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Research Team

* Interests in this area stemmed from PhD
studies of Majid Ghayoomi at CU Boulder
 Wenyong Rong, PhD from UCSD in 2020
— Currently working for Mott McDonald
— PhD research was focused on experimental
evaluation of seismic compression of
unsaturated soils
— Performed a series of cyclic simple shear
tests on medium dense sand under drained
and undrained conditions
* Dellena Kinikles, MS from UCSD in 2022
— Developed an elasto-plastic constitutive
model for seismic compression of

unsaturated soils |
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Seismic Compression of Unsaturated Soils

« Seismic compression is the accrual of contractive volumetric strains in soils
due to cyclic shearing during earthquake events and has been recognized
as a major cause of seismically-induced damage to buildings, pavements
and other geotechnical structures (Stewart et al. 2004)

« May be important to consider in site response or serviceability analyses

 Research needs:

« Build a database of cyclic shearing tests on unsaturated soils
« Develop a physics-based methodology to understand the impacts of

unsaturated conditions (initial degree of saturation, suction, etc.)
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Geotechnical Systems with Unsaturated Soils

« Backfill in many geotechnical systems is intended to
remain in unsaturated conditions by design (with
appropriate drainage)

« Northridge earthquake report by Stewart et al. (1995)

found that seismic compression of fills caused

Mechanically- damages on the order of $50,000 to $100,000 per lot

stabilized earth walls Seismic compression of backfill soils may be a key
design factor as small settlements may have a major
effects on superstructure

* While looser soils are expected to exhibit more seismic
compression, backfill soils are usually initially dense
due to compaction

« Dense soils may still show contractive strains

MSE during cyclic shearing
Road/rail Bridge » Density may be lower near the face where

embankments ~ Abutments deformations are critical
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Soil Water Retention Curve (SWRC)

Capillary  Funicular  Pendular

. B nitial States
m\ 0.9 1 — Primarydrying path
c 0.8 A Primary wetting path
-g 0.7 - after drained shearing
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SWRC for Matric Suction, § (kPa)
SW Sand u, = Pore air pressure
(Rong and u,, = Pore water pressure
McCartney y =u, - u, = Matric suction
2020) S = Degree of saturation

SWRC is the key relationship for both
hydraulic and mechanical analyses
Suction reflects the energy in the
pore water with respect to free water
SWRC depends on pore size
distribution, particle shape, and soil-
water interaction mechanisms
Funicular regime is the focus of this
study as this is where the degree of
saturation changes most with suction
and where water and air can both be
continuous
Hydraulic hysteresis:
« Different primary wetting and
drying paths
« Soils will likely follow a wetting-
path scanning curve during
hydraulic hysteresis
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Drainage Conditions During Cyclic Shearing

 Drained water and air (constant suction): A
» Occurs during slow cyclic shearing Constant
« SWRC of soil evolves with volume suction path in
drained

change as S increases with constant
suction
« Undrained water and drained air:
« May occur in relatively dry soils that are

shearing

Degree of
saturation

close to ground surface with a free air Suction
E€amax (%

phase ID.Z 1U.rﬂl : 0.8 I(f; ; 1.6 ; 20 i

* Soil may become fully undrained when air _ 125 -
Is expelled depending on shearing rate % 120 w\lwwﬁg i

* Undrained water and undrained air (focus): 72 [ i s 1%

* Occurs during fast cyclic shearing like E;ws ‘ " Oneto=17.2kPa

earthquakes, confined layers or layers ;§ 100 r ] i
. . <

with occluded air phase S d—Th10?

« Both u, and u, will change _ Time (sec.)
Fully Undrained: Unno et al. (2008)
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Hydromechanics of Seismic Compression

* Voids filled with pore air will collapse/densify leading N__h 97 i

to volume changes b AL (
* Pore fluids (air and water) will pressurize during -

undrained cyclic shearing &
e Suction changes depend on differential pressurization

of pore air and water

* Degree of saturation will evolve with changes in soil
volume for both drained/undrained cases

* Degree of saturation is a key variable that partitions
the quantity of air and water filled voids as well as the
equivalent bulk modulus that can be used to
determine pore fluid pressurization

* Both degree of saturation and matric suction affect
the effective stress that governs elastic moduli and | rrs
elastic strains
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Effective Stress in Unsaturated Soils

* Effective stress definition :
(Bishop 1959): o e
gij = (Uij — U i) + x(Ug — uy) 5y % \

* Suction stress concept (Lu and E oo T
LikOS 2006 : o 5 ___Sand: @ =03kPa’, n=30 ? .

