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Influence of vertical drain on long-term deformation of soft ground
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ABSTRACT

The management of settlement becomes critically important when infrastructure, including roads, ports,
and airports, is constructed on deep soft clay deposits. The preloading method, applied to improve soft
ground, reduces soil compressibility by overconsolidation and is often combined with vertical drains (VDs)
to shorten the overall construction process. The installation of VDs in soft ground has the advantage of
shortening the time required for primary consolidation. However, the combined effect of preloading and
VDs on secondary compression behavior has not been clearly elucidated. Specifically, research on
secondary compression during the unloading phase, which is typically observed in actual ground after
preloading, remains notably limited. Therefore, in this study, one-dimensional oedometer tests were
conducted under vertical and radial drainage conditions using reconstituted kaolinite and undisturbed
samples obtained from the deltaic region along Korea’s southern coast. The objective was to examine the
effect of VDs installation on the long-term deformation of soft ground, with particular focus on the
deformation after unloading. The results showed that in soft ground where VDs were installed, the
secondary compression index (Cq), secondary swelling index (Cqs), and reappearing secondary
compression indices (Cd, Cq4") were higher, while the onset time of the reappearance of secondary
compression (t;, 1) was shorter. These results imply that in practical applications where the preloading
method is combined with VDs, the reappearance of secondary compression under unloading conditions
can occur more rapidly and with a larger magnitude.

Keywords: long-term settlement behavior, secondary compression, surcharging, overconsolidation ratio,
vertical drains

1 INTRODUCTION thickness, significantly elevating the risk of
settlement due to secondary compression. This
underscores the increasing necessity for accurate
prediction and effective management of such
settlement-related issues.

The preloading method is a ground
improvement techniqgue aimed at reducing the
compressibility of soft soils by overconsolidation
and is frequently applied in combination with
vertical drains (VDs) to accelerate the overall
construction process. While this approach has the
advantage of reducing the time required to
complete primary consolidation, it can also
increase the magnitude of time-dependent
secondary compression settlement (Terzaghi et al.
1996). However, previous studies on VDs

Civil infrastructure constructed on soft ground,
characterized by high compressibility and low
bearing capacity, is highly susceptible to significant
settlement throughout the entire construction and
operational phase of the structure. Settlement is
one of the most critical considerations in
geotechnical engineering, comprising primary
consolidation settlement and secondary
compression settlement. Among these, secondary
compression, which is a plastic creep deformation
occurring after the completion of consolidation,
increases proportionally with time and the
thickness of the clay layer. In South Korea, the
deltaic regions of the southern coast feature thick
clay deposits approximately 20 to 70 meters in
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installation have been limited to primary
consolidation, with insufficient research on
long-term  deformation, including secondary

compression. Specifically, while the preloading
method induces overconsolidation through the
process of unloading, research investigating the
effects of VDs installation on the long-term
unloading behavior of soft ground remains
insufficient.

This study aims to investigate the effect of VDs
installation on the long-term unloading behavior of
clay due to creep. For this purpose,
one-dimensional oedometer tests were performed
under vertical and radial drainage conditions using
reconstituted kaolinite samples and undisturbed
samples obtained from the deltaic region along
Korea's southern coast. Along with the evaluation
of consolidation parameters, the long-term
deformation was analyzed based on the methods
proposed by Ladd and Mesri (Wagner et al. 2021).
The experimental results confirmed the
applicability of each method for evaluating
post-unloading swelling and reappearance
secondary compression behavior. The findings are
expected to provide fundamental data on long-term
deformation and improve the accuracy of
settlement prediction. Furthermore, by examining
the differences in long-term deformation based on
drainage direction, this study offers novel insights
into post-unloading long-term deformation, which
has been rarely addressed in previous research.

2 SPECIMEN PREPARATION AND TEST
CONDITIONS

2.1 Test materials

The preparation process for the reconstituted
samples was carried out as follows. Kaolinite
powder was thoroughly mixed with water
corresponding to twice its liquid limit, along with a
predetermined proportion of salt and NaNs. The
mixed slurry was transferred to a consolidation
chamber with a diameter of 40 cm and subjected to
self-weight consolidation. Subsequently, the
sample was consolidated by incremental loading.
During each loading stage, settlement and
drainage volumes were measured to verify the
completion of consolidation. The consolidation
stress was gradually increased to a final value
approximately 120 kPa and sustained for a
duration of about 7 days.

