are not closely installed, the variation in o’, along the
depth is insufficiently obtained.

2.2.2. Coefficient of permeability

This section presents a method for estimating the coefficient of ra-
dial permeability under an ideal condition. The coefficient of horizontal
permeability kyo.qiss is obtained using the piezocone dissipation tests as
follows (Baligh and Levadoux, 1986):

V4
kno—diss = =——"=—RR-Ch(0C)—diss
2.30,9

(16)

where RR is the recompression ratio (0.005 < RR < 0.02, with an
average value of 0.01), and ch(oc).aiss is the coefficient of radial con-
solidation obtained from the piezocone dissipation test on intact clay.
Similarly, values may be expressed using the reevaluated RR (= C,/
(1 + eg)) or CR (= C./(1 + ep)) values.

Kho—back = T T
T 230,

Ovo

RR-ch(00)—diss» OF —CR-Ch(NC)—diss

Ovo

a7)

where choc)/chancy = CR/RR. Thus, the difference between the cpe)
and chne)-diss can be expressed by the ratio of the respective areas as
follows:

_ J chey—dissdz
S enadz
where R. = F/F,. Subsequently, the coefficient of permeability kpnom) for

the ideal condition may be adjusted to obtain the same ko pack as fol-
lows:

R,
18

kno—back

knowmy = R
C

19

3. Reclamation work
3.1. Site description

A reclamation site is located beside the Soai Rap River and at the
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Fig. 1. Location.

south gateway of Ho Chi Minh City, Vietnam (Fig. 1). A terminal port
called “Saigon Premier Container Terminal” was constructed at the site.
The area of the site is approximately 46,500 m?, and the container berth
has a length of 949 m for a vessel of 50,000 DWT. A total of 21 and 17
boreholes were drilled for the basic and detailed design, respectively.
Undisturbed samples were taken using the Osterberg piston and Shelby
samplers with a 2 m interval. A total of 44 piezocone tests (CPTU) were
conducted after placing a sand fill of 0.8-1.6 m. The field vane (FV) test,
which is a double-rod type with a blade that measures 13 cm high and
6.5 cm wide, was conducted in 21 locations. Conventional oedometer
tests with a duration of 24 h and a stress increment ratio of 1.0 were
conducted.

The deposit consisted of upper Holocene clay (very soft to soft) and
lower Pleistocene clay (stiff to very stiff). In addition, a thin sand layer
was occasionally intercepted between the two types of clay (Nguyen
et al., 2000; Ta et al., 2002). The water level was directly affected by a
tidal variation of approximately 3.5 m a day in the Soai Rap River. The
thickness of the upper clay (approximately 1000-5000 years BP), which
was normally consolidated based on geological history (Nguyen et al.,
2005), varied from 9 to 40 m. Fig. 2 shows a typical soil profile, which
consists of three main soil layers: (i) the upper layer (0-35m) with
three sublayers [1a - very soft clay (MH-CH, 0-11 m), 1b — very soft to
soft clay (MH-CH, 11-20m), and lc - soft to medium clay (CH,
20-35m)]; (ii) sandy soil layer (30-35m); and (iii) stiff clay (below
35m). The total unit weight (y,), water content (w,), and in situ void
ratio (ep) varied consistently with depth. The liquid and plastic limits
were relatively constant (w;, = 70%-80% and wp = 35%-38%). The w,
values were higher than those of wy along the entire depth (i.e., li-
quidity index I, > 1.0), which indicated that the clay was cemented
(or structured). The compression indexes were widely distributed:
Ce1 = 0.5-1.6 and C. = 0.1-0.6 for the initial and second virgin
compressions, respectively. The preconsolidation stresses (0’,) were
approximately 1.3-3.5 times higher than the effective overburden stress
0’yo. The field vane strength (s, ry) increased linearly with depth, which
exhibited a wide variation. The corrected cone resistance (g, and pore
pressure (u») tended to increase linearly with an increase in depth,
which appeared to be governed dominantly by o0”y.