/ ) o £\ e Saeien e 't/ SSCCin terrm
oy = (03 — uadyy) + 050y F ool A of saturation

tion

* SWRCcan be integrated into - - \ N
suction stress to define the ) -

Matric

e P ——Sand: @ =0.3kPa”’, n =30
i [ ---Sit «=005kPa' n=25

. . . 1 N I — Clay: «=001kPa',n=1.8
suction stress characteristic S SWRC g
curve, SSCC (Lu et al. 2010): E ol
Focus here on 5 T
05 = Se(ug —uy) soils with a @

SSCC in terms
_of suction

200 300 400 500

1 N sand-like
SWRC and o Lo

Nyg
1+ (avG (ua - uw)) SSCC ° 1% Matric suction (kPa)
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Role of Effective Stress in Seismic Compression

500

& 51 data
— 51 fitted
A 53 data

e Effective stress is expected to evolve during

a
drained or undrained seismic compression %4""' oS4 dan
. Effective stress is directly proportional to the 3 wo| > 2&5
elastic shear/bulk moduli and damping ratio, i 200, ff ’%’l
which govern the cyclic response PPt
* Effective stress is only directly proportional to U 8 %’”I”ﬂ -
elastic volume changes through Hooke’s law Y e om0
* Phenomena like seismic compression are Damping ratio
elasto-plastic where suction has independent | pecreasing

effects on effective stress and yield stress degree of

* Knowledge of effective stress changes alone is | S2tration
critical but not sufficient for modeling of

>

selsmic compression log (shear strain)
B T A Y T T /e ) T U
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Seismic Compression of Unsaturated Soils

» Whang et al. (2004) and Duku et al. (2008) found that the
degree of saturation was important for soils with moderately
plastic fines, but trends with degree of saturation were unclear

’ 3 vy
@ :
o e % 2.5 - Silica No. 2 and Vulcan -
o = C D,=60-63%, f = 1Hz ;
e ines_| 2 2F 0 S=0% -
o e Sand D (DR = 60%) W C o S§=30% a
c o Site A Washed Fill Sand (DR = 51%) £ 15 ()
= @ ~ LA = 609 e
= s A4 atS=87% £ . S =60% C
& 3 A at§=T4% = 1 B 1 S=90% &qi
S 2 - o A1atS=55% 0 - (B8 D -
= - : ; 4 = h
2 Clean Sands, Dp = 60% @ é A L:‘ o C A
(Equivalent RC=81-92%) > 05 '_;mj,,f - -
E n SR -
F8g  ©90° ]
4 PR (T, S 0 22, —
- 0.1 1
0 04 0.8 1.2 1.8 )
Shear Strain, v, (%) Shear strain, y, (%)

Comments: Unsaturated specimens were prepared by tamping and
kneading wet soils to target relative densities, leading to
uncertainties associated with compaction-induced soil structure
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Seismic Compression of Unsaturated Soils

» Ghayoomi et al. (2011) performed a set of centrifuge tests on
unsaturated sand layers with uniform suction along the depth,
and found the lowest seismic compression corresponds to the
condition with the maximum value of suction stress

10.0 -

8.0
6.0 +
§=028__ _
r

S:ﬂ. 16—
5 -0.50—
r

Settlement (mm)
=
o

Surface settlement (mm)
o & b N o w©

S =0.00
r

0 05 i 1.5 0.00 0.20 0.40 0.60

Time (5) S,
Comments: Drainage conditions of the pore water and pore air are
unknown in centrifuge tests, and their role on the seismic
compression of unsaturated sand was not investigated
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Seismic Compression of Unsaturated Soils

— Rong and McCartney
ACS motion (2021) in GTJ

XM409 gauge
pressure sensor

Connected to

DAQ system
Loading arm controller
¢ CEONE =T | | Upper clamp || Lube in connection
* Vertical : with air pressure
_y}\/ loading gauge T -: Upper platen :! sensor
T Horizontal regulatar Hydrophobi ’ p O ring ) )
: LVDT membrane f s evenrsorsnel - Porous stone with embedded pins
———66.7
Bubbling 0 Sand specimen Wire-reinforced membrane
tube . )
T —————————— z erramrey| Fritted glass disk
o p (Air entry suction of 50kPa)

