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SUMMARY

Three families of shear modulus reduction and daqpatio curves, developed by Vucetic & Dobry (1991
Ishibashi & Zhang (1993) and Darendeli (2001), eeeiewed. A comparative analysis of all families is
presented for two soil groups, non plastic andtglasoils. The influence of five important factars cyclic
behaviour (number of cycles, loading frequency,roeesolidation ratio, mean confining pressure alagtjcity
index) is studied for trend, rate and magnitudgasfation. A direct comparison with third party tahtory data
not used in the development of the empirical curfssl sampled in Turkey, following the 1999 Kodael
earthquake) is also undertaken. The main advantaydse different curves, their range of applicapibnd
shortcomings are identified and recommendationdést usage of each set are given.
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1. INTRODUCTION

Dynamic soil behaviour resulting from earthquakedced ground motion can be hysteretic, highly
nonlinear and plastic. Ground response predicti@thods should ideally address all those aspects,
while still maintaining a balance between efficigramd accuracy adequate for the problem under
consideration. The recommended practice is to uher dynamic soil properties from laboratory and
field testing of site materials. However, dependimgthe location and complexity of a project this
approach might not be practical or viable. Curearthquake geotechnical engineering often resorts t
worldwide or region specific empirical relationsgeshear modulus reduction and damping ratio
variation with cyclic shear strain) to estimate ayic soil properties and tackle various problenas. F
instance, site response analysis is usually camigdising equivalent linear models or simple aycli
nonlinear constitutive models calibrated againss¢éhempirical relations.

This paper presents a critical review of the VucétiDobry (1991), Ishibashi & Zhang (1993) and
Darendeli (2001) empirical sets of normalized shmadulus, G/Ga,, and material damping ratig,
curves. A comparative parametric study is thenquaréd for two soil groups, non plastic and plastic,
based on work from Guerreiro (2008). The influentdive important factors in cyclic shear stress-
strain behaviour is examined. These are, in inangawrder of significance for common geotechnical
applications, number of cycles N, loading frequefayverconsolidation ratio OCR, mean confining
pressure pand plasticity index,] The parametric study is followed by a direct cangon with third
party laboratory data not used in the developméahg of the previously assessed empirical curves.

2 EMPIRICAL CURVES

Several studies have been undertaken to developal@y-based empirical relations for dynamic soil
properties, predominantly in the USA and Japane&lwommon empirical Gz, andé sets of curves
are introduced in the following sections. None luérh should be applied to sensitive or cemented
natural soils, as these were never tested noraenesl in their respective studies.



2.1 Vucetic & Dobry (1991) Curves

Vucetic & Dobry (1991) carried out a compilationtbe results of numerous studies, which included
different soil types, testing apparatuses and cyelt types. Representative (not mean) g/@d¢
curves were graphically fitted, after which the Melown family of modulus reduction and damping
ratio curves were developed. These are reproducEityi 1.
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Figure 1. Vucetic & Dobry (1991) G/Gax- Y. andg -y, curves equations

According to Vucetic & Dobry (1991), the charts aeeommended only for preliminary studies due to
high data scatter. It is also stated that soil datges from clean sands to clays, encompassing wid
overconsolidation ratios (1-15) and plasticity ixele (0-175%). Nevertheless, it should be noted that
only values of OCR of 1, 2 and 4 andd0% are well represented in terms of number ofpeddent
studies. The remainder of the values appear ordg.olllso, the compiled confining pressures did not
exceed 400kPa. As such, any comparison with highealues should be considered with caution.

2.2 Ishibashi & Zhang (1993) Curves

Khouri (1984) compiled data from numerous studiesandy soils and proposed hyperbolic equations
for G/Gnay, as a function of cyclic shear strain and confinpressure, and fdf, as a function of
G/Grax Based on these functions, Ishibashi & Zhang (lé@8eloped analytical expressions that also
included the effects of plasticity index. These neguations were calibrated based on additional,
though somewhat limited 450%) and scattered, laboratory data from sevess#arehers. Fig. 2
shows representative GG - y. andg - y, curves based on the Ishibashi & Zhang (1993) émust
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Figure 2. G/GyaxY. andg -y, curves after Ishibashi & Zhang (1993) equations

Fig. 2 reveals that the normalized shear modulusatesn returns values above 1.0 at low and
intermediate strains. This inconsistency increagds p' but decreases with (not observable above
1,=100%). Note that, for,lvalues above 100%, all curves practically collaps® a single
relationship, which is independent of Similarly, the damping ratio equation returns ateg values

at intermediate strains whehyalues are sufficiently large, although outside typical range relevant



for engineering practice (e.g. 1100kPa {s116%; 3000kPa for,#30%). Therefore, it is important to
retain that additional restrictions may be neededi/G, . andg values.

