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Abstract. In this study, the liquefaction characteristics of pumice sand were investigated
focusing on the relationship with compaction conditions. The new findings obtained in
this study are summarized as follows. In the pumice sand with a large amount of non-
plastic fines, liquefaction resistance R, ,, can be expected to be only about 0.2 at a degree of
compaction of 90%, however, it can be increased to be 0.3 or more if the soil is densified by
compaction up to degree of compaction of 95% or more. In addition, the skeletal structure
is also important even at the same dry density, and a higher liquefaction resistance can
be expected under the compaction conditions on a dryer condition in water content at
compaction. On the other hand, the tenacity for deformation in liquefaction under cyclic
loading may be lost in the compaction conditions on the dryer condition, so the tenacity for
liquefaction should also be noted.
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1. Introduction

Satozuka District of Kiyota Ward in the southern part of the City of Sapporo is located
almost at the end of a plateau consisting of pyroclastic flow deposits (Spfl) ejected by eruption
of Shikotsu Volcano about 40 000 years ago. The Shikotsu Volcano is a large caldera lake today
due to the eruption. In the 2018 Hokkaido Eastern Iburi Earthquake that occurred on September
6, 2018, an earth-fill constructed in a valley at the end of the plateau liquefied over a wide area,
causing enormous damage [1]. The pumice sand in this region is characterized as a large content
of non-plastic fines if it is compared to that found in previous studies [2][3]. In this study, we
investigated the liquefaction characteristics of pumice sand with non-plastic fines, which is the
earth-fill material in the Satozuka district, focusing on the compaction conditions.

2. Soil sample
The pumice sand examined in this study was a soil sample excavated and collected at Satozuka

Chuo Popura Park where is one of the damage areas liquefied due to the 2018 Hokkaido Eastern
Iburi Earthquake. The grain size distribution curve of the pumice sand is shown in Figure 1. It
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is characterized by a wide range in grain-size distribution, a high non-plastic fine particles (less
than 0.075 mm) content of about 45%.

In the following, the sample name is referred to as F45 reflecting the value of fine content.
Since the grain size distribution of the sample collected immediately after the earthquake was
slightly different from that of the sample collected one year after the earthquake, the sample
name was distinguished as FB45. In addition, pumice sand artificially prepared by reducing
fine particle content from 45% to 40% and 20%, and call them F40 and F20, respectively. The
physical properties of the sample are tabulated in Table 1. The maximum dry density p,  and
the optimum water content w_, are the values read from the compaction curve shown in Figure
2 obtained by the compaction test in non-repetitive method according to the A-c method of JIS A
1210. The minimum void ratio and the maximum void ratio are the values obtained by applying
JIS A 1224 mutatis mutandis.
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Figure 1. Grain-size distribution curve.

Table 1. Physical properties of the pumice sand

F45 F 45 F40 F20
Soil particle density p_(Mg/m’) 2.376 2.392 2.376 2.376
Maximum dry density p,  (Mg/m’) 1.068 1.094 - -
Optimum water content w,, (%) 42.7 42.7 - -
Minimum void ratio e_, 1.405 1.276 1.269 1.594
Maximum void ratio e__ 2.494 2.194 2172 2.557
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Figure 2. Compaction conditions
3. Test conditions and test procedure

Specimens for triaxial test were prepared by statical compression in the mold to be densified
to the target dry density. The compaction conditions of the specimen are plotted in Figure 2, and
the loading conditions of the cyclic loading undrained triaxial test are tabulate in Table 2.

The numbers in brackets in the test case name indicate the order in which the tests were
conducted, followed by sample name consisting of alphabet and number indicating the fine
particle content, and the next alphabet indicates the vicinity of the optimum water content (O),
and dryer side (D) or wetter side (W) than that, and the number following it is the value of the
compaction degree D . In addition, in consideration of that the skeletal structure of the compacted
soil is generally governed by degree of saturation at compaction even if the soil is non-plastic
[4], the compaction conditions with different degree of compaction were set at the same degree
of saturation in some cases.