Parker rotary motor

* 8 with linear actuator Bottom platen

Mariotte ) JU e AL Base clamp
burette \ |
Base plate
A VA Discharging
Hanging tube Valve
column % > Air flushing
tube T5 tensiometer
“ { Valve Connected to
]' "DAQ system

Specimen housing with separate
measurements of pore water pressure and
pore air pressure (units: mm)
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Example Experimental Results (Undrained)

Number of Cycles, N 0.6 - S = 0AE
0 20 40 60 80 100 120 140 160 180 200 Y g E B-1 (g =2.05kP3, S, = 0.558) U'z 56 kPa
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Empirical Approach to Estimate Seismic Compressioh1

Yee, Stewart, N — o -  CETT T T T
i oo k[ kestueme | ' 7= 0061 100% ] B ]
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Ghayoomi et al. (2013) Methodology for Seismic "
Compression of Unsaturated Sands

® \/olumetric strain of unsaturated sand during earthquake shaking by
incorporating unsaturated effects into empirical relationships for:

® (1) Compression of air-filled voids from Tokimatsu and Seed (1987)
® Rearrangement of particles

® Restraining effects of matric suction

® (2) Consolidation due to dissipation of excess pore pressure from
Ishihara and Yoshimine (1992)

® Increase in degree of saturation
¢ |ocal/global increases in excess pore water pressure
¢ Methodology assumes that these terms are additive, and incorporates
effects of unsaturated conditions into the definitions of both terms:

Cy = gv—compression + Ey—consolidation
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Ghayoomi et al. (2013) Methodology for Seismi
Compression of Unsaturated Sands

€y—compression = f(ye» N,D,,S;)
Combine empirical relationship between SPT blow count and relative
density of Tokimatsu and Seed (1987) with the empirical relationship
between volumetric strain versus number of cycles proposed by Pradel
(1998), and add a linear reduction factor for the degree of saturation:

~1.2
D,
_—r_ 0.45
(0fs) | ¢
€y—compression — Ve 20 1_5 (1 _ Sr)

D, = relative density
v, = effective shear strain Tokimatsu and Seed (1987)
N = number of cycles Pradel (1998)
S, = degree of saturation Stewart and Whang (2003)

Iterative approach is used to obtain the equivalent shear strain using the
average induced shear stress and the shear modulus reduction curve

that employs an effective-stress-based small strain shear modulus
S 1 L T 1 Y A I T
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Ghayoomi et al. (2013) Methodology for Seismi
Compression of Unsaturated Sands

Evy—consolidation = f(ru' D,,o, Sr)

= Pore pressure ratio, r, induced by earthquake shaking

= Relative density, D, Lee and Albaisa (1974)

= QOverburden stress, o Tokimatsu and Seed (1987)

= Degree of saturation, Sr Wu and Seed (2004)
€v—consolidation = €v—-liquefied (ru)2.25 Lee and Albaisa (1974)

Ty = Ty—sqtSr Yoshimi et al. (1989)

Ya
Fysat = 1/2 + 1/ sin™1 (2 ( ) — 1) Kramer (1998)

Estimate ¢, 464 from empirical relationships of Tokimatsu and Seed
(1987) or Wu and Seed (2004)
B e e Y Y

NL—sat
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Ghayoomi et al. (2013) Methodology for Seismic®
Compression of Unsaturated Sands

600 —— ! : e — , « Comparisons of empirical
P Empirical Prediction methodology and results
g 500(-| o Water,a, ,=0.65g i from centrifuge shaking
:g | o Water,a,,=0.55¢ A f table tests (Prototype
Q9 4007 —pe=Metolose-1.8%, apg ,=0.65g [~ ||~ ] scale) o
5 8 ; ; ; « Reasonable prediction for
S 300 yX low degrees of saturation
= « Methodology under-
£ 2000 predicts settlements at
= , : ] higher degrees of

el el NS PR PR saturation, potentially due

o o s = — : to partial drainage during
Funicular Regime — S

r shaking and scaling

more compression the ) _ _
issues with pore fluid

dryer the soil is initially
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Issues with Ghayoomi et al. (2013) Model

w
4]
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o ot 5 : ‘ i
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% 0.2 0.4 06 08 1 05 0.2 5a o5 5 1 pressure ratio