3.2. Ground improvement with PVD

For the reclamation, the vegetation and organic layers (1.0-2.0 m
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Fig. 2. Basic soil properties at the study site.
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thick) were initially removed. Thereafter, the sand fill of 1.6-2.2 m was
placed. A detailed site investigation was conducted and various in-
struments were installed. Preloading with PVD was applied to improve
the ground. The sequence of the reclamation work is summarized as
follows: (i) a sand blanket with a thickness of 0.5-0.8 m was placed, (ii)
PVDs with a triangular pattern were installed up to a depth of 30-35m
with 1.5 m spacing; (iii) several types of instruments were installed, and
(iv) fill construction to a height of 6.0-8.0m was staged. The PVD,
called Flodrain (FD4-EX), measures 4 mm X 100 mm and has a poly-
propylene nonwoven-type filter and a studded-type core. The PVD was
installed using a hydraulic-type rig with a 60 mm X 120 mm rectan-
gular-type mandrel and steel anchor plates.

After the surcharge, the shoulders of the embankment (toward the
river bank) were stabilized by using soil — cement deep mixing columns.
The fill materials, which were mostly sand, were obtained from ad-
jacent provinces using waterway vehicles in the Soai Rap River. The
transported materials were dumped and graded by bulldozers. The fill
placement rate was 25-50 cm/week. The average bulk density of the fill
material was approximately 1.9 kN/m?.

3.3. Field monitoring and results

Fig. 3 shows the installed instruments. In particular, 28 settlement
plates, 13 piezometers, 8 extensometers, 15 inclinometers, and 3 ob-
servational wells were installed. The piezometers were the vibrating
wire type with a 13.3 cm-long tip. The magnetic-type extensometers
and piezometers were installed at three levels in 13 locations. The in-
clinometers were installed along the river bank slope (toward the Soai
Rap River). The observation wells, which comprised a perforated PVC
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Table 1

Primary consolidation settlements obtained from three observational methods and strain rates.

Locations L® H® Her p100 (M) Pm/P100 &
(m) (m) (m) Asaoka © Hyperbolic Exponential (%) (x 1078571

SP-9 33.3 7.38 2.97 3.50 4.40 3.48 94.15 5.46
SP-10 34.0 6.37 3.18 2.64 3.25 2.72 96.77 2.43
SP-25 33.6 8.25 3.32 3.59 4.66 3.70 91.50 1.72
SP-26 31.8 7.83 3.36 3.73 4.89 3.88 77.71 2.43
SP-28 31.8 8.72 3.19 3.81 5.01 3.93 87.05 1.82
E-3 34.0 8.03 3.84 3.08 4.03 3.12 89.29 2.88

@ L = clay thickness.
b H = fill height.
¢ The time interval (At) used for Asaoka's method was 3 days.

9 The ratio of the finally measured settlement (p,) to the exponential method-based psgo.

¢ ¢ is the finally measured strain rate.

100 1p_s
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% 80
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g 40 N B. =06 Te
© LN 2-1 .
8_ ) Q’ H ..
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§ B B2_2=0.()
b ] B,;=0.1 ®
0 T T T T T T T 1
0 40 80 120 160

Applied vertical stress, Ae (kPa)

Fig. 6. Excess pore pressure versus applied load.

pipe with a 60 mm diameter, were installed at the boundary of the
construction area and inside the embankments. Measurement frequency
varied depending on the construction schedule, i.e., every 2-days
during construction and twice a week after completion.

Fig. 4 shows the timelines of the construction and the normalized
total settlements (p/L, where L is the thickness of the clay above the
sand layer) at several sites, located in Zones I-1 to I-5 and II-2. The
installation periods of the PVDs (200-260 days) and the fill placement
rates (loading rates = 0.05-0.1 m/day during the period of 250-370
days and 420-440 days) differed at various monitoring points. A similar
pattern of time —settlement relationships was approximately observed
regardless of the locations and clay thicknesses as the fill placement was
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initiated. Abrupt changes in settlements occurred during PVD installa-
tion and end of construction.

