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DISSIPATIVE ENERGY AND STORED ELASTIC ENERGY DURING
LIQUEFACTION PROCESS

Yoshimi OGAWA?, Kaoru KUSANO? And Hiroshi ABE®

SUMMARY

A calculating method is proposed to evaluate the dissipative energy and the stored elastic energy
of a soil element during a liquefaction test. The dissipative energy is determined as continuous
values and the stored elastic energy is calculated as the difference between the shear work and the
dissipative energy. To study the relationship among the excess pore water pressure, the dissipative
energy and the stored elastic energy, several series of liquefaction tests were done. Four types of
sandy soil, disturbed and undisturbed samples, were used as the test materials and various
amplitudes of sinusoidal waves and earthquake motions were |oaded as shear stress.

There is a characteristic relationship between the dissipative energy and the observed excess pore
water pressure buildup in each step of shear stress. The square root of the dissipative energy is
proportional to the increase of observed excess pore water pressure. This means that the energy
owing to the negative dilatancy of sand is proportional to the dissipative energy. The stored elastic
energy is approximately proportional to the temporary decrease of excess pore water pressure with
large shear strain.

INTRODUCTION

It is known that the dissipative energy is closely related to the pore water pressure development during
liquefaction process. Towhata and Ishihara [Towhata and Ishihara (1985)] carried out severa kinds of cyclic
loading tests, and calculated the dissipative energy as the shear work. They found that there is a unique
relationship between the shear work and the pore water pressure buildup, and this relation is independent of the
shear-stress history. Similar studies were accomplished by Sakai and Ochiai [Sakai and Ochiai (1986)], and by
Tgji eta. [Tai et al. (1993)]. Nakano and Saito [Nakano and Saito (1993)] measured the dissipative energy from
area of hysteresis loops, and derived the independence of shear-stress amplitude on the relation between the
dissipative energy and the development of pore pressure.

In these previous studies, the dissipated energy is not obtained as a continuous function but as discrete quantities.
The shear work is theoretically equivalent to the dissipative energy in elasto-plastic body when the incremental
shear work is calculated by a half cycle, ranging in stress from 0 to 0 in each integral step. The area of hysteresis
loop can be measured by each half cycle, too. But the stress-strain relations of soil element during liquefaction
process do not show the relation of elasto-plastic body and their hysteresis loops do not close in each cycle,
correctly.
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The authors have proposed the calculating method to determine the dissipative energy as a continuous function
during sinusoidal loading [Ogawa et al. (1995)]. This method bases its concept on the mechanical model of
elasto-plastic body proposed by Iwan [(Iwan 1966)]. The stored potentia energy is estimated as the difference in
energy between the shear work and the dissipative energy.

In this paper, the authors propose the improved method to calculate the dissipative energy of irregular loading
such as the time history of shear stress during an earthquake. The method was applied to the results of severa
liquefaction element tests such as various amplitudes of sinusoidal shear stress tests and irregular shear stress
tests simulated earthquake stress motions.

ANALYTICAL METHOD
Dissipative Energy of curvilinear relations

Most soils have curvilinear stress-strain relationships while excess pore water pressure is not accumulated. The
gradient of the skeleton curve is decrease constantly according as the strain as illustrated in Figure 1. In this
figure, we denote a strain amplitude y and infinite increment and decrement + Ay across y. The shear stress 7
increases as 1 (y-A4y), 1(y) and 1(y+Ay) according to increase in shear strain as y-Ay yand y+Ay,
respectively. Now we suppose the shear stress increases linearly, and denote the shear rigidity as G ranging from
y—Ayto yand G-AG ranging from yto y+Ay, respectively