2.3 Darendeli (2001) Curves

Darendeli (2001) used an extensive database froinugresearch projects to develop the most recent
of the analysed families. The database consistetrobined Resonant Column and Cyclic Torsional
Shear (RCTS) tests, sequentially performed on tirgamples from soils described as having low void
ratio and not liquefiable during seismic activityhe tested soil samples ranged from natural clean
sands to clays, characterised by broad intervassuwipling depth (3-263 m), confining pressure (0.3-
27.2atm), | (0-132%) and OCR (1-8). A statistical analysistoé database was undertaken to
calibrate all of the required parameters. It idestahat the five key factors influencing dynamidl s
properties were taken into consideration. Also, @ugest data collection limitations, the equatians
recommended only fog<1.0x10°. The resulting curves are presented in Fig. ifange ofJand p
values. It should be noted, however, thatldcks representativeness for values above 30% (10
samples) when compared to the remainder (100 sajnfleis has very likely introduced a bias in the
development of the curves, as they exhibit a nagrdweath for varying values qf When compared
with the proposals by Vucetic & Dobry (1991) anlditeshi & Zhang (1993). OCR values are also not
very well represented above 2 (9 samples agairissaMples for OCR?2).
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Figure 3. G/GyaxY. andg -y, curves after Darendeli (2001) equations

Fig. 3 shows that Darendeli (2004)curves reach a peak at large strains and thet tetairop,
particularly for lower pand/or lower J values. Although this trend has so far not beesenked
during testing, the values of strain for which @cors are clearly outside the recommended range of
applicability of the expressions proposed by Daedi{@001)..

3 EFFECTS OF CYCLIC LOADING FREQUENCY AND NUMBER OF CYCLES

Generally, frequency and number of cycles areedlafhe typical applied frequencies and number of
cycles of the Cyclic Triaxial and/or Torsional ShEES tests resemble a strong ground motion, i.e. a
vibration problem with lowf (1-10Hz) and N (1-10 cycles). Conversely, the Rasbd Column RC]

test nearly represents a fatigue problem, i.e. h{@00Hz) and N (1000 cycles). The combined effects
of frequency and number of cycles are thereforess&sl for the Darendeli (2001) curves. Vucetic et
al. (1991) and Ishibashi & Zhang (1993) curves db account for these two factors. They have,
however, been included in Fig. 4 for reference.

Darendeli (2001) found that, for his database, {z/@urves were not very sensitive to frequency
while & curves could shift noticeably depending on sqgietyand strain level. Similarly, it was found
that changes in Gl curves were negligible for different values of ti@nber of cycles, whilé
curves changed slightly at large strains. The egustvere developed accordingly, i.e., G{@ralues
are neither affected blynor N, whereag values increase with increasifigand decrease at large
strains with increasing N.
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Figure 4. Damping ratio prediction for non plastic (a) afdspic (b) soils in TS and RC type tests

Fig. 4(a) shows that the combined effect$ ahd N, when changing fromTe type to aRC type test,
have a minor impact on the damping curves for nastie (L,=0%) soils. For low J (1,<30%) soils
(not shown herein for brevity), both factors tendhearly cancel out at intermediate to large sstain
while slightly increasing damping at small straifer plastic soils (see Fig. 4(b)), the curves ldigja
nearly uniform increase in damping (growing witlerigasing J). This occurs irrespectively of pnd
OCR values, with frequency playing a more importatd than the number of cycles.

Being less significant (compared to the other fesjtdhe effects of loading frequency and number of
cycles are not considered in the remainder ofghidy. In all subsequent compariséda&00Hz and
N=1000 are assumed, which correspond RCaype test. This test provides a clearer benchrdaek

to the widest availability of results amongst tlkarained laboratory data.

4 COMPARISON OF EMPIRICAL CURVES FOR NON-PLASTIC SO ILS

Ishibashi & Zhang (1993) and Darendeli (2001) car¢see Fig. 5) show the commonly observed
trends of increasing normalised shear modulus addcing damping ratio with increasing confining
pressure. Furthermore, both sets of curves shoilteae effects become less important for higher
confining pressures. Vucetic & Dobry (1991) familfycurves do not directly account for effects of
confining pressure, but are included in Fig. Srederence.
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Figure 5. Effect of confining pressure on G/ andg predictions for }=0%.