4. Back-analysis and results
4.1. Consolidation behavior

Recompression was observed during the initial construction step
(Fig. 4). Fig. 5a presents an example of an approach for graphically
determining the initial values (po, tp). Thus, the primary consolidation
behavior can be simulated by substituting the measured data into Eq.
(4) (Fig. 5b). Table 1 shows that H., = 2.97-3.84 m for a fill height of
6.37-8.72m and L = 31-34 m. The p;¢o obtained using the exponential
method was 0-3.5% higher than that obtained using the Asaoka method
but was 20%-29% lower than that obtained using the hyperbolic
method. This order is the same as those found in another case study
(Chung et al., 2014b) and laboratory tests. The ratio of the final mea-
sured settlement to the predicted p1go (pm/P100) based on the results of
the exponential method was 77.71%-96.67%. The strain rate at the
final measured stage was approximately within the order of 10 85~ " at
the final measured time. The strain rates are similar to the rates ob-
served from the PVD-improved ground in Singapore (Cao et al., 2001).

4.2. o', and compressive parameters

Fig. 6 shows a method for determining 0”, using the field records for
pore pressure (Leroueil et al., 1978, 1983; Morin et al., 1983). Stresses
at the intersection between excess pore pressure increment (4u) versus
applied load increment (Ao,) were nearly identical to those associated
with H,,. Fig. 7a shows that the estimated 0", values were compared
with the values obtained from the laboratory consolidation tests. The
estimated o0”, values were found within the upper bound of the tested
values. The underestimation of 07, in the laboratory may be attributed
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to sample disturbance. Thus, the overconsolidation ratio (OCR = 0",/
0’y0) was compared with the CPTU-based empirical formula, i.e.,
OCR = A(g; — 0y0)/0"vo. The prediction with A = 0.29 was close to the
measured values, which were less than A = 0.40 for OCR =< 3 (Singh
and Chung, 2015) and A = 0.33 for OCR = 1-40 (Kulhawy and Mayne,
1990). Consequently, the o’, values (represented by OCR) were as-
sumed to be close to the CPTU-based and measured values (Fig. 7b).
Wh, Yo, and eq varied consistently with depth (Fig. 2), which reflected
geological history. Thus, the variation in ey according to each deposi-
tional unit was averagely determined (Fig. 8a). Then, C. and C, were

estimated according to the variation in ey [Egs. (12) and (14)], in which
the thickness of each sublayer AH; = 0.5 m was selected (Fig. 9). For the
six locations, the back-analyzed C. (= (0.62-0.76)e, — 0.22) using the
surface settlement data is found within the upper bound of C.;, whereas
C, (= (0.043-0.081)ey) is found within the lower bound of laboratory
C, values. The underestimation may also be attributed to sample dis-
turbance. Fig. 8b and c shows that the C. and C, values in location E-3
that were estimated using extensometer data significantly differed from
those obtained using surface settlement data. Moreover, the C., values
obtained from the oedometer tests were nearly identical to those from a
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Fig. 10. Simulated curves with the back-analyzed cp, values (location E-3).
Table 2

Back-analyzed coefficients of consolidation.

Location P100 — Po  Chm) Ch(n+s) Ch(m from Cnen from

Asaoka hyperbola

(m) (m*/year) (m?/year) (m’/year)  (m®/year)
E-3(surf) 2.902 1.775 2.591 1.924 1.995
E-3(0-5m) 0.405 2.545 3.662 2.459 3.315
E-3(5-15m) 1.050 2.139 3.077 2.419 3.054
E-3(15-25m) 0.999 1.086 1.563 1.697 1.316
E-3(25-35m) 0.518 1.266 1.822 2.143 1.712
SP-9 2.979 1.706 2.456 1.627 2.117
SP-10 2.420 2.836 5.360 2.981 3.466
SP-25 3.316 2.531 4.873 2.174 2.559
SP-26 3.347 2.103 2.559 1.363 1.424
SP-28 3.450 2.066 2.286 2.465 2.643

Note: kp/ks = 2.0 and dy/d,, = 2.0; F, = 2.42 and F; = 1.06.

famous empirical equation (Skempton, 1944): C. = 0.009(w;, —10). A
similar result was observed from clay in Singapore, Bangkok, and Ar-
iake (Tanaka, 2002). Accordingly, the back-analyzed C.; based on the
proposed method can be rationally used.