The decrease in the shear rigidity is closely related to the dissipative energy during curvilinear relations. It is
easy to comprehend the relation of the shear rigidity
decrement AG and the dissipative energy by the
mechanical model of elasto-plastic body proposed by * Skeleton curve
Iwan(1966). This model composed of simple linear springs
and Coulomb friction elements arranged as shown in £ (%)
Figure 2. The friction elements remain locked until the T(r—A7) Tlr+ar)
spring force on them exceeds, then dislocate. The decrease
in shear rigidity means the beginning of dislocation of a ol
certain friction element. The dissipative energy generates GT}
by the dislocation of this friction element. The frictional
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force of the element is equivalent to the spring force A< ’
connected to the element, and the spring coefficient is the f ! )
same as the shear rigidity decrement AG. The friction ;f*M*':r*C\“f*g
force of the dliding element At is defined as follows. : 'r '
AT = AG W (1) Figure 1: Decrease in shear rigidity and the

L dissipative energy of skeleton curve
When the shear dtrain increases from y to I, the

dissipative energy of the friction element Ae is the same as

the shear work of the frictional force Ar. And the i
dissipative energy is derived from multiplying the friction
AT by the strain increment ™y as the following equation: W iis
N s ———
Ae=At [T -y) (2) . = §
L
[ ] [l
The total dissipative energy of the skeleton curve process . Spring
e, is determined by the integration from origin to I~ of Slider
equation (2) asfollows: NP —]
Ty Figure 2:Mechanical model of elasto-plastic
— bad sed by Iwan(1966
& =g, SN -y iy 3 1y propased by Twan(f366)
0

The energy dissipation during hysteretic curves is determined in a similar way to the skeleton curve. But the
equation must be modified to account of the fact that the shape of a hysteretic curve is different from the shape
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of a skeleton curve. According to Masing's law [Ohsaki (1980)], the shape of the hysteretic curve is multiplying
the shape of the skeleton curve by 2. This rule is explained from Iwan’s mechanical model that the completely
expanded (or contracted) spring is applied reverse force then contracting (or expanding) until the spring force
reaches the friction of Coulomb element. It means that the strain value for estimating frictional force is double-
counted in equation (1). Therefore the shear strain y must be y/2 in the hysteretic curve process.

If shear strain reaches the maximum strain value of past stress-strain relations, the hysteretic curve meets the
skeleton curve. Shear strain exceeds the maximum past strain y. the hysteretic curve follows along the
skeleton curve and the shape of the hysteretic curve is the same as the skeleton curve. Consequently, the shear
strain of equation (1) must be reset as y. To summarize the relations mentioned above, the dissipative energy e
of the hysteresis loops are given as the following equations.

- r_ d ~ Yo _ <
e=] 5 SmESear -y @y for |y < Vmax
e= [ -SodYoar-y)my+ [ -G()yUr -y) iy (4)
Yo dy 2 Y max dy

for |y| > Y max

Where, o is the strain at the turning point of the hysteretic curve and selection of the unloading point or the
reloading point is according as the unloading or reloading curve. To change equation (4) into a partia integral, it
is proved that the dissipative energy of one cycle of a hysteresis loop is same as the area enclosed with the
hysteresisloop.

The total dissipative energy E, is obtained by sum of g for the skeleton curve and the unload and reload curves
of hysteresis loops as follows:

E =S¢ ©)
2
Dissipative ener gy of observed stress-strain relations during liquefaction process

The stress-strain relations during liquefaction process show “banana loop” shapes and do not agree with the
relations of curvilinear process. This phenomenon is caused by the pore water pressure buildup. Increase or
decrease in the shear stressis according as decrease or increase in the excess pore water pressure.

To evauate the dissipative energy of observed stress-strain relations, use is made of the following assumption:
The shear stress 1is proportional to the effective confining stress o

It is well known that the shear stress is proportional to (o)™, precisely (Silver and Seed, 1971). The multiplier m
is less than 1.0 and approaches 1.0 as the strain amplitude increases. Conseguently, the assumption mentioned
above gives approximate results and causes errors within a small strain range, but these errors are negligiblein a
large strain range. Almost all part of liquefaction process progresses in the large strain range, therefore the errors
of the assumption are supposed to be negligible.

