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ABSTRACT

While the assessment of liquefaction potential by using borehole data has a long history since
1970s, its target users are still limited to professional engineers and experts. This situation is not
favored by ordinary people who are seriously concerned with the reliability and preservation of
their real estates during strong earthquakes. The demand of the people is that the liquefaction
vulnerability of their residential land is precisely and clearly but concisely demonstrated so that
people without engineering background can understand the real extent of risk. In this regard, the
authors proposed a simple manifestation of the extent of liquefaction vulnerability of personal
houses in terms of the thickness of the surface unliquefiable crust and the vertical weighted
average of the factor of safety or its equivalence. This achievement was made possible by
introducing the ageing effects of soil on liquefaction resistance in addition to using geotechnical
data base of subsoil conditions. During the work, it was found that existing borehole data may not
be fully reliable and that experts who have sufficient knowledge of the local subsoil should assess
the vulnerability. This requirement is satisfied by the qualification of special engineers that has
been initiated by the Japanese Geotechnical Society in conjunction with several other institutions.
The proposed method of subsoil qualification is used not only for individual residential land but
also for regional hazard assessment.

Introduction

The gigantic earthquake in east Japan, 2011, provided many lessons to be learned on seismic risk
of modern communities. Among them it is noteworthy that liquefaction made severe damage of
residential houses that were not well prepared for subsoil seismic problems. This was in a clear
contrast with the areas where liquefaction-resistant design and, if necessary, soil improvement
had been executed to avoid damage. As a consequence, it was recognized to be necessary that
some safety criterion is established and to assess the extent of liquefaction vulnerability of
residential land. This is considered particularly urgent because more gigantic earthquakes are
feared in many other parts of the country. Notably the public involvement of liquefaction safety
of personal houses is a new attempt because the safety of personal properties had been
considered to be the owners’ responsibility and public sectors had been reluctant to be engaged
therein except knowledge dissemination.

It is well known that liquefaction is most likely to occur in young loose cohesionless and water-
saturated soil that is subject to strong shaking. This kind of subsoil is found in recent man-made
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islands, abandoned river channels and backfill of lifelines among others (Youd and Perkins,
1978, Wakamatsu, 1992 and 2000). Such a geomorphological criterion is neither quantitative nor
spatially detailed enough for individual land owners. Moreover, any effort to improve soil
conditions is not considered by a geomorphological approach.

Liquefaction potential of subsoil has been assessed conventionally on the basis of SPT-N or
other sounding data together with the design intensity of the ground surface acceleration (Seed
and Idriss, 1971 ; Tatsuoka et al., 1980, Tokimatsu and Yoshimi, 1983). The assessed results
have been presented as the factor of safety against liquefaction (F1) changing with depth and
experts made further decision whether or not to improve vulnerable soils. However, presenting
this F1-depth diagram to non-professional land owners or people is not good enough because
people do not have good knowledge of soil mechanics. The present study aims to propose a
methodology by which subsoil conditions in private land is demonstrated to non-engineering
people. Hence, it was decided to classify residential land into several categories, varying from
“very good” to “poor”, for example, so that people could understand the extent of liquefaction
risk underlying their houses. Certainly the methodology of qualification has to be brief and clear
so that non-engineering people would make no wrong interpretation. The proposed method is
going to be presented in what follows and its verification against the recorded liquefaction
damage during the 2011 gigantic earthquake is described as well.

Interpretation of damage data

The proposed method of subsoil classification employs available bore-hole data with SPT-N
profile. Because no new soil investigation is required, the budget is saved so that individual land
owners might not have to pay expenditures. Eighty three bore hole data in 14 sites near Tokyo
(southern Kanto district, see Fig. 1) was collected, interpreted from the liquefaction viewpoint
and examined against the real performance of the subsoil, with or without liquefaction. To do
this, FL was calculated by the Highway Bridge Design Code and the Japanese Architectural
Standard “Recommendations for Design of Building Foundations”, while the intensity of surface
acceleration was obtained from nearby K-Net earthquake observation stations (Table 1). One of
the difficulties in this stage was the determination of ground water table, because some bore hole
reports provide very unrealistic depth of water. When this was the case, the depth was corrected
by referring to an empirical formula between the ground surface elevation and the depth of
ground water; see Fig. 2.