Table 2. List of test cases

Test ID At compaction After Consol.  Cyclic loading stress
consolidation Press. ratio
w p, Mg/ D D D D, o' (kPa) R=1/20"

0 c T c

(%) m?) (o) (%) (%) (%)

(0) F 45072 47.3 0.794 72.6 19.6 77.1 39.3 30 0.065, 0.080, 0.109

(1) F450100 42.3 1.069 100.1 116.7 1014 1194 50 0.500, 0.652, 0.805, 0.902
(2) F45090  42.7 0.963 90.1 94.2 91.3 970 50 0.150, 0.200, 0.300, 0.400
(3) F45D90 34.1 0.959 89.8 933 91.1 96.6 50 0.140, 0.199, 0.301, 0.450
(4) F45W90  51.2 0.964 90.2 944 983  99.0 50 0.141, 0.204, 0.300, 0.401
(5) F45D95 31.1 1.011 94.7 105.0 95.6 107.0 50 0.381, 0.500, 0.598, 0.803
(6) F4A5W95  46.9 1.017 952 106.3 96.5 109.2 50 0.251, 0.352, 0.500, 0.704
(7) F45590 55.3 0.957 89.6 928 95.8 107.6 50 0.110, 0.139, 0.200, 0.299
(8) F40XX 35.6 1.051 = 99.9 - 1021 50 0.501, 0.999, 1.507, 1.995
(9) F20XX  42.8 0.919 - 100.8 - 1033 50 0.500, 0.802, 1.501, 2.007
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Test case (0) FB45072 is a specimen that reproduces the density of the embankment in the
Satozuka area [1], which was damaged by the 2018 Hokkaido Eastern Iburi Earthquake. Test
case (7) F45590 is a specimen made by pouring a liquified sample with a target water content
into a mold, i.e.,, without compaction. Its initial dry density was equivalent to a compaction
degree of 90%, however, the dry density during the process of cyclic loading was equivalent to
a compaction degree of 95% because it became dense during the saturation and consolidation
process. Although F20 and F40 with reduced fine particle content are in a densely packed state,
the part of test case name corresponding to the degree of compaction is indicated as XX because
the volume of the soil sample was not enough for the compaction test.

Table 2 also summarizes the degree of compaction D_and relative density D, of the prepared
specimens just after soil compaction (i.e., in the initial state) and after consolidation (i.e., during
the cyclic loading). The specimen was saturated by carbon dioxide substitution method and
applying back pressure of 100 kPa (200 kPa for FC20XX and FC40XX) with upward water
infiltration to confirm that the Skempton’s pore water pressure coefficient B value became 0.95
or higher. The effective consolidation pressure ¢, was set to 50 kPa (FB45072 was 30 kPa). The
cyclic stress ratio was set as appropriate values corresponding to two points each smaller and
larger than 20 times of cyclic loading to reach liquefied state. Here, relationship between the
cyclic stress ratio R = /20", and the number of loading cycles N_will be described later in the
section of test results.

4. Test results and discussion

From the test results obtained in the series of cyclic loading undrained triaxial tests, the
number of loading cycles N_ when double amplitude strain DA reached 5% is read, and the
relationship between the cyclic stress ratio 7/20”, and the number of loading cycles N_is plotted
in Figure 3.
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Figure 3. Relationship between cyclic stress ratio and number of loading cycles

The liquefaction resistance R ,, defined as the cyclic stress ratio 7/26°, when the number of
loading cycles N _is 20 times and the double amplitude strain DA reaches 5% is about 0.5 for the
(1) F450100, which was densely compacted. Higher values of R ,, of around 1.0 were obtained
for (8) F40XX and (9) F20XX. It is suggested that the liquefaction resistance R, increases by
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densification, while the liquefaction resistance R, tends to be smaller in the cases of sample F45
with a high fine particle content of 45%.

The liquefaction resistance R, of both (1) F450100 and (5) F45D95 is almost the same as 0.5;
however, when the cyclic stress ratio R is higher, (5) F45D95 with lower degree of compaction
on dryer side has a higher liquefaction resistance. It can be said that the specimen compacted on
dryer side shows a higher liquefaction resistance is consistent with (8) F40XX (with only 5% or
less fine particles), which showed extremely high liquefaction resistance.

However, the liquefaction resistance R, ,, of (6) F45W95 compacted on a wetter side is as
low as about 0.3, indicating that even with the same degree of compaction as the above two
cases, there is a nearly double difference in liquefaction resistance depending on the compaction
conditions.

