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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization

The prdcedures used to develop this document and those intended for its further maintenance\ar
describg¢d in the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor th
differenft types of ISO documents should be noted. This document was drafted in accordance|with th
editoriall rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

W W

-

Attentidn is drawn to the possibility that some of the elements of this document may be the subject d
patent rjights. ISO shall not be held responsible for identifying any or all such patent rights. Details @
any paté¢nt rights identified during the development of the document will be in thejlntroduction and/of
on the I$0 list of patent declarations received (see www.iso.org/patents).

)

Any tragle name used in this document is information given for the convenience of users and does nqgt
constityte an endorsement.

For an [explanation on the meaning of ISO specific terms and{expressions related to conformity
assessmjent, as well as information about ISO’s adherence to“the WTO principles in the Technicg
Barrierg to Trade (TBT) see the following URL: Foreword - Supplementary information

—

The compmittee responsible for this document is ISO/TGCA08, Mechanical vibration, shock and conditioh
monitorfng, Subcommittee SC 2, Measurement and evaluation of mechanical vibration and shock as applie
to machines, vehicles and structures.

~

N

ISO 148B7 consists of the following parts, underthe general title Mechanical vibration — Ground-born
noise and vibration arising from rail systems:

— Part 1: General guidance
— Parf 32: Measurement of dynamig'properties of the ground
The follpwing parts are under preparation:

— Par{ 31: Measurementfebthe evaluation of complaints at residential buildings
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Introduction

In order to resolve received vibration and noise from rail systems where there is soil or rock in part
of the transmission path between the source at the track and the receiver location in the building,
it is necessary to know the noise and vibration transmission function of the ground. To know this
necessitates knowledge of the properties of the materials in the ground and their stratification which
influence the transmission. In general there is a need to measure or in other ways to estimate these
properties. To this aim, this part of ISO 14837 defines methods for measurement and estimation of the
relevant dvnamic grmmd parameters

After a brief survey about ground-borne noise and vibration in Clause 4, the key content of this part
qf ISO 14837 is outlined in two clauses. Clause 5 defines the relevant dynamic ground-pargmeters,
describes how they are interrelated and how they are related to basic physics of waye propagation.
(lause 6 deals with methods to determine these parameters: 6.3 presents simplejestimation methods
hased on empirical correlations with conventional geotechnical and engineérihg geologichl index
PBarameters; 6.4 presents methods for indirect determination from geotechniéal in-situ penfetration
test data, while 6.5 and 6.6 present more precise methods for direct measturement of the parpmeters
ip-situ and in the laboratory.

© ISO 2015 - All rights reserved v
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Mechanical vibration — Ground-borne noise and vibra
arising from rail systems —

Part 32:

tion

his part of ISO 14837 provides guidance and defines methods for the measurement of ¢lynamic

properties of the ground through which ground-borne noise and vibration ig-t¥ansmitted, f
dperation of rail systems and into foundations of neighbouring buildings. The’purpose is to de
the parameters of the ground system which are necessary to reliably predict the noise and vj
fransmission, to design railroads and foundations to meet noise and vibration requirements, t
dountermeasures and to validate design methods.

Normative references

he following documents, in whole or in part, are normatively referenced in this document
indispensable for its application. For dated references; only the edition cited applies. For
eferences, the latest edition of the referenced docunent (including any amendments) applies.

IS0 14837-1:2005, Mechanical vibration — Ground=borne noise and vibration arising from rail sy.
Part 1: General guidance
Symbols

he following symbols are used ifi this part of ISO 14837.