For the undisturbed samples (UD), thin-wall
tube with an NX size (76 mm) were employed to
obtain specimens from the same borehole located
in the deltaic region of Korea’s southern coast at
depths of 29 m (UD-1) and 48 m (UD-2). The
evaluation results of index properties, including the
Unified Soil Classification System (USCS), initial
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Table 1. Index properties of test materials.

Name Kaolinite UD-1 uD-2
USCS MH CH CL

€o 1.54-1.68 2.52-2.80 1.36-1.49
Gs 2.61 2.71 2.70

Wh (%) 58.9-61.3 88.3-95.2 49.4-53.5
FC (%) 100.0 95.2 88.4

LL (%) 74.1 84.6 46.8

Pl (%) 37.7 49.2 19.5

void ratio (eo), specific gravity (Gs), natural water
content (W,), fine content (FC), liquid limit (LL),
and plastic index (PI) of the samples, are
summarized in Table 1.

2.2 Test conditions

To investigate the effect of VDs installation, a
permeable top cap was used for vertical drainage
conditions, while a cylindrical porous stone with a
diameter of 5 mm was installed at the center of the
sample for radial drainage conditions. During this
process, an impermeable top cap with a perforated
center was employed to prevent interference
between the porous stone and the top cap during
consolidation (Fig. 1). The samples used in all
tests had a uniform diameter of approximately 60
mm and a height of 20 mm.

This study conducted standard consolidation

Top cap
Hl O-ring
E= Porous stone
I (b) . - lS{z?mple
3 : § ing
Guide wall

Fig. 1. Schematic diagram of the drainage conditions
adopted in oedometer test: (a) vertical drainage condition;
(b) radial inward drainage condition.

Table 2. Long-term unloading test conditions.

Sample type Name Drainage OCR

RK-V(1.14) Vertical: single  1.14
Reconstituted RK-R(1.14)  Radial: inward 1.14
kaolinite RK-V(L.60) Vertical: single  1.60
RK-R(1.60) Radial: inward 1.60

Undisturbed UD1-V(1.15) Vertical: double 1.15
sample-1 UD1-R(1.15) Radial: inward 1.15
Undisturbed UD2-V(1.12) Vertical: double 1.12
sample-2 UD2-R(1.12) Radial: inward 1.12
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Table 3. Consolidation parameters of test materials.
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Kaolinite uUD-1 UD-2
Parameters N N _ N N N
Vertical Radial Vertical Radial Vertical Radial
oy (kPa) 97'852%2)8'0 97&66%)2'0 80.5 160.0 162.8
c 0.47 ~ 0.50 0.48 ~ 0.64 0.94~1.32 1.24 ~ 1.40 0.55~0.73 0.53~0.58
¢ (0.48) (0.55) (1.14) (1.319) (0.638) (0.547)
c 0.01 ~0.07 0.03~0.11 0.03~0.18 0.04~0.14 0.01 ~0.07 0.02 ~0.13
' (0.033) (0.05) (0.10) (0.08) (0.04) (0.06)
Cw , Cwr (X 109) 0.97 ~ 170.0 9.8 ~34.0 018~1.1 0.89-~84 0.48~1.1 2.7~10.0
(cm?/sec) (5.3) (16) (0.61) (4.5) (0.81) (5.9)
Cu (X 105 90 ~ 1250 53 ~ 244 526 ~ 7620 73 ~ 10307 277 ~ 3265 163 ~ 5170
a (¥ 107) (522) (765) (3177) (5032) (1801) (2062)
(Note: () indicates the average value)
tests and long-term unloading tests under index (Cq) were approximately 1.15 to 1.58 times

one-dimensional oedometric conditions. The
standard consolidation test was conducted in
accordance with ASTM D 2435. For the long-term
unloading tests on reconstituted samples, a load
increment ratio of 1 and a loading duration of 1 day
were applied in incremental loading steps.

After reaching a maximum consolidation stress
of 320 kPa, the stress was unloaded to the target
overconsolidation ratio (OCR), and deformation
was monitored for approximately 28 days. For
undisturbed samples, incremental loading steps
with a loading duration of 1 day were applied,
considering the stress history of the in-situ soll.
After sustaining the maximum consolidation stress
for 1 day, the stress was unloaded to the target
OCR, and deformation was observed for
approximately 1 day. The test conditions for each
sample are summarized in Table 2.

