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ABSTRACT: Liquefaction induced by earthquakes causes instability of buildings such as large settlements resulting in
damage to the building structures. Usually, when an earthquake occurs, the saturated loose sandy ground is most susceptible
to liquefaction. Even for the saturated silty ground with small SPT N-values, the possibility of liquefaction needs to be
considered in the design process. Tender Net Foundation (TNF) is a kind of shallow foundation with a combination of grid-
shaped soil improvement to depths of 2 to 3 meters, concrete slab, and concrete single footings. In this paper, the dynamic
analysis of an actual TNF on the silty ground subjected to three consecutive earthquakes is conducted. Measurements of the
settlements of the TNF were made after the second earthquake. The silty ground is modeled by the UBC3D-PLM model.
Ground accelerations recorded about 10 km away from the site area are used as the input accelerations in dynamic analyses.
The responses of the TNF as well as the ground during and after the earthquakes are analyzed. The numerical analyses
simulated well the measured settlements.

RESUME: La liquéfaction induite par les tremblements de terre provoque une instabilité des batiments tels que de grandes
agglomérations, entrainant des dommages aux structures des batiments. Habituellement, lorsqu’un tremblement de terre se
produit, le sol sablonneux meuble et saturé est le plus susceptible de se liquéfier. Méme pour les sols limoneux saturés avec
de faibles valeurs SPT N, la possibilité de liquéfaction doit étre prise en compte dans le processus de conception. Tender Net
Foundation (TNF) est une sorte de fondation peu profonde combinant une amélioration du sol en forme de grille jusqu'a des
profondeurs de 2 a 3 métres, une dalle de béton et des semelles simples en béton. Dans cet article, 1'analyse dynamique d'un
TNF réel sur un sol limoneux soumis a trois tremblements de terre consécutifs est réalisée. Des mesures des tassements du
TNF ont été réalisées apres le deuxiéme séisme. Le sol limoneux est modélisé par le modéle UBC3D-PLM. Les accélérations
du sol enregistrées a environ 10 km de la zone du site sont utilisées comme accélération d'entrée dans l'analyse dynamique.
Les réponses du TNF ainsi que du sol pendant et aprés les séismes sont analysées. L'analyse numérique a bien simulé les
tassements mesurés.

Keywords: TNF system; liquefaction; settlement; silty ground; FEM.

1 INTRODUCTION

Tender Net Foundation (TNF) is a kind of shallow
foundation with a combination of grid-shaped soil
improvement, concrete slab and concrete single
footings (see Figures 1 and 2). The original soil is
improved by blending with cement as a solidification
material using a backhoe. Cement powder with lower
elution of hexad chrome is mixed with the original soil S
at the site for environmental friendliness. The mass of - = o
cement per unit soil volume is varied so that the g?;:j'rs"h';r;;;emem
improved soil has an unconfined compression strength

gu of 300 to 450 kPa in common. Cong et al. (2022)
analyzed the TNF system subjected to vertical loading

and demonstrated that the TNF system is an efficient
foundation for reducing settlement and volume of soil
improvement compared to the conventional shallow
soil improvement method.
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Figure 1. Section view of a TNF system.
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Figure 2. Composition of a TNF system.

By improving the surface layer to depths of 2 to 3
meters in a grid shape, the TNF may be an efficient
foundation for suppressing the damage to buildings
when liquefaction occurs.

In this paper, the dynamic analysis of an actual TNF
on silty ground subjected to three consecutive
earthquakes is conducted. Measurements of the
settlements of the TNF were made after the second
earthquake.

PLAXIS 3D FEM software (Bentley, 2022) is used
for simulation analysis. The silty ground is modeled by
the UBC3D-PLM model. The time histories of ground
accelerations during three earthquakes recorded about
10 km away from the site area are used as the input
accelerations in the dynamic analyses of the TNF. The
responses of the TNF as well as the ground during and
after the earthquakes are calculated. The analysis
shows that liquefaction occurs in the silty ground. The
calculation simulated well the measured settlements.
To demonstrate the efficiency of the TNF for
suppressing the settlements induced by liquefaction, a
similar analysis of a conventional shallow foundation
is also carried out for comparison purposes.

