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ABSTRACT: A simple model that can produce any level of damggdbr a given strain
level or damping curve as observed in the laboyatsts is presented. This comprises of
modified Masing unloading-reloading rule and a rfiedi Kondner and Zelasko (MKZ)
hyperbolic as the backbone curve. The model is tsedrutinize the effects of damping
on the one-dimensional seismic site response dsalygch involves the computation of
the response of a semi-infinite horizontally layemeposit overlying a uniform half-
space subjected to vertically propagating shearea:aVhe model’s predictive capacity
through simulations of observed ground motion rdsoduring the 2010 Darfield
earthquake is examined. In addition, results arepased with the equivalent linear site
response procedures conducted at the same straimnrstation and the similarities and
differences of the two approaches are discussegl péper discusses the advantages and
limitations of the equivalent linear and nonlineabndels in terms of simulating soil
nonlinearity and associated material damping. Cytlexial test data on sand samples
sourced from Christchurch have been used for theimed shear modulus reduction and
damping curves. The equivalent linear ground respamnalyses are carried out using
Strata and the nonlinear total stress analysegeafermed using OpenSees incorporating
the originally developed stress-strain model.

1 INTRODUCTION

The dynamic response of soil deposits beneattedait a significant influence on the ground motion
hazard of engineered structures. The properties titmcally need to be determined in order to
characterize a particular soil site include sheaduus, G, and material damping ratidy, Shear
modulus represents the shear stiffness of theaadilcan be approximated as degree of inclinatian of
loop in the case of dynamic loadings. Damping rdtigs a measure of the dissipated energy during a
single cycle of shear deformation or simply a measii breadth of the loop. The relationship between
secant shear modulu§s, and shear strain amplitude is commonly charagdrby shear modulus
reduction curves. Furthermore, the nonlinearityhia stress-strain relationship, which leads togner
dissipation per loading cycle, results in the matetamping ratioh which increases with increasing
shear strain.

Mathematical models, which are capable of predictsoil response, are required in order to
theoretically understand local site effects. Thenplexity of the plastic behaviour of soils is the
reason for the existence of a large body of varidasses to model soil response depending to the
desired level of accuracy and simplicity. Three egah broad classes of soil models have been
proposed, namely equivalent linear models (Schnabell. 1972), cyclic stress nonlinear models
(Ramberg and Osgood 1943; Matasovic and Vuceti@;1B@shash and Park 2001), and advanced
constitutive models (Mroz 1967; Momen and Ghabou®82; Dafalias 1986; Kabilamany and
Ishihara 1990; Gutierrez et al. 1993; Cubrinovsid éshihara 1998). On the one hand, the equivalent
linear analysis is the simplest and most widely leygal scheme for 1D analysis but has several
important limitations. On the other hand, advancedstitutive models which establish a relationship
between the rates of the strain and stress teasmiin principle applicable to any arbitrary stran
loading path for 2D or 3D problems. However, nurosr@arameters which must be determined
through laboratory and field tests limit its use foany practical problems which may lie far from
those used for the calibration of the model (Krat96).
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In many practical cases such as level ground regpanalyses, the boundary value problem under
study is restricted to one spatial dimension, &edsbil is deformed in the simple-shear conditions.
such cases if the excessive pore pressure dueottgsground motion is negligible, it may be more
reliable to construct a constitutive model whiclm egproximately simulate the relationship between
the stress and strain components involved in tloblem, rather than using the general tensorial
representation or simple equivalent linear schehte models of this type called nonlinear cyclic
models can adequately represent the shear strehgiie soil during cyclic loading. A conventional
way of constructing a cyclic shear model is basedh@ concept of a backbone curve which relates
the shear stress amplitudeto the shear strain amplitude,With the backbone curve being defined,
the next step consists in constructing a hysterksip under general cyclic loading conditions
(Kramer, 1996).

Generally, the shape of the backbone curve ismd@ted by the maximum shear modul@,,, shear
strength,Tax, @nd several curve-fitting constants. A set ofoading-reloading rules are assumed to
describe the hysteresis loop in conjunction witl lackbone curve. This is commonly done with the
help of Masing rules. The first Masing criterionspdates that the tangent shear moduli at the saler
point of the unloading or reloading branches of lit@p are identical to the initial shear modulus.
Furthermore, according to the second criteriom, stress reversal occurs at a point definedyhyd

the hysteresis curves are obtained as the corrdsgpparts of the backbone curve enlarged by a
factor ofn = 2, this is expressed mathematically by the followeogiation and shown in Figure la:
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whereFy, = backbone function,t, = shear stresy;y, = shear straim = Masing coefficient.
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Figure 1 (a) Hyperbolic backbone curve and Masing unloading-reloading branches, (b) Comparison of
experimental and Masing-based calculated hysteresis loops, (¢) Experimental and Masing-type calculated
dampingratio curves