The density of F45590 after pouring the liquified sample is essentially equivalent to degree of
compaction of 95%, but the liquefaction resistance is lower than that of the test cases with degree
of compaction of 90% described below. These differences in liquefaction resistance for the cases
with the same degree of compaction (i.e., dry density) indicate that the liquefaction resistance
strongly influenced by the skeletal structure. However, the liquefaction resistance R,  was about
0.2 in all the cases of (2) F45090, (3) F45D90, and (4) F45W90 with a degree of compaction of
90%, indicating that there was almost no difference in the liquefaction resistance among them.
In the loosely packed (0) FB45072, which corresponds to the in-situ state at damaged earth fill
in Satozuka District in the City of Sapporo, the liquefaction resistance of R, is less than 0.1,
indicating that it is significantly liquefaction prone.

As some typical test results in which it required about 25 times of cyclic loading to reach
double amplitude strain DA of 5%, observed data for (1) F450100, (5) F45D95, (6) F45W95 and
(3) F45D90 are shown in Figures 4, 5, 6 and 7, respectively.
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Figure 4. Test result of (1) F450100
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Figure 5. Test result of (5) F45095
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Figure 7. Test result of (3) F45D95

The strain amplitudes observed for (1) F450100 and (6) F45W95, which were prepared at a
high degree of saturation in densely compacted state, increased gradually by almost the same
increment for each loading cycle. However, the effective stress path indicated almost liquefied
state by only the first several loading cycles before double amplitude strain increased to 5%. It
can be seen that because of the densely packed state, even if the effective stress is almost liquefied
due to the generation of excess pore water pressure, there is tenacity against deformation.

16 Ne 2/2023  -H. Tymunres amvindazor EYY xabapuivicol. TexHUKarvik 2oiAbimMIap 5kaHe mexHOA02Us. CepusiCol
ISSN: 2616-7263, eISSN: 2663-1261



Yoichi Watabe

On the other hand, in the densely packed case (5) F45D95 and the slightly loosely packed case
(3) F45D90, which have a lower degree of saturation at compaction, the rigidity was maintained
while the number of loading cycles was small, and then the strain amplitude suddenly increased
significantly to reach liquefaction. This suggests that it lacks tenacity against liquefaction, and
even if the liquefaction resistance R, ,, is the same as in (1) F450100 and (5) F45D95, indicating
that the tenacity which does not appear in the index such as R, is very important to evaluate the
performance of liquefaction resistance.

5. Conclusions

In the pumice sand (volcanic ash sand) collected from the earth fill at Satozuka District in
the City of Sapporo, Japan, with a large amount of non-plastic fines examined in this study, the
liquefaction resistance R, can be expected to be only about 0.2 at a degree of compaction of
90%, but if the soil is densified by compaction at a degree of compaction of 95% or more, the
liquefaction resistance R,  can be expected to be more than 0.3. Densification by compaction is
required to increase liquefaction resistance. In addition, the skeletal structure is also important
even at the same dry density (i.e., degree of compaction), and a higher liquefaction resistance
can be expected under the compaction conditions on a dryer condition in water content at
compaction. On the other hand, the tenacity for deformation in liquefaction under cyclic loading
may be lost in the compaction conditions on the dryer condition, so the tenacity for liquefaction
should also be noted.
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Mownunu Batabe
Xoxxaiido Ynusepcumemi, Cannopo, 2Kanonus

TeIFbI3aay KaFrgariaapbIHbIH I11aCTUKAABIK eMec ycak ¢ppakiuschl Oap remMsa KYMBIHBIH,
CYVIBIATY CHIIaTTaMaJlapbIHa acepi

Anpaatnia. bya seprrey memsa KYMBIHBIH CYMBIATY CHIIaTTaMadapblH 3epTTell, THIFbI3Aay
>KarJaiidapbIMeH DallaaHbIChIHA epeKille Hasap aydapabl. OCbl 3epTTey HOTIU KeCiHAe aabIHFaH >KaHa
HOTIKeAep Kedecigell KOPBIThIHAbBLAaHaAbL. IlaacTukaablk eMec OealexTepi Kem ImemM3a KyMbIHAA