4.3. Consolidation and permeability coefficients

The consolidation behaviors for the location E-3 were simulated
using the monitored p-t data with py and pygo (0or pu) (Fig. 10). # and «
were determined, and cpp) was calculated using Eq. (11) as
Chm) = 1.09-2.55 mz/year and cypn+s) = 1.57-3.66 rnz/year. A similar

¢, (m¥/year)

¢, (m¥/year)
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Fig. 12. Axisymmetric unit cell.

Table 3
Four FE analyses for location E-3.

Case C.and C, (Fig. 8b and ¢) kno (Fig. 11c)  Rc (= F/Fy = cn/Chemy)
I Constant (C. = 1.05 and Knom)-surf 1.45
C, = 0.095)
il Surface gauge-based varying Knoen)-surf 1.45
values
1II Extensometer-based values Khon)-ext 1.80
v Extensometer-based values Kho(m)-ext(mod) 1.47
analysis was conducted for the remaining six locations as

Chmy = 1.71-2.84 mz/year and cypn+s) = 2.29-5.36 mz/year (Table 2).
However, slightly and significantly different values of cpu) were

1 2 3 4 5 6 0 . l1
) T Tl Tl O AR (S 10 | 0 1
@, . 1®)
5:] :y/ o ® o 54
104 /i 0° 104
| hNC)—diss= 4.430.067Z
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Fig. 11. Coefficients of consolidation and permeability (E-3): (a) and (b) cj, obtained from the surface and extensometer data, respectively, and (c) coefficient of permeability.
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Fig. 13. Comparison of the measured and calculated settlements at location E-3.

Table 4
p100 Obtained using the observational method and FEA at location E-3.

Layer P100(obs) Pfm P100(FE-surf) P100(FE-ext)
(Cases I toII) (Cases III to IV)
(m) (m) (m) (m)
Surface 3.204 2.779 3.290 3.460
0-5 0.425 0.391 0.701 0.493
5-15 1.135 1.062 1.405 1.216
15-25 1.075 0.850 0.727 1.135
25-35 0.551 0.476 0.456 0.616
3(p of sublayers) 3.186 2.779 3.289 3.460

Note: pi1gocobs) includes the settlement that occurred prior to the measurement (case-III).

obtained using the Asaoka and hyperbolic methods, respectively, which
were influenced by pi1go (Table 1).

The consolidation coefficients cpgy) (Or chn+s)) oObtained using the
surface settlement data and chm).ext from the extensometer data (loca-
tion E-3) were compared with the che).diss from the piezocone dis-
sipation tests (Fig. 11a and b). The first result remained constant along
the depth, whereas the latter two results varied with depth. A chc)-diss
profile was approximately estimated based on the CPTU-11 and CPTu-
12 profiles, which were adjacent to E-3. The estimated cpc) profiles
should be at least higher than those of ¢y, +5) for both cases. Thus, the
coefficients of horizontal permeability that correspond to the two set-
tlement data were back-analyzed to vary with CPTU data.

On the basis of the ratio between chwcy-diss and Chm), Re = F/
F, = 1.45 and 1.80 for the surface settlement and extensometer data,
respectively [see Eq. (18)]. This result implies that the settlement curve
under the ideal condition (F,) is identical to the curve that considers the
effects of smear and well resistance (F). The cym)-surr and knogn)-surf Ob-
tained using surface settlement gauges were adjusted to vary with eg
under the same R, value. Fig. 11c shows that the knom)-surs profile varies
in a manner similar to those of kyom)-qaiss and the coefficient of vertical
permeability (kyoar24)) from the oedometer consolidation tests rather
than kpoemy-ext from the extensometers.