Fig. 5(a) shows that the Ishibashi & Zhang (1993p3. curves always plot above the Vucetic &
Dobry (1991) and Darendeli (2001) curves, i.e. jmtedlower shear modulus reduction, with this



difference increasing largely with increasing caimfg pressure. Darendeli (2001) G{ curves
compare well with those proposed by Vucetic & Dofr§91) for pvalues lower than 200kPa.

At small strains, Fig. 5(b) shows that the IshibalZzhang (1993)¢ curves compare well with the
Darendeli (2001) curves except for very loiwpglues. In contrast, at large strains they comparg
poorly for all values of p At intermediate strains, the Ishibashi & Zhan§93) £ curves generally
predict less damping, with the difference incregsiith confining pressure. Fig. 5(b) also shows tha
the Vucetic & Dobry (1991} curves compare reasonably well with the Ishib@sfihang (1993)
curves, but only for pvalues lower than 200kPa and for small and intdiate strains. Conversely,
the comparison with Darendeli (2001) curves idyagood between’p50kPa and 400kPa.

5 COMPARISON OF EMPIRICAL CURVES FOR PLASTIC SOILS

For the following comparisons, overconsolidatiotioraconfining pressure and plasticity index are
examined for values ranging from 1 to 10, 10kP&5@0kPa and 1% to 200%, respectively.

5.1 Effect of Overconsolidation Ratio

Darendeli (2001) is the only family of curves tleansiders the influence of overconsolidation ratio.
Whilst having no effect for non plastic soils, Fgshows that, for plastic soils, there is an iaseein

the normalised shear modulus and decrease in dgmaiio with increasing overconsolidation ratio.
This effect is slightly more significant for highgrvalues, as illustrated by the changes from Fig) 6(
to (c) and Fig. 6(b) to (d) (wider breath of thevas at intermediate strains). Nevertheless, tlpaan

of overconsolidation ratio is minimal at both smatid large strains and becomes increasingly less
important for higher OCR values.
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Figure 6. Effect of OCR on G/G, and predictions for low and high plasticity indexes



In contrast, confining pressure barely modifieseffect of OCR (not shown in the figure). Increasin
p’ values basically shifts all curves to the righd &ither upward for G/ or downward fog.

Comparisons between the three families of curvegadrom poor to fair, particularly at intermediate
strains. It is worth noting that, overall, the udhce of OCR appears to be considerably less
significant than that of p’ and.ITherefore, for clarity of interpretation betwgaastic and non-plastic
soils, a value of OCR=1 is assumed in the nextdwasections.

5.2 Effect of Confining Pressure

Similarly to non-plastic soils, Fig. 7 shows thairBndeli (2001) and Ishibashi & Zhang (1993) curves
predict increasing normalised shear modulus andedeing damping ratio with increasing confining
pressure. Both sets of curves also show that thHsets are less important for higher confining
pressures. Further analysing the Darendeli (200G),£zcurves, Fig. 7(a) and (c) reveal that different
I, values do not alter the effect of confining pressfcurves merely appear to shift uniformly). Fig.
7(b) and (d), however, show that larger variationstheg curves are found for higheg Values. On
the contrary, Ishibashi & Zhang (1993) curves slamwincreasing impact of confining pressure with
decreasing plasticity (see Fig. 5 and Fig. 7). Atsanfining pressure changes have no impactgfor |
values above 60%, as all Ishibashi & Zhang (199@)ves practically collapse into a single
relationship (see Fig. 7(c) and (d)). As previousigntioned, the Vucetic & Dobry (1991) family of
curves is included only for reference.
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Figure 7. Effect of confining pressure on G& andg predictions for low and high plasticity indexes

At low I, values (}<30%), Fig. 7(a) and (b) show that the Ishibashi BaZg (1993) and Darendel
(2001) G/Gax andg curves share the same comparative behaviour a®feplastic soils (see Fig. 5).
However, note that, while the trends are similbg actual values vary with plasticity index. The
Vucetic & Dobry (1991) G/G.x curves compare better with the Ishibashi & Zhahg98) or the



Darendeli (2001) curves for lower (Fig. 7(a)) ogter (Fig. 7(c)) pvalues, respectively. In contrast,
the& curves compare poorly with both the Ishibashi &@dty (1993) and Darendeli (2001) curves.