By applying Masing rule to a hyperbolic model, ikgra (1996) showed that the damping ratio
converges to a limiting value of 12£ 0.637 when shear strain amplitude becomes igefinitarge.
Experiments give the maximum values of dampingrédr sands lying in a vicinity of 0.3 which is
considerably smaller. Therefore, the magnitudeashping predicted by Masing rule is not supported
by experimental test results (Hardin and Drnevi®i/2, Ishihara, 1996). Figures 1b-c illustrate that
using Masing criteria, the area of the hysterexip lis greater than that measured by experimesgal t
data resulting in overestimation of damping rafibe overestimation of hysteretic damping induced
by employing Masing criteria can unconservativadgd to underestimation of some of the seismic
response parameters such as peak ground acceler@lierefore, the application of Masing’s rules
does not provide an adequate approximation simedtasly for shear modulus and damping ratio.

The issue of how to approximate simultaneously libéhshear modulus and the damping ratio has
been addressed by Muravskii and Frydman (1998jHeuproposed model was rate dependent. Later
Osinov (2003) followed similar approach to develaploading-reloading curves which were
independent from the backbone curve. Another smiutif the aforementioned damping problem with



Masing criteria has been proposed by Phillips aaghdsh (2009). While functional form provided
consistency between the experimental and matheshat#mping curves, the tangent modulus at the
point of reversal reduces due to reduction factat therefore is not equal @ This is in contrary

to the first Masing rule.

Given a soil model for symmetrical loadings, Pyk849) proposed an alternative unloading-reloading
rule in which the Masing coefficiemtcan deviate from two, in order to extend the Mgsimodel for
use with irregular loadings. A factargreater than two allowed simulation of cyclic hamihg, while
cyclic softening could be modelled by assuming me/af n less than two (Lo Presti et al. 2006).
Likewise, it can be illustrated that the same idaa be employed in order to simulate any target
damping ratio curve by modifying the Masing criteri

2 STRESS-STRAIN MODEL FOR CYCLIC CHARACTERIZATION OF SANDS

The hysteresis curve for the stress-strain relakignis constructed in such a way that it produnch

the required backbone curve and the required dagmgitio as functions of the strain amplitude for
soil under cyclic loading. The backbone descriltimg monotonic stress-strain curve is the modified
hyperbolic model developed by Matasovic and Vucgti293). The cyclic behaviour, or unloading-

reloading branches, has been modelled using a ireddiérsion of Masing criterion. A parameter,

is introduced for the unload-reload curves and,pdw@metern, is allowed to vary depending on the

desired level of hysteretic damping.

As was explained previously, the Masing rule allaygsto construct hysteresis loops from a given
backbone curve without resort to any other datatf@nother hand, however, there exists a quantity,
namely the damping ratio, which plays as imporgardle in the modelling of the dynamic phenomena
as the backbone curve. With the use of the Masingsy the damping ratio is obtained from the
constructed hysteresis loops and cannot be prescrib advance. Even if a backbone curve
approximates the cyclic stiffness of the soil $atisorily, it may turn out that the obtained dangpin
ratio fails to be in good agreement with the experntal data. Therefore, it is desirable to try to
describe the hysteresis loops which produce a pbest damping ratio as a function of the strain
amplitude.

To preserve the simplicity of the solution proposgdMasing (1926), as well as achieving a better
agreement between the experimental and modelletéreyis damping, two conditions need to be
satisfied. First, for symmetrical periodic and dydoadings, after an unloading with a following

reloading a point comes back into the reversal tpaihere the unloading began (similar to the
conventional Masing's model) forming a closed Idop any level of shear strain. In addition, the
curves should be similar in shape to that of th&alnloading curve. Second, the tangent shear
modulus on each reversal point should assume & \ajual to the initial tangent modulus for the
initial loading curve Gnax-

To meet the first condition, antisymmetry shouldshésfied namely two points #(, 7,) and B{j, -