2 OUTLINE OF BUILDING

Figure 3 shows the plan view of the construction site
and two boreholes (BHs). The target of this analysis is
a TNF for the foundation of a factory constructed in
Japan. The factory is a 1-story building with a floor
area of 30 x 19.5 m and a height of 5.7 m.
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Figure 3. Plan view of the construction site and boreholes.
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Figure 4 shows the profiles of soil layers and SPT
N-values. The ground at each borehole consists of 7
soil layers. The sandy silt layer @) (N = 1) exists at
depths 0.5 to 2.7 m (2.2 m thick) at BH No. 1, and at
depths 1.0 to 2.9 m (1.9 m thick) at BH No. 2. The silt
layer (®) (N = 0) exists at depths 3.7 to 13.5 m (9.8 m
thick) at BH No. 1, and at 3.7 to 14.6 m (10.9 m thick)
at BH No. 2. The groundwater level is 0.9 m at BH No.
1 and 0.65 m at BH No. 2 below the ground surface.
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(a) Borehole No.l. (b) Borehole No.2.
Figure 4. Profiles of soil layers and SPT N-values.

Figure 5 shows the plan view of the TNF system
considered in the design process. The size of the TNF
system is 33.7 m % 25.6 m having a primary soil
improvement layer with a thickness of 1.5 m, and a
secondary soil improvement layer with a thickness of
0.75m. The thickness of the concrete footings is 0.4 m,
and the thickness of the concrete slab is 0.2 m.
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Figure 5. Plan view of the TNF system.
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Figure 6 shows the construction progress,
earthquakes history, and measured settlements at the
five points of the TNF (see Figure 5). The settlement
measurements were started just after the earthquake
with Japan Meteorological Agency (JMA, 2023)
Seismic Intensity scale (S7 scale) of 5- on 2017-02-28.
For example, an earthquake with S/ scale of 5- is one
in which many people are frightened and feel the need
to hold onto something stable. Hanging objects such as
lamps swing violently. Dishes in cupboards and items
on bookshelves may fall. Small cracks may form and
liquefaction may occur in the ground. Refer to IMA
(2023) for more details on S/ scales.

It is seen that the differential settlement Aw
occurred. Interestingly, large ground settlements were
measured after the occurrence of earthquakes having
S1 scale of 5- or higher.

Hence, the influence of earthquakes is strongly
suspected as the cause of the differential settlement.
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Figure 6. Construction progress, earthquakes history, and
measured settlements.
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Figure 7. Measured relative settlements of the TNF.
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Figure 7 shows the distributions of relative
settlements of the TNF measured on 2020-02-03 and
on 2021-05-20, respectively. The measured relative
settlements were defined as the difference between the
settlement at given points and the settlement at point
(D (X0, YO0). It is seen that the maximum Aw and the
average settlement wae on 2021-05-20 increased
compared with those on 2020-02-03. That is, the
maximum Aw was 186 mm and settlement at the
reference point (1) was 156 mm in Figure 7(a). Those
were 207 mm and 201 mm in Figure 7(b).

To investigate the cause of settlements of the TNF,
the dynamic FEM analysis is conducted.

3 DYNAMIC ANALYSIS CONDITIONS

Figure 8 shows the PLAXIS 3D FEM analysis model.
The ground was modeled by 7 soil layers. The
thickness of fill layer (1) is 0.65 m at BH No.l and
1.19 m at BH No.2. The vertical loads of the building
were applied as the point loads on the footings and as
the uniform surface load on the slab. The earthquake
loads were applied to the bottom of the ground.
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Figure 8. PLAXIS 3D FEM analysis model.

Figure 9 shows the analysis phases. The analysis
phases were set following the construction progress
and earthquake history.

In this research, earthquakes with seismic intensity
scale ST of 5- or higher on 2016-11-22 (Ist EQ,
S7=5-),0n2017-02-28 (2nd EQ, SI=5-), and on 2021-
02-13 (3rd EQ, SI = 6-) were considered. The seven
earthquakes with S/ of 4 between 2017-02-28 and
2021-02-13 were omitted in this particular analysis
because the settlements caused by these earthquakes
were considered negligible.
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Figure 9. Analysis phases.

1385



B — Geohazards

The ground accelerations of the earthquakes
recorded about 10 km away from the site area were
used as input accelerations of the three earthquakes in
the dynamic analyses at Phases 3, 5 and 6. The other
phases were set by consolidation analysis.

Undrained conditions were set for the ground below
the groundwater level, while drained conditions were
set for the ground above the groundwater level.

Figure 10 shows the input acceleration data used in
the dynamic analyses. The acceleration data were
obtained from K-NET strong-motion seismograph
network (2022) and were converted to acceleration
data into x- and y-directions.