For high } soils, Fig. 7(c) and (d) show that the Vucetic &by (1991) and Ishibashi & Zhang
(1993) curves compare fairly well and practicalyincide for [>60%. The Darendeli (2001) curves
predict, for values of p’ typically encounteredédngineering practice, a sharper modulus reduction
and higher damping ratio than the other two setdy @r very high confining pressuresXf000kPa)
the curves invert their relative positions (not\whdn the figure). It should be noted that incregsi
OCR causes this threshold to occur sooner.

5.3 Effect of Plasticity Index

Plasticity index is the factor traditionally memed as having the highest impact on cyclic soil
behaviour and all three analysed sets take itdatsideration as demonstrated in Fig. 8.
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Figure 8. Effect of plasticity index on G/Gyandg predictions for low and high confining pressures

Fig. 8(a) and (c) display, for all Gj sets, the widely recognized trend of higher noisedl shear
modulus with increasing plasticity index. This bebar becomes less significant for highgwvalues.

On the contrary, for damping ratio (see Fig. 8(t) &)), the three sets present varying resportses a
different strain levels. Vucetic & Dobry (1998 )curves predict the well known trend of decreasing
damping with plasticity index. This effect also d@nishes for higherglvalues. Ishibashi & Zhang
(1993) & curves generally predict the same behaviour aeMué& Dobry (1991) curves, with one
exception. Fig. 8(d) illustrates a trend reversahereby damping increases with plasticity index,
present only at small and intermediate strainsfang’ values higher than 200kPa. Finally, Darendeli
(2001)¢& curves always predict two similar reversals atlsarad large strains. The trend reversal at
small strains accurately reproduces EPRI (1993) dncetic (1998) results. However, it remains
unclear whether a trend reversal is realistic egelastrains, as this behaviour has so far not been
observed in laboratory tests. It is important téenihat the breath of Darendeli (2001) G4andE



curves is about half that of Vucetic & Dobry (19@1yves. This difference is probably due to the fac
that the calibration was performed with a limitgddatabase and it results in curves that should be
used with care for,lvalues above 30%.

For low confining pressures, Fig. 8(a) shows thatWucetic & Dobry (1991) and Ishibashi & Zhang
(1993) G/Gax curves always predict a slower modulus reducti@mntthe Darendeli (2001) curves.
Similarly, Fig. 8(b) shows that the latter nearlways predicts higher damping ratio. The exception
occurs at large strains and for very lgwalues. Note also that the difference betweeridireer two
sets and the latter one increases largely withtipiys index for both G/Gax and & curves.
Furthermore, Fig. 8(a) shows that Vucetic & Dolt991) G/Gu.x curves tend to compare better with
Darendeli (2001) curves at lowgrvalues and with Ishibashi & Zhang (1993) at higheralues. In
contrast, Fig. 8(b) displays a generally poor amesg between all three damping ratio sets.

At high confining pressures, agreements vary fraorgo fair at different strain levels (see Figc)3(
and (d)) and clear relative trends are hard tdoista Nevertheless, Ishibashi & Zhang (1993) carve
predict a slower modulus reduction and lower dagpitio when compared to Darendeli (2001)
curves. As for low confining pressures, the onlgeption occurs in thé& curves at large strains for
very low |, values. Furthermore, Fig. 8(c) and (d) show that Yucetic & Dobry (1991) curves
generally compare better with the Ishibashi & Zh&r@P3) and the Darendeli (2001) curves fobD
and }<50, respectively.

6 COMPARISON WITH THIRD PARTY LABORATORY DATA

Okur & Ansal (2007) produced modulus reduction dathping ratio curves from laboratory testing of
soils sampled at several locations in Turkey, foitg the Kocaeli earthquake in 1999. The samples
were taken at depths of 2.0m to 23.55m and coo$isbrmally/slightly overconsolidated low and
high plasticity silts and claysy(values from 9% to 40%). Multi-stage stress-colgmblcyclic shear
tests were undertaken with a cyclic triaxial appazaequipped for reliable small (1.0%)Go large
(1.0x10" strain measurements.

In this study, the test data sets (nhot the produtedes) from three plasticity indexes are compared
with the most adequate Vucetic & Dobry (1991) anardhdeli (2001) empirical curves. For the
Darendeli (2001) curves, values ©£0.5Hz and N=3 are chosen for consistency withtésting
procedure reported by Okur & Ansal (2007). Alsagcsiinformation regarding overconsolidation ratio
and confining pressure was not available for ewample, reported values of OCR=1 arelRp0kPa
are adopted. Furthermore, the plasticity indexes cdosen amongst the values available for the
Vucetic & Dobry (1991) curves. Similarly, test dafeom three distinct confining pressures,
corresponding to thg312% sample, are compared with the correspondimgridieli (2001) curves.