L) in Figure 1&rror! Reference source not found. should fall on the unloading and reloading
branches. The unloading-reloading equation shouhdain as a parameter the absolute value of strain,
14, at which the pointy 7) leaves the backbone curve because of either dinigar reloading. This
parameter remains without changes until the pgint)(intersects the backbone curve and afterwards
abandons it at a new valugs. Introducing the power coefficieng this can be confirmed by
expanding equation 1 and using modified hyperbexdjgation to obtain:
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It is obvious that pointé andB both fall on the above curve considering a Masiogfficientn, to be
equal to two andp= 1. However, this may not be true for an arbjtrealue ofn. Solving above




equation forg and for a generad-value, and entering poilin the equation yields:
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Therefore, any adopted combinationgsfindn which satisfies equation 3 will result to a closedp
hysteresis. The next step would involve the arega®lioop to be in agreement with material damping
curve, the former representing a measure of théetetic damping. A best value can readily be
obtained by iteration, matching the damping ratiorf experimental test results and the one calallate
by unloading-reloading rule. Onceis adopted, curvature variabje can be obtained using equation
3. It can be shown that the derivative of the utHogload equation at the reversal points is equtie¢
initial tangent modulus and hence the second cndiemains valid. In Figures 2a-b hysteresis loops
are shown for values of strain amplituge 0.4 and 0.8%. The model is calibrated using nreas
modulus degradation and damping data from triatésts on Christchurch sand samples under
confining pressure of 100 kPa any relationships are produced for each element @&sen then-y
curves as the input experimental damping propertles model is employed in a C++ computer
program called OpenSees (McKenna and Fenves 2001]fsite response analyses.
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Figure 2 Varying Masing coefficient, n, and curvature parameter, gfor two strain amplitudes

In order to verify that the experimental dampin@dsurately simulated by the proposed model Figure
3 presents the comparison between the experimantithe modelled damping curves. It is clear that
the simulated damping for medium to high strairels\can be accurately represented by the proposed
formulation. Therefore, the suggested model allessto regulate independently the behaviour of
stiffness and damping and to reflect more precisgperimental results on cyclic loading of soils.
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Figure 3 Comparison of the computed damping curves using the proposed model and the hyperbolic
experimental input damping curve




3 STRONG MOTION STATIONSAND INPUT ACCELEROGRAMS

GNS Science, a New Zealand government-owned rds@astitute developed GeoNet as a non-profit
initiative to enhance the response to and preerdtir natural hazards such as earthquakes in New
Zealand. The New Zealand GeoNet is a strongly daliection and analysis system consisting of
national and regional-scale sensor networks. Intiadd GeoNet provides data and information for
rapid event response (GeoNet ; Petersen et al.)2@GEbNet strong motion records from ground
motion stations which are located in Christchuritli were obtained for the purpose of this study.
These stations recorded valuable time historiejmguhe Canterbury earthquakes sequence, two of
which was selected for the site response analys#sis paper, i.e. RHSC and CBGS stations. This
station are placed on Springston formation whicris on Riccarton gravel.

Based on in-situ geophysical test data measuretlvogd et al. (2011) at these stations, the soill
profiles were modelled for site response analységufe 5). The required normalized modulus
reduction and damping ratio curves for the analysare calculated based on a series of cyclic ddaine
triaxial tests conducted on sand mixtures obtafnaah a site in Christchurch, New Zealand (Arefi et
al. 2012). All specimens were non-plastic and wested triaxially under a confining pressure of 100
kPa; therefore the influence of the effective coinij pressure and the plasticity index on the masiul
reduction and the material damping curves couldb®talculated. Darendeli (2001) developed an
empirical framework in order to create a set ofrmalized modulus reduction and material damping
curves incorporating the most important factortuigricing the dynamic properties of soil. This model
was calibrated utilizing the results of the tessadl in this study. The recommended values by
Darendeli (2001) were assumed only for the cormedjpy parameters which could not be evaluated
based on the limited number of tests available @ristchurch soil. Figure 4 illustrates the
recommended curves computed based on Darendelil200posed framework employing cyclic
triaxial test results of Christchurch sand.
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Figure 4 Recommended modulus reduction and damping curves based on Darendeli (2001) empirical
framework and the cyclic triaxial test results of Christchurch sand

The method of analysis employed in the time-stgppirocedure could in some respects be compared
to the analysis of a structural response to inpourgd motion. Like a structure, the layered soil
column was idealized as a multiple-degree-of-freedlamped-mass system as shown in Figure 5. The
stiffness and hysteretic damping of soil was regmmesd with nonlinear hysteretic springs. The
nonlinear springs can follow either Masing-type &@ébur or the proposed hysteresis explained in this
paper. Additional Rayleigh damping was considegeddw-strain levels when the hysteretic damping
is close to zero. The dashpot at the base of thdehupuld be used with outcropping input motion
otherwise a rigid base using within input motioca@mmended by Stewart et al. (2008) should be
used. The control motion was specified at the bottd the system of the lumped masses. Although,
OpenSees allows analysis of multi-directional shgkonly one horizontal direction of shaking using
lumped mass system is employed in this study.