S

r L] L] [ ] [ ] IS [ ] L]
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Hydro-mechanical Constitutive

Model for Cyclic Shearing of Unsaturated Sands

e Key features of model:

Based on elasto-plastic stress-strain concepts of the UBCSAND model
Formulated using the effective stress for unsaturated soils by Lu et al. (2010)
Considers the plastic response caused by cyclic shearing (shear-induced volume
change and associated degree of saturation changes)

Considers hydro-mechanical coupling effects on pore air pressure using a
combination of Boyle’s law and Henry’s law

Estimates pore water pressures independently using SWRC scanning path
Consider the stress-dependency of the elastic properties of unsaturated soils

* Key assumptions:

Air in the pores is assumed to be an ideal gas obeying Boyle’s and Henry’s laws
Air and water phases are assumed to be continuous

Developed shear stress ratio is assumed to follow a hyperbolic relation with the
plastic shear strain, similar to those adopted by Duncan and Chang (1970)
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Cyclic Simple Shear Stress State

o, =50 kPa o Shearing |
& Left: 1 v < 1
Uright) & A
Q
<
, . o
7 } 2 Oh =03
— P ;; o N
“‘ :: — ; - Shearing
— — A ” Right: lcv =0
N i / it
+ h, =initial height * Tigirection) = Shear Stress (left or right) .« y= da " h: o,
* Ah = height change + &) =Plastic volumetric strain . l;oh T-

* d=shearing distance * y=Shear Strain C o=

« Cylindrical wire housing resists any radial expansion
allowing for K, conditions to be valid

« Shearing stresses act to the LEFT or RIGHT during cyclic
shearing corresponding to a rotation of the principal
stresses with no change in mean stress

Rotation of the

principal stresses:
Oy
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UBCSAND - Simplified Elasto-Plastic Model for
Cﬂycllc Shearing of Sands (Beaty & Byrne 2011)

Shear Stress, T

\E G" /o' S
[ =
g =
=
[~ "B
g A Plastic Potential Increment
n P
%d}r”e
Normal Effective Stress, o Plastic Shear Strain, 7” o', ds?
Figure 1. Yield surface in UBCSAND. Figure 2. Plastic strain increment and plastic modulus. Flggre = erectlon§ of Pla_St'c strarlns
associated with location of yield surface.

Assumes hyperbolic response in stress ratio vs. plastic shear strain
Plastic strains controlled by yield loci, and volume changes are predicted
using the flow rule (Puebla et al. 1997)

Plastic hardening allows volume change to accrue at decreasing rate
UBCSAND was extended to study liquefaction of unsaturated soils (Seid-
Karbasi and Byrne 2004), but assumed pore air and pore water pressures
accumulate at same rate using a combined pore fluid bulk modulus
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Shear Stress-Strain Hyperbolic Model

A hyperbolic equation is used to represent the shear stress-strain curve

The shear modulus is converted to a stress dependent parameter by linearizing the
initial loading data of the shear stress shear strain curve

By linearizing the relationship between (%) and (y), the slope and intercept are (%)
ult

and (é) , the ultimate shear stress and initial shear modulus, respectively

, \ ne
_ 1 0]
T—1_|_y X=_+L Gi:KE*Pa*< m>
' T G T P,
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Shear Stress-Strain Hysteretic Loop

Backbone curve:

40
30 - Ye
[ 1 vc*Rg
20 =+
G’i Tult

Decreasing applied shear strain:

_
o

Yc — Yapplied
1 (YC _ Yapplied) * Rf

/ —Specimen Backbone Gj 2 * Tult

—Hyperbolic prediction model
T T T T T T T T T T

-1.0 -0.5 0.0 0.5 1.0
Cyclic Shear Strain (%) B Yc t Yapplied

l n (Yc + Yapplied) * Rf
Gj 2 * Tyt

T= + T,

N
o

Cyclic Shear Stress (kPa)
[y
o

W
o

o
I T T A A A

1N
o

Increasing applied shear strain:
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Shear Modulus in UBCSAND Model