3 CONSOLIDATION PARAMETERS

Fig. 2 and Table 3 present the compression
curves and the consolidation parameters obtained
from the long-term unloading tests and the
standard consolidation test, respectively. The
results indicate that the pre-consolidation stress
(op) was similar regardless of the drainage
direction. In reconstituted samples, the average
values of the compression index (C¢) and
recompression index (C;) were higher under radial
drainage conditions compared to vertical drainage
conditions. In contrast, the undisturbed samples
(UD-1 and UD-2) showed inconsistent trends,
making it difficult to assess the effect of drainage
direction. The average values of the coefficients of
consolidation (cw, cw) were larger under radial
drainage conditions for both reconstituted and
undisturbed samples. Notably, the anisotropy of
the coefficient of consolidation (cu/cw) was
relatively higher in the undisturbed samples, likely
due to the soil structure naturally formed in the field
through long-term sedimentation process. The
average values of the secondary compression

larger under radial drainage conditions than under
vertical drainage for both reconstituted and
undisturbed samples. These results suggest that
the installation of VDs affects not only primary
consolidation but also compressibility and
secondary compression behavior.
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Fig. 2. Compression curve: (a) standard consolidation test
results; (b) long-term oedometer test results.
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4 LONG-TERM UNLOADING BEHAVIOR

4.1 Evaluation method for long-term unloading
behavior after surcharge removal

When the preloading method is employed to
establish an overconsolidated state in soft ground,
the stress history inherently involves an unloading
process. During unloading, the improved soft
ground initially exhibits swelling behavior.
Subsequently, compression behavior reappears
due to the effects of creep sustained during the
prior surcharging phase. In this study, long-term
deformation during unloading was evaluated by
assessing swelling behavior using the secondary
swelling index (Cgqs) proposed by Mesri et al.
(1978). Additionally, the reappearance secondary
compression behavior was analyzed using the
Ladd’s method (Ng, 1998) and the Mesri’s method
(Mesri, 1986). The detailed evaluation procedures
are as follows (Fig. 3).

The Ladd’s method defines the reference time
(trr) for evaluating the reappearance of secondary
compression behavior as the time corresponding
to 1.0 ~ 1.5 log cycles after the surcharge removal
time (t;). Following tst, the reappearance secondary

(a) ! Post-surcharge removal

Void ratio, Ae

Ill]]f_’\.‘l]l 1o (lEHQL
1.0 - 1.5 log cycles aftert,
(starting at tg, )

Surcharge loading

—

Time, t (log scale)

(b)

Post-surcharge removal

Void ratio, Ae

Time, t = t-t,(log scale)

Fig. 3. Definition of time and slope parameters for
assessing deformation after surcharging (After Wagner et
al., 2022): (a) Ladd’s method; (b) Mesri’'s method.
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compression is assessed as a linear secondary
compression index (C.), defined by the tangent
slope of the deformation curve. The onset time of
reappearance secondary compression (ts) is
determined as the intersection point between the
maximum rebound and Cy'.

Unlike the Ladd’s method, the Mesri’'s method
employs a time axis defined as 1 =t - t, after
unloading. The characterization of long-term
unloading behavior is conducted through the
following parameters. The swelling behavior is
evaluated by distinguishing between primary and
secondary swelling. The parameters used for this
evaluation include the time to complete primary
swelling (1) and the secondary swelling index
(Cus). Here, the Cgs represents the linear
assessment of swelling behavior occurring after
the completion of primary swelling. The
reappearance of secondary compression behavior
is evaluated based on the onset time of
reappearance (1) and the secant secondary
compression index (Cq"). The C" is defined as the
secant slope relative to T, characterizing the
compression behavior occurring after 1.

4.2 Long-term unloading behavior induced by
application of the preloading method

Fig. 4 (a) depicts the long-term deformation
evaluated using the Ladd’s method, whereas Fig. 4
(b) illustrates the deformation assessed based on
the Mesri’'s method. The Ladd’s method, which
evaluates deformation at approximately 1.0-1.5
log cycles after the unloading time, is applicable
exclusively to reconstituted samples.

As evident in Fig. 4 (a), the magnitude of
deformation observed after the removal of
surcharging is significantly smaller compared to
the deformation experienced during the
surcharging phase. This highlights the
effectiveness of the preloading method in
mitigating  long-term  settlement  behavior.
Furthermore, Fig. 4 (b) demonstrates the nonlinear
variation of secondary swelling behavior and
reappearance secondary compression behavior
with time, as observed on a logarithmic time scale.

Table 4 summarizes the evaluation results of
swelling behavior and reappearance secondary
compression behavior obtained using each
method. For reconstituted samples, it was
observed that the Cqs increased with increasing
OCR, whereas the C4' decreased. Additionally, Cgs
and Cq' evaluated under radial drainage conditions
were larger than those under vertical drainage
conditions, indicating that both OCR and drainage
direction influence these parameters. On the other
hand, for C", the influence of OCR and drainage
direction was not clearly identified, suggesting the
need for further investigation through additional
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experiments.