[OTE Abbreviations are sumimarized in Annex A.

dimensionless constant in equation for Gmax
loss-relatéddistance attenuation factor
distance travelled by wave

Himax Young's modulus, low-strain dynamic value

void ratio, e = ¢/(1 - @)

Fom the
termine
ibration
h design

and are
indated

btems —

frequency

G* complex shear modulus

Gmax shear modulus, low-strain dynamic value
Gsec secant shear modulus, dynamic value

Ip plasticity index

Kmax bulk modulus, low-strain dynamic value

k* complex wave number

© ISO 2015 - All rights reserved
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M* complex constrained modulus

Mmax constrained modulus, low-strain dynamic value
Neo corrected blow count from standard penetration test (SPT)
n stress exponent in equation for Gmax

P vibration power flux

Pa TEIErENCE SLress (pressure), p; = 100 KPa

Q material quality factor

Qc rock quality factor

qt tip resistance from cone penetration test (CPT)

R radial distance, slanted or along surface

Ro reference radial distance, slanted or along surface
Spp power spectrum of wave power flux

Sr degree of saturation

Svv power spectrum of vibration particle velocity

Su undrained shear strength

t time

1% wave speed independent of wave type

v average wave speed

Vp compression wave speed

Vs shear wave speed

Vwater sound (wave) speed in water

1% particle velocity ofyibration

Vo particle velog€ity of vibration at reference distance
VRMS root-meaf-square value of vibration particle velocity
w potential energy in a hysteresis loop

Zp specific impedance for plane compression waves
Zs specific impedance for plane shear waves

z depth coordinate, depth below ground surface

a distance attenuation exponent

Yey cyclic (dynamic) shear strain

At time interval, time difference

AW energy loss in one hysteresis loop

2 © IS0 2015 - All rights reserved
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Ecy cyclic (dynamic) normal strain
4 degree of critical damping (damping ratio) of SDOF
n material loss factor
Mp material loss factor for compression waves
s material loss factor for shear waves
max material 10Ss factor at very small strains, In linear range
A wavelength
Amax 1st Lamé constant, low-strain dynamic value
Hmax 2nd Lamé constant, low-strain dynamic value
Yo Poisson’s ratio, low-strain value
§ damping ratio, £ =1/2
Aa bulk mass density
Amineral mass density of mineral grains
Awater mass density of water
dcy cyclic (dynamic) normal stress
d’mean mean effective stress
d’v effective vertical normal stress
Tey cyclic (dynamic) shear stress
q porosity
4 Transmission of ground-borne noise and vibration
4.1 General
(¢round-borne hoise and vibration from rail systems are transmitted through the subsufface as
thechanicalywaves. The wave propagation is influenced both by geometrical parameters likp shape,
gxtent and stratification of the various bodies of the ground, as well as by the dynamic propertips of the
individual ground materials.
‘o-determine-the-infhrenceof thegeometricat paramreters, it isrecessary-totmderstand-wave types,

wave speeds and impedances which are again dependent on properties of the soils and rocks involved.
The distance attenuation of ground-borne noise and vibration is largely controlled by the geometrical
effects in addition to the effect of loss mechanisms in the various ground materials.

For ground-borne noise and vibration from rail systems, the typically appearing dynamic strains in the
ground are predominantly low and mostly within the range where the materials behave linearly. Elastic
wave propagation can therefore be assumed. However, even at these small strains, ground materials do
expose some internal energy loss, materializing as a contribution to the distance attenuation. Slightly
viscoelastic or hysteretic rather than purely elastic behaviour do therefore better describe ground
materials for this purpose.

© ISO 2015 - All rights reserved
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In an unbounded, homogeneous elastic medium only two fundamental wave types can exist; dilatational
waves (p-waves) and shear waves (s-waves). Dilatational waves have their particle motion back and
forth along the direction of wave propagation while in shear waves particles move perpendicular to the
direction of propagation. Shear waves can therefore be polarized in various planes while p-waves are
un-polarized. A real ground is far from unbounded and homogeneous. It has free surfaces and interfaces
between various layers and bodies of ground materials with different properties. The dilatational and
shear waves in these layers and bodies of the ground are transmitted, reflected and refracted and in
other ways interact to form different kinds of inferred waves like surface waves and guided waves
along the surfaces and interfaces in the ground. These waves can often carry most of the vibration
energy gndthuscontrotthedistanceattenuationr—these typesof wavesare usuatty dispersive; mreaning
that vibfation propagation properties can vary largely with frequency and wave length.

