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Effect of Groundwater Depth on Differential Settkmh of Wooden
Houses during Soil Liquefaction
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ABSTRACT

In the Great Tohoku Earthquake on March 11, 20hany single-family houses suffered

differential settlement due to liquefaction. To estigate the effect of groundwater depth on
differential settlement of wooden houses, centefighaking table tests were conducted. The
results can be summarized as follows: The relasie#lement and tilt angle of the structure
decrease as the groundwater depth increases. Whaagrdundwater depth was kept at about 4m
below the ground surface, the relative settlemerd &It angle of the tested houses were
negligible. However, when the groundwater depth alagut 1m below the ground surface, large
relative settlement and tilt angle of the testedises occurred. The tilt angle of structures
generally decreased as the factor of safety cakmlitith respect to equilibrium of vertical force

and dynamic overturning moment increased.

Introduction

In the Great Tohoku Earthquake on March 11, 20kiensive soil liquefaction occurred in
reclaimed land of Tokyo Bay and the Tone River inaand many single-family houses suffered
differential settlement. This was especially trmeUrayasu city, where about 1/3-1/2 of the
wooden houses on reclaimed land tilted more tha®QL{Tokimatsu et al., 2012). Similar
damage also occurred on reclaimed land in the GHaaishin-Awaji (Kobe) Earthquake on
January 17, 1995. Differential settlement of woollenses due to liquefaction might be related
to the thickness of the non-liquefaction surfageta

Since the 2011 Great Tohoku Earthquake, the derfanthexpensive liquefaction mitigation
measures for existing houses has increased. Swtukd., (2013) estimated the effects of
dewatering and drainage methods as liquefactiomgatibn measures for existing structures
using centrifuge shaking table tests. The dewadenrethod lowers the water table, which
increases the thickness of the non-liquefiableaserflayer and thereby decreases the damage
caused by liquefaction. The drainage method adwatite dissipation of excess power water
pressure, thereby reducing damage caused by godféction. This paper investigates the effect
of groundwater depth on differential settlement vaboden houses and does not include
discussion on the effect of drainage method.
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Description of Centrifuge Shaking Table Tests

The shaking table tests were conducted in a caggifwith accelerations of 50 g and 25 g.
Figure 1 shows the test models used in the cegéifuith 50 g and 25 g acceleration. In the
shaking table tests the groundwater depth, siztro€ture, drain pile diameter and spacing, and
maximum input acceleration were varied. Two strieetonodels placed on the ground and the
drain piles were inserted around the left side rholskethis paper, to examine the effects of
groundwater depth, the cases without drain piledacussed.

Table 1 shows the test cases. Each case ID isedelig the experimental condition. The first
number indicates the ground water depth in theopype scale, the letter indicates the structure
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Figure 1. Test setups for centrifuge acceleratiddOg and 25g in model type (unit mm)

Table 1. Test model series

case ID ?/I:) duer:d(vlg?zi;!:;/:)l Structural model Maxm:ﬂrz d(()efl Erg)rl;’ctjtcycpeeliratlon Centrifugal acceleration
15-4 20mm (1.0m) Small 200m/s” (4.0m/s?) 50g
1S-4% 20mm (1.0m) Small 200m/s” (4.0m/s? 950g
35-4 50mm (2.5m) Small 200m/s? (4.0m/s?) 50g
45-4 80mm (4.0m) Small 200m/s? (4.0m/s?) 50g
1L-4 20mm (1.0m) Large 200m/s” (4.0m/s? 50g
3L-4 50mm (2.5m) Large 200m/s” (4.0m/s? 50g
3L-4% 50mm (2.5m) Large 200m/s” (4.0m/s? °0g
2L-4 80mm (2.0m) Large 100m/s” (4.0m/s? 25¢
2L-7 80mm (2.0m) Large 175m/s> (7.0m/s%) 25g




dimensions, and the last number indicates the vafube maximum input acceleration in the
prototype scale. The cases with an asterisk wendwsted twice to confirm reproducibility of
the test results.