For undisturbed samples, Cq and Cg"
evaluated under radial drainage conditions were
slightly larger than those under vertical drainage
conditions, indicating an influence of drainage
direction. These results suggest that the fabric and
soil structure formed during sedimentation and
deposition processes in natural soft ground may
significantly affect the reappearance secondary
compression settlement in VDs-improved soft
ground. Meanwhile, in the case of UD2-V(1.12),
reappearance secondary compression was not
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Fig. 4. Long-term deformation evaluated by each method:
(a) Ladd’s method; (b) Mesri’s method.

Table 4. Long-term deformation parameters of test
materials.

Name Cas (X 10%)  Cd (X 10%  Co" (X 109)
tangent slope tangent slope secant slope

RK-V(1.14) -9 342 156
RK-R(1.14) -24 1112 484
RK-V(1.60) -69 157 184
RK-R(1.60) -118 159 171
UD1-V(1.15) -46 6 73
UD1-R(1.15) -46 () 76
UD2-V(1.12) -5 ) )
UD2-R(1.12) -14 ) 31

Preference for oral or Poster: Poster

observed, which is likely due to the relatively short
measurement duration.

Fig. 5 presents the analysis results of the
reappearance secondary compression behavior by
comparing the onset time of reappearance (ts, T) in
relation to OCR, as proposed by Ng (1998) and
Mesri and Feng (1991).

As shown in Fig. 5 (a), the comparison of the
relationship between the normalized onset time of
the reappearance secondary compression (ts/t,)
and OCR - 1 for reconstituted samples indicated
that the ts/tr was proportional to OCR. At an OCR -
1 of 0.14, the t/tr exceeded the empirical
relationship, whereas it demonstrated relatively
close agreement at an OCR - 1 of 0.60.
Furthermore, ts under radial drainage conditions
was evaluated to be smaller than that under
vertical drainage conditions.

Fig. 5 (b) presents the comparison of the
relationship between the value of 1 normalized by
the time required to complete primary swelling
(T/1or) @and OCR - 1. For reconstituted samples,
T/Tpr was found to be proportional to OCR, whereas
this trend was not observed for undisturbed
samples. This difference is attributed to variations
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Fig. 5. Empirical correlation between reappearance
secondary compression time and OCR: (a) Ladd’s method;
(b) Mesri’s method.
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in the plasticity of the samples.

The evaluated ts/t and 7/1,r deviated from the
relationship proposed by Ng (1998) and Mesri and
Feng (1991), with a particularly pronounced
exceedance observed in reconstituted samples.
This difference is attributed to the ageing effect
caused by secondary compression experienced
during the surcharging phase before unloading. In
this study, the surcharging was maintained for
approximately 24 hours (t/tyr = 70 ~ 120), unlike in
previous studies where surcharging was removed
immediately after the completion of primary
consolidation (t/ter = 1). It is worth noting that, for
both reconstituted and undisturbed samples, T
under radial drainage conditions was evaluated to
be smaller than that under vertical drainage
conditions.

The results of this study provide evidence that
OCR is a dominant factor influencing Cgs, Cqd', Co",
as well as ts and 7. In particular, ts and 1 under
radial drainage conditions were smaller than those
under vertical drainage conditions. Although these
results may have limitations in being interpreted
entirely independently of surcharging time, they
suggest the potential for secondary compression to
reappear more rapidly in practical field conditions
where VDs are installed in soft ground.

5 CONCLUSIONS

This study investigated the long-term
deformation during unloading in soft ground
improved through the combined application of the
preloading method and vertical drains (VDs).
Experimental studies were conducted on
reconstituted kaolinite samples and undisturbed
samples to evaluate long-term unloading behavior
using Ladd’s and Mesri's methods. The results
demonstrated that OCR is directly proportional to
secondary swelling index (Cgs), onset time of
reappearance secondary compression (t, 1), while
inversely proportional to reappearance secondary
compression indices (Cq', Cq"), reaffirming findings
previously reported in research on the influence of
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stress history induced by the preloading method.
The results indicated that in soft ground where VDs
were installed, Cq, Cqs, and Co', Co" were larger,
whereas t;, T was shorter. These findings imply
that in practical field conditions where the
preloading method is combined with VDs, the
reappearance of secondary compression is
accelerated and occurs with greater magnitude,
necessitating careful consideration in settlement
management.
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