5. FE analysis
5.1. Modeling and input parameters

The finite element code PLAXIS (2D, Version 8) was used to
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Fig. 14. Comparison of the measured and calculated excess pore pressures (E-3).

investigate the validation of the back-analyzed results. The effect of
reinforcement obtained from the PVD and sand blanket was disregarded
in this analysis (Cao et al., 2016; Fagundes et al., 2017; Han et al., 2017;
Jiang et al., 2016; King et al., 2017; Shen et al., 2017; Olsen, 1998; van
Eekelen and Brugman, 2016; van Eekelen et al., 2017; Zhang et al.,
2016). The E-3 case was typically modeled as a unit cell with an ideal
condition (i.e., without smear and well resistance). Then, an axisym-
metric analysis was conducted. Fig. 12 shows the meshes (total of 1808)
and boundary conditions used in the study. Impermeable and perme-
able boundaries were applied along the drain to simulate the drainage
conditions prior to and after the installation of the PVD (for a period of
250-280 days), respectively. A series of pressures was applied to the top
surface according to the same construction timeline. The soft soil ma-
terial (Stolle et al., 1999; Vermeer and Neher, 1999) was considered for
clay. A total of 45 sublayers (at intervals of 1 m) were used to consider
variations in material parameters (Fig. 8 — 10, and 12), in which para-
meters, such as A" (= CR/2.3) and «* (= 2RR/2.3), were calculated
using back-analyzed CR and RR, respectively. The permeability coeffi-
cient k;, was considered to decrease with a change in the void ratio as
follows:

log(ﬁ)
Kno

where Ae is the change in void ratio and Cy is the permeability change
index. Cx = 0.5eo was used in this study (Tavenas et al., 1983). A series
of four FE analyses for location E-3, namely, Case I for constant CR and

RR values; Cases II and III for varying values obtained from surface
gauges and extensometers, respectively; and Case IV for the modified

_ Ae

e (20)
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Fig. 15. Comparison of the measured and FE-calculated settlement behaviors at five locations.

knomy in Case III; was performed with different CR (or RR) and kpoq)
values (Table 3).

5.2. Analyzed results in sublayers

The FE-analyzed settlements for the four cases were compared with
the measured settlements at location E-3 (Fig. 13). The FE-based p-t
curves for Cases I to III appeared to agree with the measured surface (or
total) settlement behavior. However, such trend was not observed for
each sublayer. Cases I and II (based on surface data) exhibited nearly
the same behaviors for each sublayer, thereby underestimating the
measured behaviors. By contrast, Case III (based on subsurface data)
produced a better prediction than the previous ones. The ultimate set-
tlements of each sublayer were compared with one another to de-
termine the cause of their difference (Table 4). p1goebs) (= 3.204 m),

which was obtained using the surface settlement gauge, was nearly
identical to the sum (= 3.186 m) of each ultimate settlement obtained
using extensometer data (Table 4). The total settlements were nearly
equal to the surface data-based FE result (piooeE-surn = 3.29m) and
slightly lower than those of the extensometer-based result (pioorE-
exty = 3.46 m). Similarly, the pjoocbs) Obtained for each sublayer was
close to piooEE-exty (Case III). The slight difference between the FE re-
sults is attributed to the differently evaluated C. values (Fig. 8b).
Therefore, the behavior differences may be caused mainly by the un-
derestimated knocn) rather than by C.. Fig. 11c shows that a remarkable
prediction can be obtained by modifying knom)-ext tO knhocn)-extcmody (Case
IV). Consequently, the newly analyzed p-t behaviors for each sublayer
agreed with the measured behaviors. However, the new result indicated
that the effect of well resistance is nearly negligible:
F =R.F, = 1.47 x 2.42 = 3.56 with R, = 1.47 (Table 3); F, = 0.077

410



H. Hiep, S.G. Chung

when F, = 2.42 and F; = 1.06 (Table 2).