« The initial plastic shear modulus (G{) of the model when the shear stresses are
low (or nearing zero) is equivalent to the elastic shear modulus

« Atincreasing shear stress, the normalized tangent slope of the plastic response
can be predicted from the plastic shear modulus (G') using the shear stresses
and the failure ratio calibrated from the backbone curve of the drained CSS first

compression cycle (Byrne & Beatty 2011)

/

' Small strains:

>

A ,
- ﬂGiP/O" . ,Gf’/o" n.—1
S / ‘J b e [Om) °
; ! i Gl _— Gl —_ kG %k P
&= ;) A
g s .
Z Larger strains:
- 0.5
Z A< P_ P t

a G" =Gi |1 ——Rg

Plastic Shear Strain, y?
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Plastic Shear Strain and Volumetric Strain

7/
7

* Flow rule based on energy considerations is used to compute the plastic
volumetric strain response from the applied plastic shear strains (Puebla

et al. 1997)

« The cumulative plastic volumetric strain (¢!) will be the increment of
each cycle plus the plastic volumetric strain from the previous cycle
* No volumetric strains occur during elastic reversals of shear strain

Plastic

Cyclic Shear
Strain,

Y

Cumulative
Volumetric
Strain,
&y

A

V_: Cycle, N

At T .
AT]d — [O_Im _ ((O_lm)2> Ao m]

1
p —_— —_—
Ay® = Ang <Gp>
A‘Svp — Ayp (Sincl)cv - nd)

P _ AD p
&, = Ag, + &,
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Degree of Saturation from Volumetric Strain

Volume of Water and Solids:
AP =22y, = (V, +¢e,) Vi Vy

Ve * S=Fe=

Vy Vg

* V,, = SeV;

e V, =V, +V, =V, + SeV,
= Vs (1 + Se)

Volume of Air:

* Vo=V -V, -V
e V, = (1—VSS)e

V.(1 — Se)

USEGSD

e, — (Vs + ED)ﬂEE
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Pore Air Pressures during Undrained Shear

UagVao = Nao(ra)RT = constant
ldeal Gas Law:

Uafvaf = Tlaf(FH}RT = constant

Boyle’s Law: UaoVao = UarVar
nau(]]ﬁ) = h X Uy X IF"(‘l.mr

Henry's Law:

Nafpay = N X Uy XV,

Model Equation:

(Paom X €0 (1 + ,))
(tha X e, XRT +e, X (1—50)—55(1+€a))

=
o
I
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Prediction of Pore Water Pressure from
the Suction on SWRC Scanning Paths

S—(Sp+mlog,, Wy)

0.6 - Llj = 10 —m
0.5 . u, =u, — 1l1
c 0.4 - = Primary
&) ] .
."F_;; g Drying Path
03 ] —
2 : S
8 : [E e — E
0.2 E Primary Transient
] & | Wetting Path ransien
] — 5 __—— Scanning
0.1 - ¥ Path
] —S$=0.56 —$=0.40 —S$=0.30 —5=0.20 —S$=0.12 o =
— u
0.0 | | | | I T T (]
Matric Suction, ¢ (kPa) Matric Suction, U

* Slope of transient SWRC scanning paths increases for higher initial saturations
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T

m

A / € o
, Gi = K¢ * P, * P

/

a

;

Lu et al. (2010):

oy = (oy —uy) + Sy

Earth pressure coefficient
at rest:

M Updated mean stress:

| G;and G, are , 1+ 2Ky\
incrementally updated Om = ( ) Oy
by the evolution in

mean effective stress

3
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Undrained Cyclic Simple Shear Tests Slmulated