According to the assumption, equation (1) is changed into difference equation and (3) is modified as follows:

Ap=2WNIo () ~Tly-2y)[o(y-4y) T(y+4y)lo(y+4y)-t(y)/ d(v)ﬁy ©
Ay Ay
q':IAr’BI’(y)Bjy (7)

Where AT and g’ are the friction force and the total dissipative energy in effective stress condition, respectively.
To calculate equation (6) and (7) simultaneously, the increment of dissipative energy AE'; ,, in effective stress
condition during the skeleton curve and the hysteresis loops are derived from equation (4) and (7).
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for hysteresidoopsand M < ¥Ymax
_AfQr(m-1) 70 _ (k) e (m) _T(m- D
= 0 oM ) - e -y + ®

(k+1)/ 0 (k+D) ~T(k-1)/ 0" (k - Dd4m+w® (m=1)+0*(m)
V(K -y(k-1) (m =ym- ’”Ej%

for hysteresidoopsand M > Ymax

Where i denotes the number of half cycle, m the number of incremental step and k the number of the first point
where the absolute strain exceeds the maximum strain of past loops. 7(0), {0) and ¢’ (0) are shear stress, strain
and effective confining stress at the turning or the reloading point, respectively. The total dissipative energy E,’
is given by equation (9).

=S 3 AE,, (9)

The stored potential energy Ep’ is calculated as the difference in energy between the shear work W and the
dissipative energy E,’ asfollows:

E, =W-E, (10)

LIQUEFACTION ELEMENT TEST DATA

The liquefaction element test data used for this analysis was carried out under the following conditions: a shear
apparatus was a stress controlled triaxial torsion shear apparatus; a soil specimen was a hollow cylindrical shape,
7 cm high, with an inner and outer diameter of 3 and 7 cm, respectively. The disturbed test specimens are
composed of Toyoura sand and compacted as 50 % and 80 % of relative density, respectively. The materials of
undisturbed test are silty fine sand and sandy silt. These specimens were sampled at Nishi-Mizue on Koto word
in Tokyo. The silty fine sand specimens were sampled from 3.0m to 4.1m depths and N-value of the standard
penetration test is about 3. Contents of sand, silt and clay are 75.0%, 17.0% and 8.0%, respectively. Mean
particle size Dy, is 0.1622mm. The sandy silt specimens were sampled from 5.2m to 6.05m depths and N-valueis
3. Contents of sand, silt and clay are 28.1%, 53.9% and 18.0%, respectively. Mean particle size Dy, is
0.0418mm.

Tablel: Void ratio, relative density and liguefaction strength of the test specimens

Soil Type . | Toyoura Sand (T=50%) Toyours Sand {Dr=80%) Silty I'ine Sand __Bandy Silt
Sampling Thslubed Disturbed Endisturbed ) Undism:bcd
Specimen No. TC1 ( TD2 | TD3 | TD4 | TDS | TD6 | TD7 | TD8 | 5D1 | SD2 | 5D3 | Shd | €I | €02 | ©13 | UM

Void Ratio 0779 | 0784 | 0.777 [ 0.77% | 0.579 | 0.686 | D.o81 | 0.685 | 0.904 | 0.942 [ 0.503 [ 0.942 | 1,073 | 1361 | 1.223 | 0.000
_ Relative Density (%) 548 [ 533 | 553 | S48 | 836 | M5 | B30 | M@ | 695 | 629 | 697 | &32 | - | - - -
Cyrlicshearsuess(kPa) | 198 | 15.6 | 144 | 269 [ 264 | 375 551 | 230 | 318 | 266 | 21.0 | 521 | 357 | 303 | 264 | 417
DA 15% (No of Cycles) | 29 | 136 [ 440 | €3 | 55 | 08 | 04 | 176 | 10 | 25 | 145 02 | 05 . 09 | 42 | 0z
DA3.0% (No.ofCycles) | 32 | 138 [ 446 | 06 | 78 | 17 | D& | 213 | 22 | 45 | 201 04 | 0% 34 | 100 | a5
DAT5% (No.of Cycles) | 37 | 144 | 453 ] 14 | 183 | 46 | 29 [ 351 57 . &7 | 298 08 | 28 [ 97 [ 20 | 14