Fig. 14 shows that the measured and predicted excess pore pressures
u, varied according to construction steps. However, the predicted u,
values exhibited a different trend from the time-settlement behaviors.
At a depth of 5m, the results of Cases I, II, and IV agreed with the
measured behavior. Among the three cases, Case III produced the worst
prediction. All the predictions made at the following two depths were
relatively poor. The modified knowmy (Case IV) did not affect the im-
proved prediction of u,. A better prediction can be possibly obtained by
increasing and decreasing knoam) at depths of 15m and 25m, respec-
tively. Such mismatches may be affected by several factors, including
the evaluated geotechnical properties, soil heterogeneity, measured
data accuracy, and the location of the piezometers that departed from
the center of grouped drains. A number of similar results have also been
reported from case studies (Cao et al., 2001; Chai et al., 2001, 2011;
Indraratna et al., 2012). An acceptable prediction of settlement and
excess pore pressure in the sublayers is difficult to make based on the
analyzed results in Figs. 8 and 13 —14. Therefore, a large number of
subsurface instruments (i.e., small intervals) in a thick clay deposit are
required to reliably represent the consolidation behaviors of sublayers
and to reevaluate geotechnical properties.

5.3. Total consolidation behaviors

The insufficient information that was obtained from the large in-
tervals of subsurface instruments resulted in the utilization of surface
settlement data. First, the validation of the previously back-analyzed
geotechnical properties (cpmy and pioo), in which the values obtained
using the surface settlement data at the other five locations were used
(Table 2), should be theoretically verified. A theoretical p-t relationship
can be obtained by substituting the estimated values into Eq. (21):

8 Chmt
= [1 - exp(—; D )]
n e

Fig. 15 shows that all the theoretical p-t curves agree with the
measured curves of the locations. Thus, the back-analyzed values are
appropriate for representing total settlement behaviors.

The same methods for estimating C. (or C,) and knon) (Case II) were
adopted. Moreover, FE analysis was conducted for the five locations.
Fig. 15 shows that all the FE-analyzed p-t curves also agree with the
measured and theoretical consolidation behaviors. However, p1oo®E-surf
values that were slightly higher than the measurement-based values
(p100) Were observed at three locations. As previously indicated, such
difference was unavoidable. Thus, the FE results support the theoretical
results. The use of the back-analyzed values with the surface settlement
data is sufficient for predicting the total consolidation behavior based
on both analyses.

P — Py
P1oo ~ Po

U, =

(21)

6. Conclusions

We back-analyzed the performance of PVD-improved ground at a
site in the Mekong Delta using observational methods. The reevaluated
geotechnical parameters based on the analyzed results were compared
with those of the laboratory and field soil tests. We conducted FE
analysis by using a unit cell model to validate the back-analyzed results.
The significant results obtained from the application and the compar-
isons are as follows.

The beginning and end (p and p1¢o) of the consolidation settlements
were determined using a modified form of the 2D consolidation solu-
tion (or an exponential model), and then cyu) was estimated. The es-
timated py; (o1 p100) Was slightly higher than that of the Asaoka method
but significantly lower than that of the hyperbolic method. The o',
based on field measurement was higher than that based on the oed-
ometer tests. The compression and recompression indexes were as-
sumed to vary with the in situ void ratio, in which the values obtained

Geotextiles and Geomembranes 46 (2018) 402413

using the surface settlement data were within the upper bound of the
laboratory values. However, these indexes differed from those of the
extensometers. The underestimation of the laboratory test results may
be attributed to the poor quality of the samples.

The back-analyzed consolidation behaviors were verified by sub-
stituting the estimated py (Or pioo) and cym) into a theoretical con-
solidation solution. In addition, FE analysis was performed using the
reevaluated geotechnical parameters, in which the reevaluated cpq)
was converted to kyo based on an empirical formula. The ultimate
settlements of the total layer and sublayers obtained using the ob-
servational and FE methods were nearly identical. The FE-based p-t
curves agreed with the measured surface (or total) settlement behavior.
However, such trend was not observed for each sublayer. An excellent
prediction of the p-t relationships can be possibly obtained by mod-
ifying each knom). However, the variations in excess pore pressure were
not quantitatively predictable. Accordingly, surface settlement data are
sufficient to predict the total consolidation behavior. However, a large
number of subsurface instruments are required in thick clay deposits to
reliably reevaluate geotechnical properties.
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Notations