100 EE— —
McCartney and Rong (2020) Plus Preliminary Tests 5
80 |- u
S C,
Specimen  Initial Matric Initial Initial Strain ~ Final Strain Intended z “FLS
No. Suction Saturation Range Range Strain Range g 40
wo “{Pa] So Yro {%) }’rf’ (%] Yrn {%) B
Set 1 1.99 0.560 0.98:(-1.00) 0.86:(-0.95) 1.00:(-1.00) *r
Set 2 1.99 0.560 0.94:(-0.82) 1.19:(-0.69) 1.00:(-1.00) oL U TTl@r T LTI [T
Set 1 2.99 0.400 0.80:(-0.89) 0.61:(-1.22) 1.00:(-1.00) o b ile Sise (i "
Set 2 2.99 0.400 0.88:(-0.81) 0.51:(-1.16) 1.00:(-1.00) 1.0 LA ; i
Set 1 3.99 0.300 0.85:(-0.94) 0.68:(-1.04) 1.00:(-1.00) 09 1 e
Set 2 3.99 0.300 0.88:(-0.81) 0.51:(-1.16) 1.00: (-1.00) @ 08+ : 0,=0
Set 1* 6.00 0.206 0.89:(-1.08) 0.83:(-1.03) 1.00:(-1.00) 2 071 ¢, =143kPa b —s | = 070 kP
Set 2 5.99 0.206 0.91: (-0.72) 0.87:(-0.82) 1.00:(-1.00) 2] B 0 = 0.38
Set 1 9.99 0.118 1.10:(-0.81) 1.03:(-0.94) 1.00:(-1.00) ﬁg 0:4 ] gs,fe(x)uagoﬂlzo
Set 2 10.00 0.117 0.89:(-1.04) 0.78:(-1.18) 1.00:(-1.00) $ 03 4 ' o8
Set 1* 100.00 0 0.92:(-1.03) 1.00:(-0.88) 1.00:(-1.00) - T P
Set 2% 100.00 0 0.92:(-0.94) 0.78:(-1.06) 1.00 : (-1.00) 1 | et | )
Note: The dry specimen is assumed to have a suction value of 100 kPa. 0.0 T
*Unpublished data 0.1 1 10 100

Matric Suction, { (kPa)

« All valves closed during undrained conditions
« Generation of pore air and water pressures results in reduction of mean stress
« Volumetric contraction leads to an increase in the degree of saturation
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Calibrated Backbone Curve Shape Parameters

Peak friction angle and constant volume
friction angle obtained from triaxial

80 - —1% Shear Strain Calibrate steretic curve
CompreSS|On teStS Of Zheng et al (201 8) —~ 60 E : ;‘2 g:ear;rain Ea:igraieg :zs:ere:ic curve
g 7 —1% Cyclic Shear Strain
= 40 < —3% Cyclic Shear Strain
Average calibrated parameters for the 2 :
hyperbolic model from drained cyclic 5 20
simple shear tests of Rong and s 0
McCartney (2020) 5 -20 -
S -40 -
S -
€ Ne KeG Rf Qlcv le 2t ;
(Deg) (Deg) _80 TTTTTTTTTTTT \ \ T L
-10 8 6 4 -2 0 2 4 6 8 10
0.636 0.49 100 0.9 340 513 Cyclic Shear Strain (%)
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Calibration of Transient SWRC Scanning Path

m = 0.021 + 0.14xS,

g 0.10 3 X 1.25 Cycle - SWRC Transient Path
0.09 - % 200 Cycle - SWRC Transient Pat
0.6 . . % 0.08 - ' :
. g 007 -
0.5 -+ 2 £ 006 -
il = & 0.05 -
) T 5 0.04 -
c 0.4 ] — =" oos
o y S 0.02 -
b= i = 001 ]
0.3 - T — 2 000 frr e
= . 00 01 02 03 04 05 06
Lfg 02 é :2:8258 —_ Initial Saturation, S,
1 —s=03 Changes in the slope | so | mg,
N $=0.2 - :
0.1 1 ol of the tranS|e.nt 0117 | 0.021
1 —Model - Prediction SWRC Scannlng
0.0 T T T T TTTTT T T T TTTT] T | I T TTTT pathS With initial 0.206 0,043
0.1 1 10 100 degree of saturation | 0300 | 0.053
Matric Suction, (kPa) were well-captured [ ¢
with a linear
relationship 0.560 | 0.085
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Summary of Model Inputs and Parameters

Shear Stress - Shear Strain and Effective Stress Equation Parameters

e Oy Vv K, n K,G R O O

o e

(kPa) (Deg) (Deg)
0.636 50 0.33 0.5 0.49 100 0.9 34.0 51.3

Pore Air Pressure Constants

Pair Pater R K Parameters for Evolution in
(kg/m?) (kg/m?) (Z2)  (Kelvin) Transient SWRC Path Slope

mol K with Initial Degree of
1.204 998.19 8.314 294 .3 Saturation

m = 0.021 + 0.14xS,

Cyclic loading conditions (input)