Since this whole complex of wave types that make up the vibration transmission path through
real grqund all originate from the two fundamental waves, the information needed to mesolve th
transmifssion wave field is limited to the ground material properties that govern these\fundamentg
waves, [n addition to how these properties are distributed throughout the ground. From thes
propertjes and the geometry of their distribution in layers and bodies of the groundthroughout th
transmission path, the whole wave field can be solved, at least theoretically. In practice, however, majo
simplifig¢ations are usually necessary to be able to come up with reasonable solutions for real cases.

— (D M

= (D (D

Complegnentary information on these issues are found in Reference [105].

4.2 Ground-borne noise versus vibration — Effect of frequency

What i§ termed ground-borne vibration and ground-borne ‘woise are both transmitted throug
the grofind and into buildings as mechanical vibration waves."The same physical wave mechanism
and fundamental waves do therefore apply to both noise and vibration. The only distinction is th
frequenty and thus the wave length. According to ISO 14837-1, the relevant frequency range of ground
borne vibration from rail systems is defined to be the rarige of whole-body vibration perception, whic
goes frgm 1 Hz to 80 Hz (see ISO 8041). The relevaut frequency range of ground-borne noise from ra
systemq is in the audible range and is in ISO 14837-1 considered from about 16 Hz to 250 Hz. Ground
borne npise is reradiated as sound from vibrating building surfaces, while ground-borne vibration i
transmifted to the whole body primarily fremrvibrating floors. In addition to affecting people, ground
borne vibration may also have an effect pni\sensitive installations and even on building structures.

T et = 1 (D UT =

vi

Even thpugh the basic wave propagation physics is the same, geometrical effects, secondary waves an
loss mefhanisms usually dominate‘the ground transmission of mechanical vibration, and introduc
frequenfy-dependent transmis§ign properties. The transmission of ground-borne noise at a given sit
can theyjefore be drastically different from the transmission of low-frequency vibration.

ICERCER ]

5 Parameters for wave propagation in the ground

5.1 General

Clause } gives an overview of the most important material parameters for transmission of ground
borne npise and vibration and how they are theoretically composed and interrelated. Clause 6 present
methods to quantify these parameters through empirical estimation and measurement.

5.2 Fundamental wave propagation parameters

In an elastic, isotropic, homogeneous solid, two fundamental plane body wave types can exist: the
dilatational wave (p-wave, compression wave) and the shear wave (s-wave). The propagation speed V
of these waves is related to the stiffness moduli and bulk (effective) mass density of the soil and rock
through which they propagate, according to the following:

4 © IS0 2015 - All rights reserved
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a) propagation speed, V), of dilatational wave

M
V — max (1)

VS — Gmax (2)
\v F

where

Mpax is the elastic constrained modulus;

Gmax 1is the elastic shear modulus of the medium;
p is the bulk (effective) mass density.

By using Pa as unit for the moduli and kg/m3 for the mass density, the waye’speeds from these fprmulae
dppear with m/s as the unit.

The subscript max comes from the terminology of soil and rock dynamics. It denotes the maximum,
dtable plateau value reached for the respective moduli whep thé dynamic strains are sufficieptly low
to make the ground materials behave linearly elastic. At fiigher dynamic strains, non-linearty leads
to a reduced secant modulus compared to this maximuniwalue. It is vital to distinguish these lynamic
thoduli from moduli provided for use in conventionalstatic or quasi-static soil and rock mechanics.
Those moduli are determined for much higher stresses (strains) and for more long-term (permanent)
Ipads where non-linearity and creep play an important role. This usually leads to drastically lower
moduli than their linear dynamic counterparts: Applying static moduli in rock and soil ¢lynamic
dalculations can lead to severely incorrect regults.