B: ratio of excess pore pressure to applied pressure

C.: compression index

Ce(back): back-analyzed compression index

C,y: initial virgin compression index

C.2: second virgin compression index

Ci: change index of permeability

C,: recompression index

Crack): back-analyzed recompression index

¢y coefficient of horizontal consolidation

Cheney-disss coefficient of horizontal consolidation in the NC domain, which is obtained
from piezocone dissipation test

che: coefficient of horizontal consolidation for an ideal condition

Chemy,ave: the average value of ¢y

Ch(ny-ext' Chemy Obtained using extensometers data

Ch(my-surf- Ch(ny Obtained using surface gauge data

Che-var' time-dependent cpp)

Chens): coefficient of horizontal consolidation with the spacing and smear effects

Ch(n+s)-extt Ch(n+s) Obtained using extensometer data

Chcog)-diss: coefficient of horizontal consolidation obtained from the piezocone dissipation test

CR: compression ratio

d,: diameter of influence zone of each drain

d,,: equivalent diameter of mandrel

dg: equivalent diameter of smear zone

d,: equivalent diameter of drain

eo: initial void ratio

F: factor = F, + F; + F,

F,: factor to account for drain spacing

F,: factor to account for well resistance

F,: factor to account for smear effect

Fn 4+ factor to account for drain spacing and smear effect

H,,: critical height

h,,: incremental water height due to the fill placement

I: liquidity index

kyoarz4): initial vertical permeability coefficient obtained from oedomter test (ILy4)

ky: horizontal permeability coefficient

Kno-back: back-analyzed horizontal permeability coefficient

Kno-aiss: coefficient of horizontal permeability obtained from the piezocone dissipation test

knoemy: coefficient of horizontal permeability for an ideal condition

knony-exe: coefficient of horizontal permeability obtained using extensometers data for an
ideal condition

Kno(n)-ext(mody: modified kno)-ext

knocm-surf: knomy obtained using surface settlement data

Ks: coefficient of horizontal permeability in smear zone

L: thickness of clay

m: total number of soil layers

n: drain spacing ratio = d./d,,

gy corrected cone tip resistance

R F, / FOr Chny / Cn

RR: recompression ratio

s: spacing of drains

sy pv: undrained shear strength from field van shear test

t: time

to: time at the initiating of the primary consolidation

Ty time factor
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H. Hiep, S.G. Chung

Theny: time factor to account for drain spacing (ideal condition)
U, excess pore pressure

uy: pore pressure measured at the shoulder of cone

Up: degree of horizontal consolidation

wy;: liquid limit

Wy water content

w,: plastic limit

v¢ total unit weight of soil

Yw' unit weight of water

Ae: change in void ratio

Ah: thickness of each sublayer

At: time interval

Au: excess pore pressure increment

Avy: difference between the saturated and bulk unit weights
Ao: stress increment

Ao, the incremental stress due to the critical fill height H,,
Ao, applied pressure increment

é: finally measured strain rate

a: intercept of a straight line in t/p vs. t plot

B: slope of a straight line in t/p vs. t plot

Bo: intercept of a straight line in p; vs. p;_; plot
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B1: slope of a straight line in p; vs. p;_; plot
n: exponent
k: coefficient
A: empirical ratio
x*: modified recompression index
A*: modified compression index
p: settlement
pc: consolidation settlement
pm: finally measured settlement
pr recompression settlement
po- initial settlement of consolidation settlement
p100 (puy): ultimate settlement
P100cFE-exyy’ Ultimate settlement obtained from FE-analysis using the extensometer data
P1oocrE-surp: Ultimate settlement obtained from FE-analysis using the surface settlement
data
P100cobs)° P100 includes the settlement that occurred prior to the measurement
0’y preconsolidation stress
o’y effective overburden stress
0,0 total overburden stress
In(1 - Up)

@: coefficient =
Inf1- Ué,{f;]
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