The laminar box used in the tests with a centrifagaeleration of 50 g had a length of 700mm,
a width of 220mm, and a height of 300mm. The low80mm of the box were filled with
number 7 silica sand and the upper 20mm were filléd number 8 silica sand. Both sands were
air pluviated with a relative density of 50%. Ttend was saturated under vacuum using silicon
oil with 50 times the viscosity of water. Two sttw@l models, one small and one large, were
used in the test. The small structure model hathia gimension of 90mmx90mm, a height of
118mm, and a weight of 323g. An eccentric mass witeight of 52g was set on the foundation
at a distance of 25mm from the structure’s cenfdre large structure model had a plan
dimension of 180mmx180mm, a height of 190mm, amgemht of 1043g. An eccentric mass
with a weight of 139g was set on the foundatiora atistance of 75mm from the structure’s
center. The depth of the groundwater was set ton2@0Omm, and 80mm (1.0m, 2.5m, and 4.0m
in prototype scale) for the small models and 20mmd &0mm (1.0m and 2.5m in prototype
scale) for the large models.

The laminar box used in the tests with a centrifiagaeleration of 25g had a length of 1950mm,
a width of 800mm, and a height of 800mm. The bot@Omm of the box were filled with
Toyoura sand and the upper 40mm were filled witmber 8 silica sand. Both sands were air
pluviated with a relative density of 60%. The savab saturated under vacuum using silicon oil
with 25 times the viscosity of water. One largeistural model was used in each test. The large
structure model had a plan dimension of 320mmx320eimeight of 170mm, and a weight of
5340g. An eccentric mass with a weight of 860g weison the foundation at a distance of
120mm from the structure’s center. The groundwaggth was set to 50mm (2.0m in prototype
scale).

The structural models in all the cases had an geetantact ground pressure of 15-18kK/m
natural period of 0.3-05s, and a center of gragim above the ground in the prototype scale.
These values are similar to those of common sifegigly houses in Japan. The RINKAI
(Structural Safety Committee in Water Front Are2924) synthetic earthquake wave was used as
the input acceleration. The maximum acceleratios adjusted to 4.0nf/Sn prototype scale
except for case 2L-7 where it was 7.0mls the tests, the horizontal and vertical acegien

and displacement in the structures, as well agxicess pore water pressure and the horizontal
and vertical acceleration and displacement in tloeirgd were measured. In this paper, the test
results are written in prototype scale.

Test Results

Figure 2 shows, from bottom to top, the accelenatieries of the input ground motion, at the
ground surface, and the superstructure, the expmsswater pressure of the ground below the
structure at 4.5m below the ground level, theatigle of the superstructure, and the settlement
of the superstructure and ground for test 1S-Ai@tt line in Figure 2 (c) stands for the initial
effective stress, in which the initial overburdeegsure from the structure is taken into account
based on Boussinesq’s formulas. The excess pory wadssure at 4.5m below the ground level
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Figure 2. Results of test 1S-4 Figure 3. Results of test 4S-4

becomes approximately equal to the initial effextbiress, which means that the saturated sand
layer liquefies. After liquefaction, the acceleoatiamplitudes at the superstructure and ground
surface are small, the settlement of the struatul@rger than that of the ground surface, and the
tilt angle of the structure increases.

Figure 3 shows the same data as Figure 2 but $or4®-4 and for excess pore water pressure
measured at 6.0m below the ground level. The expess water pressure at 6.0m below the
ground level becomes approximately equal to thealneffective stress, which means that the
saturated sand layer liquefies. After liquefactiothe acceleration amplitudes at the
superstructure and ground surface are small, titlersent of the structure is larger than that of
the ground surface and the tilt angle of the stmgcincreases. The acceleration amplitude of 1S
4 shown in Figure 2 is smaller than that of tesd4Shown in Figure 3. However the settlement
and tilt angle of the structure of 1S-4, which laagroundwater depth of 1.0m, are larger than
that of test 4S-4, which has a groundwater depth.@i. The difference between the results of
the two tests is due to the difference in the théds of the non-liquefiable surface layer.
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Figure 4. Results of test 2L-4 Figure 5. Results of test 2L-7

Figures 4 and 5 show the results of tests 2L-424nd in the same form as Figures 2 and 3. In
both tests the excess pore water pressure at £mw the ground level becomes approximately
equal to the initial effective stress, which meé#émat the saturated sand layer liquefies. After
liquefaction, the acceleration amplitudes at theesstructure and ground surface are small, the
settlement of the structure is larger than thathef ground surface and the tilt angle of the
structure increases. Figures 4 and 5 show thaRte3thas larger acceleration amplitudes at the
superstructure and ground surface, and largeessdtit and tilt angle of the structure than test
2L-4. The difference in the results is probablyseliby the fact that test 2L-7 (7.0f/kad a
larger input acceleration than test 2L-4 (4.Gin/s