R, ,, cyitbiaTyra Tesimaiairi 90% TeiFbizaay gepexkecinge mamamen 0,2 6Goaaabl Jem KyTyre 004aabl,
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Oipak erep Tomsipak 95% HeMece 04aH Ja KOII THIFBI3Jay Adpe>keciHe AeiliH THIFBI3gaaca, oHEl 0,3
HeMece OJaH Ja KeIIKe AeliiH apTTeipyra 0oaaapl. COHBIMEH KaTap, paMaablK KYPBLABIM KYpFak
OoaraH Ke3e e Oipaeil THIFBI3ABIKTA 4a MaHBI3AbI JKOHe THIFBI34ay Ke3iHAe cy 00AFaH Ke3Ae THIFbI3ay
>KarJaifblHAa JKOFaphl CYMBIATYFa TO3iMAiAiKTi KyTyre 604aapl. EKiHII >KaFbIHAH, OUKAAIK JKyKTeMe
Ke3iHAe CyIbIATY Ke3iHge depopManiisira Te3iMAiAiK KeNTiprimre THIFbI3AAy >KaFAalibIHAA YKOFAAYBI
MYMKiH, COHABIKTaH CYMBIATYFa TO3IMAIAIKTI A€ ecKepy KaxKeT.

Tyitin ce3aep: meMsa KyMBbl, >KaHapTay KYMBI, I1AaCTMKaABIK eMeC OeAIleKTep, CYWBIATY,
TBIFBI3JAy IIAPThI, YIII OChTI IUKAAIK JKYKTE€MEHi ChIHAY.

MNowam Batabe
Yrusepcumem Xoxxkaiido, Cannopo, fnonus

Bansinue ycaoBmii ymaOTHEHIs Ha XapaKTePUCTUKIU Pa3KIKEHNsI IIEM30BOTO ImecKa ¢
HeIaacTUYIHOM MeAKO¥ (ppaKIen

Annoranmsa. B sTom mccaesgosaHmym ObIAM PacCMOTPEHBI XapaKTePUCTUKIU Pa3KVKEHI
IIeM30BOTO IIeCKa, y4eass 0coOoe BHMMAaHNE B3aMMOCBA3M C YCAOBMAMMU yrAOoTHeHus. Hosbre
pe3yaAbTaThl, HOAYYEeHHBIE B XOJe DTOTO0 MCCAeJOBaHUsA, Pe3IOMUPYIOTCSI CAeAYIOIIUM o0pa3oMm.
B memsosom mecke ¢ 0GOABIIMM KOAMYECTBOM HEILAACTUYHBIX YacCTUIL MOXKHO OXHUAATh, YTO
CONIPOTUBACHNE Pa3KIKEeHNUIO RL20 coctaBuT Bcero okoao 0,2 mpm cremenn yraotHeHms 90%,
O/HAKO OHO MOXKeT OBITh yBeandeHo 40 0,3 nau 604ee, ecau IPyHT yILAOTHAETCS IyTeM YILAOTHeHNs
40 cremieHy ynaotHeHus 95% mau Goabire. Kpome TOro, kapkacHas CTPyKTypa TakXe BaykKHa
AaxkKe IIPU TOM Ke ILAOTHOCTM B CyXOM COCTOSIHUM, ¥ MOKHO OXIAATh 0O/Aee BBICOKON CTOMKOCTH
K Pa3XIKeHUIO B YCAOBUSAX YIIAOTHEHMSI B 0Olee CyXOM COCTOSHUM IIPU COAeP KaHUIU BOABI IIpU
ynaorHenun. C ApyToit CTOPOHBI, YCTOMUMBOCTD K AepOPMaLUM IIPY CXKVKEeHUHU TP IUKANIeCKO
Harpy3ke MOXKeT OBITh yTpaueHa B yCAOBMAX YILAOTHEHUsS B CyIIMAKE, IIODTOMY TaKXKe caeayer
YYUTHIBATh YCTOMYMBOCTD K CKVKEHUIO.

KaroueBble ca0Ba: IT€COK M3 II€M3BI, BYAKaHMYECKUII IT€COK, HEIAACTMKOBBIE YaCTUIIBL
CKIDKEHIE, yCAOBYe YILAOTHeHNs, MCIIBITaHIe Ha TPEXOCHYIO IMKAMYECKYIO HarPy3Ky.
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