6.1 Laboratory Data for Varying Plasticity Index

In Fig. 9, the test data reveals the expected srehihcreasing shear modulus and decreasing dgmpin
ratio with increasing plasticity index. As also egfed, this effect reduces for highgvalues.

From Fig. 9(a), it is clear that Vucetic & Dobry9dl) G/G..x curves display accurate values for the
1,=12% and J=27% data range. Fop=440%, shear stiffness is slightly overpredictee. (slower
modulus reduction) for intermediate to large ssailm contrast, Fig. 9(c) shows that the Darendeli
(2001) G/Gx curves are only accurate for the lowestdata set, slightly underpredicting shear
stiffnesses for higher plasticity samples.

Fig. 9(b) shows that Vucetic & Dobry (199%Lurves compare fairly in terms of trends and asxyr
Consequently, a considerable underdamping is pestliat large strains. Similarly to the modulus
reduction curves, Fig. 9(d) shows that the Daren@€01) & curves reproduce well the laboratory
data trends. However, the empirical curves faitdplicate the test data values at small and large



strains, resulting in underdamping and overdampiegpectively. It is interesting to note that thstt
data does not confirm the trend reversals at samdll large strains that are present, albeit not very
noticeably, in the Darendeli (2008 xurves.

Comparison with Vucetic & Dobry (1991)
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Figure 9. Empirical G/G,a and€ curves comparison with laboratory data from OkuA&sal (2007)
Effect of |,

Overall, the test data seems to suggest an impaoe plasticity index somewhere in between of what
was proposed by Vucetic & Dobry (1991) and Daren@€l01).

6.2 Laboratory Data for Varying Confining Pressure

Unfortunately, the information provided in Okur &néal (2007) did not allow for an extensive
comparison of confining pressures. The reported ®latues were restricted to 150kPa, 200kPa and
300kPa and only for samples with a Iguwalue (12%).

Comparison with Darendeli (2001) [ = 12%)]
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Figure 10. Empirical G/G,ax @andg curves comparison with laboratory data from OkuAgsal (2007)
Effect of g



Fig. 10 shows that the impact of varying the canfinoressure from 150kPa to 300kPa,al2%, is
very small. This behaviour compares very well wiita Darendeli (2001) curves. There is only some
underdamping predicted at the small strain range Ksg. 10(b)).

7 CONCLUSIONS

A critical review of three empirical families of ues was presented, followed by a comparative
parametric study and a direct comparison with thady laboratory data.

It was shown that, under certain conditions, thebksshi & Zhang (1993) curves may require the
adoption of additional restrictions in order notviolate two physical principles (i.e. Gig>1 and
£<0%). Therefore, for general application to engimee practice, Vucetic & Dobry (1991) and
Darendeli (2001) curves appear to provide betterrstives. The Vucetic & Dobry (1991) family of
curves only considers the influence of plasticitgidx. Moreover, it is based on laboratory data ithat
only representative for, values below 60%. Its applicability is restricteda rather limited strain
range and it does not capture all the trends inpitagnratio observed under small strain amplitudes
(later identified in Vucetic et al. (1998) and Lang Vucetic (1999)). Therefore, and since confining
pressure has a reduced impact at highealues, these curves are probably better if aghbehigh
plasticity soils (30%<Ip<60%) and, in the casels damping ratio curves, only for intermediate to
relatively large strains<(L.0x10%. The family of curves proposed by Darendeli (906dems to be
able to capture all major effects across the esthan range. However, the reduction in dampitig ra
curves observed at very large strains has never tegtured so far in laboratory tests. Furthermore,
the soil database used lacks representative dataliees of J higher than 30% and for OCR larger
than 1. As a result, these curves are more apptedor non-plastic to medium plasticity soils.

This study equally showed that it is difficult toat conclusions regarding the influence pfihdeed,
whether it results in a narrower (Darendeli (200dr))a wider (Vucetic & Dobry (1991)) breath of
curves, this issue needs to be confirmed by cagrgnt additional testing. This should take into
account all the main factors (KN,OCR, p', }) and should cover a representative selection it{f and
in-situ stress states. Nevertheless, it is likbbt fplasticity index does have a larger impact titeat
proposed by Darendeli (2001), since this study bes®d on a lowey, Hatabase. Additionally, the test
data reported by Okur & Ansal (2007) appears tootmrate this hypothesis.
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