DA 15.0% (No.of (yndes) | 4.4 150 | 464 19 | 547 | 144 111 | - 122 | 147 | 410 | 24 | &} 169 | 320 | 27
3% of Pove Presswre ratio | 3.6 13.9 | 445 1.0 &5 27 ¢ 20 | 208 | &1 | RO 25.9 1.8
Wotes: Values of void ratio and relative deosity were observed after consolidation. Values of 95% of p-nrc WatEr pressure ralio ars number of r_-ydcs

All specimens were isotropically consolidated under a confining pressure of 98 kPa and back pressure of 196
kPa were applied then sinusoidal shear stress of various amplitudes were applied in cycle of 0.1 Hz under
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Table 2: Experimental conditions of irregular loading tests

S0l Type | Toyoura Sand (Dr=80%) | Silty Fine Sand Sandy il

Sampling * Disturbed Undisturbed Undisturbed |

| Specimen oumber Tdo Tduil Bd5 5d6 Cds ol

Inpul earthquake maotion Kagihoku br. Kobe ohs. Miyako pon Kabe ubs, Miyako port Kobe obs.
Void Ratio .67 0.681 0.3%0 0917 1.482 13|
__ Reiative Density (%) 8.6 830 T8 64,2 - -

Maximum sbear stress (kPa) 34.3 6.8 376 46.4 35.2 ana

Maximum shear strain {%) 0.36 2,06 2.47 265 181 3.37

Maximum Pore Pressure ratio 091 .99 0.95 0.96 nes ;067

undrained condition. Skenpton’s B-value of more than 0.95 was obtained in al the specimens. Amplitudes of
sinusoidal shear stress and liquefaction test results are shown in table 1.

Theirregular loading tests were experimented with the Toyoura sand (Dr=80%), the silty fine sand and the sandy
silt specimens. Test conditions are same as the sinusoidal shear tests. To simulate the time histories of shear
stress during earthquakes, the observed acceleration motions were modified by multiplication factors. The
acceleration motions used were following three seismograms: the 1983 Nihonkai-chubu earthquake observed at
Kaihoku Bridge by Public Works Research Ingtitute, Ministry of Construction, the same earthquake observed at
Miyako Port by Port and Harbour Research Institute, Ministory of Transport, the 1995 Hyogoken-nambu
earthquake observed at Kobe ocean meteorological observatory by Japan Meteorological Agency. The
experimental conditions are shown in table 2.

ANALYTICAL RESULTS

Thedissipative ener gy and excess pore water pressure during sinusoidal loading
The dissipative energy is calculated until the excess pore . ‘
water pressure exceeds 95% of the initia effective
confining stress. Figure 3 shows relations between the
dissipative energy and the excess pore water pressures thus
obtained from a series of Toyoura sand (Dr=50%) tests.
Although the amplitudes of cyclic shear stress were
different in each of the tests, al the envelopes of peaksin
each curve are similar in shapes. The peaks of the
dissipative energy approximately correspond to the shear {
work evaluated within every haf cycle. Therefore, the
results of previous studies that the pore water pressures are BT e o oe oy
uniquely correlated with the shear work of every half cycle

are observed in this study.
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 Dissipative Enargy in kJ/cubic m
Figure 3: Relations between dissipative energy
and excess pore waler pressures of