— — 6
v, 1—a Bme= 074mis? | 0 — a &, =203ms
£ — 8y max= 1.16 ms E"1— a, 8 max=2.13 m/s?
© 2] © 2]
¢ 01 N
8 -2 A min~ " 0.98 m/s % -2 a, . =-193 m/82
S 4] aymn=- 097 mis?| o 1 aym= - 2.11 m/s?
Bolizsmre iozeone | Elleaon (o

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30

Time, t (s) Time, t (s)

(a) Ist EQ on 2016-11-22. (b) 2nd EQ on 2017-02-28.
6
i) — 2 =5.82 m/s?
EY _ ) =5.08 m/s?
© 21
8 1
© -2+
= .
E-e ,=6.22Hz | 8= -5.30 'm/sz

0 5 10 15 20 25 30 35 40

Time, t (s)

(c) 3rd EQ on 2021-02-13.

Figure 10. Input acceleration data.

Table 1. Physical and mechanical properties of each soil layer.

Table 1 shows the physical and mechanical
properties of each soil layer.

The averaged N-value in each layer was used for
estimating Vs using Eq. (1) specified in Japan Road
Association (2012):

100N for cl
V. (m/s) = Lo (1)
80N for sand
Shear modulus G was calculated using Eq. (2):
="y )
g

Young’s modulus £ was calculated using Eq. (3):
E=2(1+v)G (3)

Poisson’s ratio v and coefficient of permeability &
of each soil layer were assumed as shown in Table 1.

Table 2 shows the parameters of the UBC3D-PLM
model for each soil layer. The relative density D: was
estimated according to Tokimatsu and Yoshimi (1983).
The fine grain content ratio F. is needed for estimating
D.. F. of sandy silt layer (2) and silt layer @) was
obtained from soil test results (see Figure 4), while F¢
of other soil layers was assumed to be 10 %.

The cohesion ¢ of the silt layer (layer @), N = 0) was

estimated to be 0 using ¢ = 6.25N kPa (BCJ, 2019). The
c of sandy silt and silty sand layers was set to 0.

The other parameters of the UBC3D-PLM model in
Table 2 were obtained using D: following PLAXIS 3D
Manuals (Bentley, 2022).

No Soil layer Soil model t 173 SPT ¥ Vs G E k
) type (m) (m) N (kN/m®) (m/s) (kPa) (kPa) (m/day)
1 Fill Linear elastic 0.65 1.19 2 17.00 100.8 1.76 x 10* 423 x10* 0.2 8.64
2 Sandy silt UBC3D-PLM 2.20 1.90 1 15.29 3.2x10*
3 Silty sand UBC3D-PLM 1.00 0.80 4 17.00 8.6 x 103
4 Silt UBC3D-PLM 9.80 10.90 0 12.89 1.7 x10*
5 Silty sand UBC3D-PLM 0.80 0.30 5.5 17.00 8.6 x 107
6 Silty sand UBC3D-PLM 4.40 3.10 21.2 17.00 8.6 x 107
7 Sandstone Linear elastic 1.15 1.81 48 16.00 3634 216x10° 5.18x10° 0.2 0

t1 = Thickness of soil layer in Borehole No. 1, o = Thickness of soil layer in Borehole No. 2, % = Total unit weight,
Vs = Shear wave velocity, G = Shear modulus, £ = Young’s modulus, v = Poisson’s ratio, k = Coefficient of permeability

Table 2. Parameters of UBC3D-PLM model used for each soil layer.

D:

Py Pp

No. (%) (4] k% k?; kg m, ne np (deg.) (deg.) (kf’a) fdense prost R¢
2 59.70  1.575 763 1090 921 0.5 0.5 0.4 21.7 233 0 1.00 1.00 0.73
3 54.12 0919 715 1021 619 0.5 0.5 0.4 24.6 25.9 0 1.00 1.00 0.75
4 64.50 1.947 803 1148 1277 0.5 0.5 0.4 18.4 20.2 0 1.00 1.00 0.71
5 62.82 0936 789 1128 1141 0.5 0.5 0.4 25.0 26.8 0 1.00 1.00 0.72
6 67.28 0.791 826 1180 1533 0.5 0.5 0.4 27.6 29.6 0 1.00 1.00 0.70

D: = Relative density, eo = Initial void ratio,

kg = Elastic bulk modulus factor, k¢ = Elastic shear modulus factor, kg = Plastic shear modulus factor,

m, = Rate of stress dependency of elastic bulk modulus, n, = Rate of stress dependency of elastic shear modulus,

np = Rate of stress dependency of plastic shear modulus, ¢, = Constant volume friction angle,

¢, = Peak friction angle, ¢ = Cohesion, fgense = Densification factor, fgposc = Post-liquefaction factor, Ry = Failure ratio
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Table 3. Material parameters of concrete and soil improvement used for the TNF system.