Table 1 Observed maximum horizontal acceleration at ground surface vew? + ns?

Site Acceleration (G) Site Acceleration (G)

Shin-Kiba 0.15 Inashiki 0.27
Urayasu 0.18 Kuki 0.25
Narashino 0.25 Choshi 0.18
Mihama 0.19, 0.25 Kashima 0.51
Kamisu 0.23,0.24 Sakae-cho 0.34
Itako 0.53 Abiko 0.27
Katori 0.31,0.53 Bando 0.47

Mihama and Kamisu have two values because of two nearby K-Net stations.
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Fig. 2 Empirical correlation in Urayasu City between ground surface elevation and level

Thereinafter, the vertical variation of F was converted to a single representative value of Pp
(Highway Bridge Design Code) or Dcy (Recommendations for Design of Building Foundations);

20
P = J‘ F(F, )10-0.5z)z (weighted average of FL) in which
0

z is the depth in meter and

F(FL):{l—FL (F, 31)}’

0 (F,>1)

while Dcy=vertical integration of cyclic shear strain amplitude, which is assessed by F1, and it is
sometimes considered to be equivalent with displacement amplitude at the ground surface. In this
paper, the unit of Dcy is “m” for consistency of units, although practice employs “cm”.

Greater values of Pp and Dcy parameters correspond to severer liquefaction damage.
Furthermore, the thickness of unliquefiable surface crust, H;, and the thickness of liquefiable
soil, H,, within 20 meters from the surface were determined (Fig. 3). In principle, “unliquefiable
soil” is the soil which is located above the ground water level, is clayey or has high SPT-N. The
thickness of liquefiable soil, H,, was determined by adding together the thickness of soil layers
with F L é 1.

The relevancy of selected bore hole profiles and reliability of these liquefaction parameters were
examined against the reported extent of liquefaction during the earthquake in 2011. To do this,
the observed damage was classified by experts into such three categories as “‘severe”,
“intermediate” and “minor-nil” as illustrated in Table 2. Noteworthy is that this judgement and
classification were not very straightforward because often no photograph or other information
was available on the extent of liquefaction damage at the exact points of bore hole data.



Therefore, official damage certificates of neighboring houses, damage reconnaissance report of
Chiba Prefectural Government (2012), air photos immediately after the earthquake and extent of
ground distortion were referred to.

cla
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Fig.3 Definitions of H1 and H2 (GWL: ground water table)

Table 2. Schematic illustration of extents of liquefaction-induced damage with emphasis on
effects on houses

Damage

extents SeVere . Interrnediate A Minor — nll O
House More than partial — . .
damage Total collapse Pa damage No - minor damage
Photo
examples
of damage |
¢ Profound ejection of sand ® Minor ejection of sand ¢ No ejection of sand
e Substantial distortion of ¢ 10-30cm difference of level | e No visible distortion of
Description road pavement (>30cm in road pavement house and pavement
of damage difference of level) e Minor tilting or subsidence
e Intense tilting or subsidence of houses
of houses




Liquefaction parameters examined against damage extent

The target of the present research is the liquefaction vulnerability of houses. Because houses do
not have deep foundations and usually supported by the bearing capacity of surface soil, the
thickness of the surface unliquefiable layer, H,, is a very useful parameter. However, because it
depends simply on whether F is greater or less than 1.0, H; may change drastically when soil
properties or intensity of ground motion changes slightly. Hence, H; is a typical YES-NO
parameter and is considered to be an unstable parameter. Conversely, P and Dcy account for the
overall values of F in the top 20 m of soil. Therefore, they are not affected significantly by
minor change of soil properties or intensity of acceleration, thus being more stable than H;. On
the contrary, the relationship of P and Dcy with the stability of house foundation is not very
clear. Therefore, the present study decided to examine the combination of P. or Dcy and H,
against the damage extent during the 2011 earthquake.