The relationships between the square root of dissipative Toyoura sand (Dr=50%)

energy and the excess pore water pressures are illustrated
in Figure 4. All the envelopes of peaks in each curve are
approximately linear and these gradients are almost same
each other ranging in the pore pressure to 70kPa. The
stored elastic energy and the excess pore water pressures
in calculating steps are shown in Figure 5 (Tdl) and
Figure 6 (Td2). The stored elastic energy increases
vigorously ranging in the pore pressure from 70kPa, and
the decrease of pore water pressures seem to be
proportional to the stored elastic energy developments.
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Figure 7 shows relations between the square root of -

dissipative energy and pore pressures obtained from
Toyoura sand (Dr=80%) tests. All the envelopes of peaks
in each curve are approximately similar but linear relations
disappear ranging in the pore pressure from 40kPa.
Corresponding to these, the stored elastic energy is
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Figure 4; Relations between square root of
- dissipative energy and excess pore water
pressures of Toyoura sand (Dr=50%)
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increasing within early calculating steps as shown in Figure 8.

sures of Toyoura sand (Dr=80%, Td5)

sures of sikty fine sand (Sd3)
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The relationships between the square root of dissipative energy and the pore pressures of undisturbed silty fine
sand and sandy silt are shown in Figure 9 and Figure 11, respectively. There are little difference among the
envelope curves but the unique correlation between the envelope curves and pore water pressures are observed.
The linear relations between the envelope curves and pore pressures are recognized ranging pore pressure to 40
kPa, too. The stored elastic energy and pore pressures of silty fine sand and sandy silt areillustrated in Figure 10
and Figure 12. The elastic energy of both soils increases within early calculating steps.
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Figure 12: Stored elastic energy and pore
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Figure 13: Relations between square root of
dissipative energy and pore pressures of
Toyoura dense sand (Dr=80% ), irregular
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Figure 16: Stored elastic energy and pore
pressures of zilty fine sand, irregular
loading

Figure 15: Relations between sguare reot of
dissipative energy and pore pressures of
sandy silt, irregular loading

The dissipative ener gy and excess pore water pressureduringirregular loading

The calculations of irregular loading were made for Toyoura dense sand (Figure 13), silty fine sand (Figure 14)
and sandy silt (Figure 15). Each relation between the sguare root of dissipative energy and the pore pressures is
approximately agrees with the sinusoidal ones except the calculation of sandy silt loaded with Miyako Port
motion. The linear relations between the envelope curves and pore pressures are also observed. Figure 16 shows
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the stored elastic energy of silty fine sand loaded with Miyako Port motion. Vigorous increases and decreases of
pore pressure correspond to the decreases and increases of stored elastic energy. The elastic energy level agrees
with that of sinusoidal loading resultsin Figure 10.

CONCLUSIONS

The calculating method was proposed to evaluate the dissipative energy and the stored elastic energy of a soil
element during a liguefaction test. The dissipative energy is determined as continuous values and the stored
elastic energy is calculated as the difference between the shear work and the dissipative energy. The method was
applied to the results of several liquefaction element tests such as various amplitudes of sinusoidal shear stress
testsand irregular shear stress tests simulated earthquake stress motions.

A unique correlation between the dissipative energy and the pore water pressure developments is observed. This
correlation is independent of amplitudes of sinusoidal shear stress. The pore pressure buildup to 95% of the
initial effective confining stress necessitates 0.658 kJ/m® average dissipative energy for Toyoura loose sand, 2.48
kJ/m? for Toyoura dense sand, 5.26kJ/m? for silty fine sand and 16.4 kJ/m? for sandy silt. It is recognized that
easily liquefiable soil requires low dissipative energy within test materials.

There are linear relations between the peaks of pore pressures and the square root of dissipative energy at each
peak. These relations are observed ranging in the pore pressure to 70kPain Toyoura loose sand and ranging to 40
kPa in other sands. The gradients of linear relations are proportional to liquefaction strength. The fact that the
pore pressure developments correlate to the square root of dissipative energy means the energy owing to the
negative dilatancy of sand is proportional to the dissipative energy.

In the calculations of irregular loading, each relation between the square root of dissipative energy and the pore
pressures is approximately agrees with the sinusoidal ones except the calculation of sandy silt loaded with
Miyako Port motion.

The stored elastic energy develops at almost the same time that the excess pore water pressures decreases
temporary. The stored elastic energy values are approximately proportional to the temporary decreases of excess
pore water pressure with large shear strain.
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