RHSC CBGS
El g | g E|] 4| &
w o ﬁ w s ﬁ
Z| © 5 2| ¢ L
I} x o I3} x o]
@ & ] 7] e &

TS sprrgsen i
ohe gtz |l S
e | 8 Vs =180mis B
b o =
D =8 e o 54
RN .
s = |
ES E
103° 10 3"
alaml o
3 GOO 480 mis =
E>,‘—Q7 e Sity sand,
15 e | e
Sty
E vacte
T
20 F30) 20 F=.
= 9@ E ) V=32
o=t OQO -+ -
g —1 ©
el i g
25 1955 25 harel
B T o
J Eracy E R
Ce=pe Vo N TN ESiAR: o

Figure 5. Schematic representation of the site response model (left), stratigraphy of;hé upper 30mat the

RHSC and CBGS strong motion stations (after Wood et al. 2011, CERA 2012) (right)

The base rock incident motion was assessed usingi¥ien motion specified at the surface of the soil
in RHSC station which overlies mainly on Riccart@mavel and is expected to behave almost
elastically during a moderate shaking. To deterntivee corresponding parameters at the surface of
another station, the time history of ground surfacgion recorded at point (RHSC) is used (Figure 6)
This motion is then deconvolved through its soifie as shown in Figure 3 in order to determine th
time history of bedrock motion (at point B) that wla produce the time history of motion at point A
(Kramer 1996). The corresponding rock at outcrogpitotion produces the bedrock motion applied at
the base (point D) of the soil profile at the sifénterest. A conventional ground response ansligsi
then performed to predict the motion at the surfddbe soil profile of interest (point E, CBGSthis
paper). In the site response analysis of the attieng motion stations soil profile, the Masingeyp
behaviour can be compared with the proposed moti@hwenables simultaneous simulation of the
modulus and damping properties of the soil laykelswever, further computational work is under
investigation.
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Figure 6. Procedure for modifying ground motion parameters using the deconvolution method in the
RHSC site and conventional site response analysisin the site of interest (after Kramer 1996)



4 SITE RESPONSE ANALYSIS

A set of equivalent linear and nonlinear site reggoanalyses, using the RHSC and CBGS strong
motion station soil profiles were carried out imer to evaluate the influence of the induced hgsiter
damping. The commonly used two-mode Rayleigh dagpias employed to separately simulate the
low-strain damping. The analysis results are preseim Figure 5 and include results using equivalen
linear analysis (EQL), nonlinear analysis using Mggype hysteresis (Masing), and nonlinear
analysis proposed in this paper. Figure 5a presbkatghe equivalent analysis represent correby t
recorded motion at the surface of RHSC stations ©due to the fact that the input motion employed
for such analysis was the deconvolved time histfrthe surface motion. Furthermore, both Masing
and proposed model give a PGA that is lower thanetuivalent approach. However, in the mid-
period range (0.04-1s) they provide responsesateatsignificantly higher than the EQL spectrum.
Interestingly, all the results are similar for lopgriod ranges.

The performance of the nonlinear site responseysisaas well as the proposed formulation can be
assessed employing the deconvolved fault-paraltgiam for site response analyses of other strong
motion stations such as CBGS in this case. In texfi8GA, all methods resulted in similar results;
however Masing-type analyses slightly underestich#te PGA at the CBGS stations. In general, the
proposed model predicted higher response valuesttieaMasing-type formulation - except for the
period range 0.04-0.1s. It is seen in Figure 5b dlHanethods overestimated the spectral acceterati
at periods higher 1s. The overestimation of dampisigg Masing rules is more pronounced at larger
strain levels and because the maximum shear stamputed in this profile were less than 0.1%s it i
not conclusive whether the proposed model can adetyucapture the response.
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Figure 7 Surface response spectra comparison for RHSC (a), and for CBGS (b) strong motion stations

5 CONCLUSIONS

A new simple equation was proposed for modellingiibading-reloading branches of cyclic stress-
strain hysteresis loops for sandy soils. The pregasodel uses the hyperbolic model as the backbone
curve to represent the modulus reduction curveials shown that the model is capable of capturing
any desired level of energy dissipation as a fonctif shear strain in contrast to conventional nede
which tend to overestimate damping. Therefore, blo¢hmodulus reduction and damping curves can
be simulated simultaneously. In a further attertip, proposed model was employed to simulate the
nonlinear behaviour of two profiles which underli@o strong motion stations. The equivalent
analysis, nonlinear analysis using Masing critesiad nonlinear analysis using the proposed model
were compared in order to study the effect of modgtlamping in the surface ground motion.
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