First, individual liquefaction parameters are compared against the damage extent of houses. Fig.
4 indicates P values for three different damage extents; severe, intermediate and minor-nil. Py
value tends to be greater for more serious damage. However, it is not possible to clearly define
the damage extent by means of P because relatively greater values of Pr. occurred even for cases
of minor damage and smaller values were obtained at sites of heavy damage. Similar feature is
observed in Fig. 5 for Dcy parameter as well. Furthermore, Fig. 6 plots H, and H, values. Being
different from the original ideas of this type of diagram (Asada, 1998; Ishihara, 1985), the
present damage extent does not change clearly with H; and H,. Moreover, several data points of
severe damage have greater values of H; despite that greater H; implies stable behavior of
foundation. Thus, it is necessary to examine the methods for parameter calculation in order to
achieve better consistency between those parameters and damage extent.
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Fig. 6 H, and H, values at sites of different damage extents
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Reasons for discrepancy

i

One of the reasons for the discrepancy between real damage extent and calculated liquefaction

parameters is that the number of loading cycles during the 2011 earthquake of magnitude = 9

was greater than what is assumed by F calculations in codes. This led to overestimation of soil

resistance against liquefaction in 2011. Another possible reason for the discrepancy is the
consideration of soft clay layer near the surface. Fig. 7 illustrates two example bore hole profiles

of this type in which H; = 5.5 m and 6 m, respectively. In the second case, the damage extent
was “severe” in spite of this large H,. It is hence supposed that the clayey unliquefiable layer of



SPT-N=0 deformed substantially during the earthquake and induced damage, while its high fines
content let the design code to judge it unlikely to liquefy. It was decided therefore that very soft
clay should not be included in the surface stable crust (H,) because this soil does not contribute
to the stability of house foundations at the surface.

Second, liquefaction occurred in geologically young soil only as shown in Fig. 1. Case history
studies (Towhata et al., 2014) demonstrated that liquefaction resistance increases with time,
which is called ageing effect (Fig. 8). The current design codes do not consider this effect.

Finally, it was found that the site of bore hole and the site of damage information were not
necessarily close to each other in spite of their same address. Soil condition may vary
significantly beyond only tens of meters. Therefore, all data were examined one by one and, if
the bore hole data was not representative of the house damage site, according to an engineering
judgement, the data was excluded from further investigation.

Improved liquefaction assessment

On the basis of discussion in the previous chapter, the following improvement was made of
liquefaction parameters;

1. Because of the long duration of shaking during the 2011 earthquake of magnitude=9, the
calculated liquefaction resistance of sand was reduced to 80% by referring to an experimental
study by Yasuda et al. (2012).

2. Soft clayey layers with SPT-N=2 or less are not included in the surface dry (unliquefiable)
crust (H)).

3. Liquefaction resistance of soil older than 400 years is increased by 40%.

Figs. 9 and 10 indicate the range of two liquefaction parameters for different damage extents. By
comparing them with Figs. 4 and 5 it is found that these parameters cannot fully account for the
liquefaction-induced damage of houses. This is because these parameters stand for the overall
behavior of soft subsoils while house damage is affected to a considerable extent by the stiffness
and bearing capacity of surface soils.

To obtain a better correlation with the damage in reality, attention is focused on H; and H,
values. Fig. 11 plots revised H; and H, values that were calculated at sites of different damage
extents. Because H; was reduced at damaged sites, the consistency with the extent of damage is
better than in Fig. 6. However, data from minor/nil damage and data from sites of severe damage
are still mixed with each other. It appears that the thickness of entire liquefiable layers, H>, is
overestimated at sites of less damage. This is an important drawback of the oversimplified “F <1
or F1>1"” YES/NO approach of H; and H, in which different extents of liquefaction is not taken
into account. This problem will be overcome by introducing Py or Dcy in place of H,.
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Figure 12 compares the relationships of Py versus H; before and after the above-mentioned
improvement of the method based on the Highway Bridge Design Code. It is found that the
improvement reduced the H; values at more damaged sites and that the Py values became smaller
at less damaged sites. Accordingly, data from different damage extents are more clearly
discriminated. Fig. 13 presents a similar H,-P, diagram that was obtained by Recommendations
for Design of Building Foundations. It appears that the consistency herein with the real damage
extent is even better than in Fig. 12. Similar good points are found as well in Fig. 14 where Dcy
is plotted against H;.
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Methodology