Ve f
(%) (Hz)
1 1
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Example of Model Validation: y,= 6 kPa, S

50
4 —S5=.2 Model 35 50 = 40
1 —Data Set02 - 40 &
= —Data Set 01 a3y T 30 ] = 30
E~3 7 “v": X ] =20
[ i 33 - a 20 g 10
&a F32 g 10 1 L
g 2 ] v & 0 E 5 0
@ £31 © e s -10
E | 2 £-10 1 2
51 &30 - —5=.2 Model 4 -20 1 =2 Model i
= & —Data Set0? S 30 E —Data Set02 5 -30
] § 29 - ) S E —Data Set01 3 -40
oY 28 § ‘ ‘ I ‘ 7Unpubllshed‘Data -40 = 50 —S5=.2 Model —Data Set02 —Data Set01
0 50 199 430 200 0 50 100 150 200 =0 15 o 05 oo o5 10 1s 0 50 100 150 200
Cycle, N =L L = ’ & i i Cycle, N
Cycle, N Cyclic Shear Strain, (%) Y
8
—5=.2 Model 0.228 1 15
"_u__ 7 4 = . | —5=.2 Model -
[ —Data Set02 g o | Data Set02 X0
:J: 5 ~—Unpublished Data v %’; B Data Set01 )‘:)
54 ' % 150220 1 £os
g3 s 2 ] 2 0.0
g By - F ] g
N e TR Modd % 0.212 $-05
5 [ . —Data Set02 2 4 S
e Q - &6 3 —Unpublished Data g b 6-1 0
3 1 L) .| .
-1 - - : — -7 ! T ' ' | —S$=.2 Model — Data Set01 - Data Set02
0 50 100 150 200 0 50 100 150 200 0.2 +—F"—+——"7—""+"—""—"—"""—"7—— 7 -15 L L L L B L
Cycle, N YN 15 10 -05 00 05 10 15 0 50 100 150 200
Cyclic Shear Strain, (%) Cycle, N
0.235
8 0.222 3 ] . .
1 g | —s=2Model —Datasetol —Dataseto3 | | | TS=2Model —DataSet02 —DataSet 01
7 1 = 0.230
‘é‘ 0.218 E 1 1
=S C ] 2, ] £0.225 1
S5 50214 - 2" = ]
2 © 1 S £0.220 +
C 4 5 - S 1
3 £0.210 | p = ]
2 &0:210 4 5, 1 }0.215 |
o 3 2 el | |—Model - Prediction ] 1 ’ ]
s —5=.2 Mode 1l o B E
§ 2 —Data Set02 0.206 pata ser0z a 0.210 |
1 1 Unpublished Data :
o ~—Unpublished Data 0.202 T T e 0 ! — — —— 0.205 T T T
- 1 10
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

Matric Suction, (kPa)
Cycle, N Cycle, N Cycle, N
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Evaluation of Effects of Initial Degree of
Saturation on Seismic Compression

35
1.0 - - 1 —S=.2Data  —S=.117 Data
0.9 E —5=.558 Model —S5=.558 Data & 1 — =3 Data —_S=4 Data
0 . 4| —S=.4 Model —S=.4 Data < 34 ] S=.558 Dat
0.8 J —5=3Model —5=.3 Data - i =208 Jala
— ~—5=.2 Model —5=.2 Data w i
i Q
3\3 i c 0.7 4| —S=.117 Model —5=.117 Data = 33 ]
c1 L 0.6 - " 1
‘s ] 6= 05 3 o 1
| - =1 . .
& 5= & £32
Q9 © 0.4 = (] ]
= n ] & ]
0 D t 0.3 . p ]
T ata 0.2 3 & 31 ;
93] 0.1 3 s 1 Data
Data$=.558 —DataS=.4  —DataS=3 0.0 1 . - . 30 —— T
: —Data 5=.2 —Data $=.117 —Dry Case 0 50 100 150 200
4 0 50 100 150 200 cvile. N
cle
Cycles, N ycle,
Cycle, N 12 3 —5=.558 Model —S=.4 Model
’ —5=.558 Model —Data =558 - - -
0 =0 100 150 200 — A Model  —Dia5oi4 o —S$=3Model  —S=.2 Model
0 T . C 10 —5=.3 Model —Data 5=3 > 34
o —5=.2 Model —Data S$=.2 - ~5=.117 Model —Dry Model
A = 3 —5=.117 Model —Data 5=.117 o
o\o i C.. A
- o & 33
e ] § e g
[ 2 832
R1 4 £ -
g P < 31 N
del  —S=.558 Model i
E i DRY Mo ) 1 M I
% 1 —S5=.4 Model $=.2 Model M Od el 0 = ] Od e
> o 30 T T T T T T T T T T T T T T T T T T T
—S=.117 Model
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Synthesis of Model Results: 15 Cycles