Effect of Groundwater Depth

To examine the effect of the groundwater depthufedg shows the relationship between the
groundwater depth and the relative settlement dinanigle of the structure after the dissipation
of excess pore water pressures for cases with anmax input acceleration of 4.0mM/sThe
relative settlement and tilt angle of the structdesrease as the groundwater depth increases.
When the groundwater depth is 4.0m, the relatitdeseent is almost zero. On the other hand,
when the groundwater level is 1.0m, the relativesaent and tilt angle of the structure are very
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Figure 6. Relationship between groundwater depthralative settlement and tilt angle

large. The relative settlement and the tilt andléhe small structure model are larger than those
of the large structure model. The difference innpthmension may influence the degree of
liquefaction in the ground below the structure.

Estimation of safety factorsagainst tilting

To estimate the degree of the tilt angle, the é@muim of load and moment acting on the
structure is examined. Figure 7 shows the equilibrof vertical force and rotational moment on
a non-liquefiable layer having of a thickness ofA3suming that only the shear force of the soil
above the groundwater level can act against thécakforce and the overturning moment from
the structure, the safety factor with respect ® Wertical force equilibrium J is given as
Equation (1)

Fsw= Ry / Ly (1)

where R, is the resisting force and,lis the entire vertical force of the structure, &d L, are
defined in Equations (2) and (3)

Ry=(KyH?/2)xta® (B+L)x2 2)
Lu=(m+m+m)g 3)
Where K is the coefficient of earth pressyrés the unit weight of the non-liquefiable soil,i$i
the thickness of the surface layer above the gneatet level 6 is the internal friction angle of
the non-liquefiable soil, B is the width of thewstture, L is the length of the structure;, my
and m are the masses of the superstructure, foundatidreecentric mass, g is the acceleration
of gravity.

The safety factor with respect to the moment egulim K, is given as Equation (4)

Fsm=Rm/Lm (4)
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Figure 7. Equilibrium of vertical force and rotated moment
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Figure 8. Relationship between the factor ofFigure 9. Relationship between the factor of
safety calculated with respect to equilibriumsafety calculated with respect to equilibrium
of vertical force and the tilt angle of the  of overturning moment and the tilt angle of
tested structures the tested structures

where R, is the resisting moment ang, is the maximum overturning moment after liquefacti
Rm and L, are defined in Equations (5) and (6)

Rn=(KyH*/2)ta® (B/2+L)B (5)

Lm = Maz; + (M + Me ) @22 + mege (6)
Where a and a are the maximum accelerations of the superstreictund foundation after
liquefaction, z and z are the heights of the center of gravity of sugppecsure and foundation,

and e is the distance between the center of thedftion and the eccentric mass.

Figure 8 shows the relationship between the fadbrsafety calculated with respect to
equilibrium of vertical force and the tilt angle thfe structures. The tilt angle of the structures



generally decreases as the factor of safety inese&sgure 9 shows the relationship between the
factor of safety calculated with respect to equilitn of overturning moment and the tilt angle of
the structures. The tilt angle of the structuresegeally decreases as the factor of safety increases
This suggests that the vertical force and the dymaowerturning moment could have a
significant effect on the tilt angle of structures.

Conclusions

Centrifuge shaking table tests were conductedtesitigate the effect of groundwater depth on
differential settlement of wooden houses. The agiohs can be summarized as follows:

1) The relative settlement and tilt angle of theudure decrease as the groundwater depth
increases.

2) When the groundwater depth was about 4m belewgtbund surface, the relative settlement
and tilt angle of the tested houses was negligiHigwvever, when the groundwater level was

about 1m below the ground surface, large relatetdesnents and tilt angles of the tested houses
were observed.

3) The tilt angle of structures generally decreaaedhe factor of safety calculated with respect
to equilibrium of vertical force and dynamic overttng moment increased. This suggested that
the vertical force and the dynamic overturning moneuld have a significant effect on the tilt
angle and relative settlement of structures.
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