On the basis of the achievements in Figs. 12 to 14, simplified charts were produced for practical
qualification of residential land. Fig. 15 makes use of P, and H; while Fig. 16 employs Dcy and
H,. Use of both figures are recommended but Fig. 15 suits practitioners of infrastructure
construction, who are familiar with the Highway Bridge Design Code, while Fig. 16 is
convenient for building engineers, according to their favorite design codes. In both figures, the
subsoil conditions are classified into A, B1-B3 and C which indicate different qualities as
residential land; see Table 3. Noteworthy is that the present study does not intend to change any
design code. In particular, the consideration of ageing effect, that significantly improved the
agreement between judgement and real damage extent, has not been included in design codes.
This situation is still acceptable because ignoring the ageing leads to overestimated risk of

liquefaction risk and it helps construct more earthquake resistant structures.

Table 3 Judged liquefaction quality of subsoil conditions as residential land

Probability of
Qualification H, Py, Dcy severe liquefaction
damage
A >5m — — Unlikely to liquefy
Bl <5 <0.05m
B2 3m-—5m =5 =0.05m Low probability
B3 - <5 <0.05m
C =3m =5 >0.05m High probabili
. ghp ty
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Need for Qualified Land Evaluator

It is further important to discuss who will evaluate the quality of residential land. Although
qualification methodology has been established as stated above, many cases were encountered in
the meantime in which interpretation of bore hole data could not account for real damage. The
most important reason for that was the short but significant distance between the location of bore
holes and the sites of interest. The non-uniformity of subsoil condition is thus important. Another
important point was the meaning of soft clayey deposit near the surface which is unlikely to
liquefy but does not contribute to the bearing capacity of house foundations. Stereotype
judgement would not be able to draw reasonable conclusion in such a situation.

It is thought accordingly that the quality of subsoil should be judged by those who have sound
knowledge and experience of soil mechanics, construction of house foundation, local geological
history, rules and regulations etc., although a single person may not be familiar with all of them.
In this regard, the Japanese Geotechnical Society, together with several other institutions,
established a qualification system for experts who wish to contribute to the quality judgement of
residential land. The major concerned hazards therein are subsoil liquefaction during
earthquakes, which is the topic of this paper, and landslide or debris flow during heavy rainfalls.
To promote this qualification, heavy discussion is going on with regards to advisory contract
with individual customers, report writing, affordable legal responsibility and immunity, benefits
from land qualification and others. Although many problems and difficulties are encountered, it
is believed that this qualification will help people get sound information to protect their lives and
properties from natural disasters.

Conclusion

As a consequence of liquefaction-induced damage in residential land during the 2011 gigantic
earthquake in east Japan, a need was recognized to show people clearly the liquefaction
vulnerability of subsoil under their houses. The present study assessed several liquefaction
indices to find those that could best account for the real damage extents of houses. Among them,



the thickness of unliquefiable surface crust, H;, is related with the bearing capacity during
liquefaction. This index and the thickness of liquefiable soil underneath, H,, are subject to drastic
change when input soil parameters and intensity of earthquake motion change even slightly and
are “unstable”. In contrast, the factor of safety against liquefaction, Fi, is more popular but
stands for the feature of respective soil layer only and hence does not account for the overall
behavior of subsoil. Therefore, Fi of the entire soil deposit was converted to a single parameter
such as P; and Dcy and combined with H;. Such a combination of two parameters was found to
best match the damage extent. Accordingly, subsoil conditions were classified by these
combinations into different categories according to liquefaction vulnerability. It is recommended

that this qualification should be carried out by qualified experts.
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