4 7 4
] ] —Model Prediction
< 3 4 = ] aData
& 3 T o o & 3 j
= ] o o 8 SR
i, ° 3 ]
n <] 52
1.2 - S \_/ 27 -
] —Model Prediction > ] =1 ] A A
] 1] ]
1.0 3 ¢ Data 1 —Model Prediction 1 - A
_ 3 i - A
X . 1 oData 1 A A
= 0.8 - 0 1
g : Lo 0 T T 11 rrrr1 rrr [ r 1 17 1T 1 1T 17T 1T 1T 1 T 1T 17 17T
£06 3 o o o 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 01 02 0.3 0.4 05 0.6
a ] < o Initial degree of saturation, S, : Sl : s : .
& . Initial degree of saturation, S,
0.4 ] <o
0.2 i ° ° 4 4
] ] —Model Prediction ] —Model Prediction
0.0 | BN N N N N NN N N N N N N B N N N N B B BN BN B B N R N R R | ".E :DData _ :AData A
0.0 0.1 0.2 0.3 0.4 0.5 06 ¢ 37 Iy 3
Initial degree of saturation, S, 7 ] = ]
S 1 u] o 8 _ A
02 _ gz .
A | B . o]
= ] o - ]
3 ] o £
1 o ] a
o A
O T T T T T T T T T T T T T T T T T T [ T T T T T T T 71T 0 LA B AL AL L LR B L L

00 01 02 03 04 05 06 60 01 02 03 04 05 06
Initial degree of saturation, S, Initial degree of saturation, S,
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Possible Reasons behind Discrepancies
between Model and Experiments

» Model could not capture the effects of changes in peak cyclic shear strain during
application of large numbers of cycles (model stabilizes but experiments do not)
» Possible creep mechanism in addition to hydro-mechanical effects
« Pore air pressures for different initial degrees of saturation are similar at
large numbers of cycles
» Experimental issues may partly explain discrepancy (drift in hysteresis loops,
redistribution of pore water, shape of stress-strain loops, not between £1%)

50 -
e
30 -
20 -
10 -

0.325 +

I

—S=.3 Model Data Set01  —Data Set02

0.320 |

w
T

DRY Model

|
1
1
1
1
1
—5=.558 Model :

.10 3

Saturation

¢ © o
w w
= =
o (0]

[EEY
T T Y NS

Pore Air Pressure, u, (kPa)
N

Cyclic Shear Stress, t. (kPa)
o

0.305 —S=.4 Model 3
. —5=.3 Model -20 E
0.300 - —5=.2 Model -30 3
2 —S=.117 Model 7
0.295 1 ot 5 -40 § I
. L 0 50 100 150 200 50 —FF
Cycle, N -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Cyclic Shear Strain, Y. (%)

- 3



UCSan Diego

JACOBS SCHOOL OF ENGINEERING
Structural Engineering

Conclusions

* Model performed reasonably for small numbers of cycles
« Captured transient changes in hydro-mechanical variables
during undrained cyclic shearing in the funicular regime
 Permanent volumetric compressions in cyclic simple shear
tests are underpredicted
« Use of unsaturated soil mechanics permits tracking of stress
state during cyclic shearing under different drainage conditions
* Linkage between effective stress and dynamic properties
e Seismic compression is an elasto-plastic process
* Future research needs:
« Extend the model beyond the funicular regime: consider
post-liquefaction consolidation
« Better understand the roles of parameter n (vertical stress
effects), initial relative density, cyclic shear strain amplitude