Total Shear Shear Young’s Poisson’s
Material Soil model unit weight, wave velocity, modulus, modulus, ratio,
7% (kKN/m?) Vs (m/s) G (kPa) E (kPa) v
Concrete (Slab, Footing) Linear elastic 24 2001 9.79 x 108 23.50 x10° 0.2
Soil improvement Linear elastic 17 271 1.28% 10° 3.20 x 103 0.25

The parameters of soil improvement of the TNF in
Table 3 were estimated using Egs. (1), (2) and (3) with
N-value assumed as 20.

4 ANALYSIS RESULTS

Figure 11 shows the calculated settlement curves of the
TNF at Points A, B, C, D. Large settlements occurred
during each earthquake. Settlements were largest in the
3rd EQ with S7= 6-. It is seen that the earthquakes also
caused differential settlements of the TNF.

The analysis of no earthquake was also conducted
to evaluate the influence of the earthquakes. The
calculated settlement curve at Point C of no earthquake
is added in Figure 11. It is seen that the earthquakes
were the main cause of large settlements of the TNF.
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Figure 11. Calculated settlement curves of TNF.
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Figure 12 shows the effective vertical stress o'
during the 1st EQ. The o' of all soil layers of the
ground decreased during the EQ. At the end of the 1st
EQ, the o' of silty layers (layers (2) and (#)) and sandy
ground (layer (3) decreased nearly to 0 kPa. It is seen
that liquefaction occurs even in the silty ground.

Figure 13 shows the excess pore water pressure
Pexcess during the 1st EQ. The pexcess of the whole ground
increased during the EQ, and pexcess at the end of the 1st
EQ was much larger than those before the earthquake.
Pexcess at the end of the 1st EQ caused consolidation
settlements of the TNF and the surrounding ground
after the earthquake as shown in Figure 11.
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Figure 13. Excess pore water pressure during the Ist EQ.
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Figure 14. Comparison of calculated relative settlement and
measured relative settlement of the TNF.
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Figure 14 compares the calculated relative
settlement and measured relative settlement of the TNF
on 2020-02-03 and 2021-05-20, respectively.

As shown in Figure 14(a), the distributions of
relative settlement in the measurement and the
calculation are almost the same although the calculated
settlement is a little bit smaller than the measured
settlement. In Figure 14(b), although the number of
measurement points is less, the calculated results are
close to the measured results again.

Figure 15 shows the comparison of the calculated
and measured settlements on 2021-05-20 (after the 3rd
EQ). It is seen that the calculation simulated well the
measured settlements. Along the Y-axis direction
(Figure 15a), maximum settlement occurred at the
center points (X3 axis) in both the measurement and
the calculation, and the settlement gradually decreased
toward the edges. Along the X-axis direction (Figure
15b), the measured and calculated maximum
settlements occurred at the Y2 axis. Although there
were only two measurement points along the X3 axis,
it is inferred that a similar trend occurred.
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Figure 15. Comparison of calculated settlements and
measured settlements on 2021-05-20 (after the 3rd EQ).

To demonstrate the efficient performance of the
TNF for suppressing the settlements induced by
liquefaction, a similar analysis of a conventional
shallow foundation shown in Figure 16 was conducted.
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Figure 16. Section view of conventional shallow foundation.

The settlement curve of the conventional shallow
foundation at Point C has been indicated in Figure 11
to compare with the TNF. It is seen that the settlement
of the TNF is much suppressed compared to the
settlement of the conventional shallow foundation,
especially in the 3rd EQ (57 = 6-).

5 CONCLUSIONS

The dynamic analysis of the actual TNF on the silty
ground subjected to three consecutive earthquakes was
conducted. The responses of the TNF as well as the
ground during and after the earthquakes were
calculated to investigate the occurrence of liquefaction
in the silty ground. Furthermore, a similar analysis of a
conventional shallow foundation was carried out. From
comparisons between the measured and calculation
results, the main conclusions are drawn as follows:
1) The -calculation simulated well the measured
settlements.
2) Earthquakes were the main cause of settlements and
differential settlements of the TNF in this project.
3) Liquefaction occurs even in the silty ground.
4) The TNF is an efficient foundation for suppressing
the settlements induced by liquefaction compared
to the conventional shallow foundation.
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