The deformation properties of an isotropic, elastic medium are in general uniquely defined| by two
independent elastic parameters. These.may be Mpax and Gmax. By instead introducing Poisson’s ratio,
Vo, as the second parameter, the constrained modulus, My, ax, can be expressed from the shear modulus,
Gmax, through Formula (3):

Mmax = M Gmax (3)
1-2v,

The Poisson’s ratie ised here with subscript 0 is the one that applies to low dynamic strairs in the
linear elastic regime and can be largely different from the quasistatic counterpart used in goil and
lock mechanics;

The dilatational wave speed, Vp, can further be expressed from the shear wave speed, Vs, and Hoisson'’s
rjatio, ¥g.as Formula (4):

2(1—vu)
VP:\/ 12, S @

It appears from Formula (4) that V}, is always larger than Vg, i.e. V, > Vs, and that Vp/Vs increases
drastically if vg approaches 0,5.

© IS0 2015 - All rights reserved 5
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Poisson’s ratio vp can be determined from the speeds of the two fundamental body waves, V;, and Vs,
by Formula (5):

v2_oy?
vg=—b 5 (5)
2 2
Z(Vp -V

S

If the Young’s modulus Epx is instead introduced as the second elastic parameter it is related to the
shear modulus Gpax and Poisson’s ratio vg through Formula (6):

Epak = 2(14v) G (@)

ma

Alternatively, the bulk modulus Kpax can be introduced as one of the two elastic parameters. Its
interrelftion to the others reads:

K = Mmax - g Gmax (7

may

Figure 1 specifies the stress and deformation quantities as well as the coordinate axes in the ground.
Comprefsion is positive, i.e. ¢ > 0. The first subscript of the shear quantity.7 is the direction and th
second s the plane.

D

0-21 <S‘Z

Key

a  x-plane Atyy = ATyy
b  y-plane ATy, = ATyy
c z-plane ATy = ATyy

Figure — Stress quantities and coordinate axes in the ground
Figure 7 illustrates‘the stress and deformation modes of change for which each of these moduli doef
apply. Ap alternative set of elastic parameters are the two Lamé constants.

NOTE 1 | ¢(The two Lamé constants are an alternative set of elastic parameters. They are uniquely related tp

those alreads~ dafinad Whan nica dforcail and raocl snatariale tic Alen copnuaniantta donatatho lonz cteain nlatao i
Sery-eeHRe e reR-HSearor-Serahereockater eSS arso-coRve e ntto-aenote-terow-strahPp

Tereter

values of these parameters by the subscript max, even if that is not so commonly used. The Lamé parameters
relate to the other parameters through the formulae:

Amax = Mmax - 2GmaX

HUmax = Gmax

6 © IS0 2015 - All rights reserved
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N
<

a) Shear modulus G = At/Ay b)Constrained modulus M = Ag,/A§,

c) Young’'s modulus £ = Ag,/A¢, d) Bulk modulus K = Ap/Agyo)

q) Atyy = ATz = AT, Ayr= Ayzx = Ay.

1) Sides restricted’Aex = Ay = 0, no transverse strain.

q Aey = Mgy =/AcT, sides free Aoy = Aoy = 0, Poisson’s ratio v = Aet/Ag;.
d) Agy 3 Aoy = Ao, = Ap, Aey + Aey + Mgy = Agyol.

NOTE The illustrations are made for the z-direction being the active direction. The definitions equdlly apply
gsdwell for the x-direction or the y-direction being the active direction.

Figure 2 — Elastic constants and associated deformation modes for isotropic ground

Specific impedance of ground materials and impedance contrasts between materials are important
parameters for evaluating the amount of wave energy transferred over interfaces from one ground
material body into another and for the formation of interface waves along the boundaries between
ground material bodies. It is, however, essential to be aware that for thin layers compared to the
vibration wavelength, it is rather the thickness of the layers, and not the impedance contrasts that
control the reflection and transmission of vibrations. This is particularly important when assessing the
effect of typical vibration isolation screens.

© IS0 2015 - All rights reserved 7
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The spe
follows:

cific impedances, Z, for plane waves in an elastic isotropic ground material body are defined as

a) specific impedance, Zp, for plane dilatational waves

Z,=pV,= oM_. (8)

b) specificimpedance, Z;, for plane shear waves

Z

S

The invé¢rse of the specific impedance is termed specific admittance and may be used alternatively.

The spe

D
D
wave tg the corresponding particle velocity. A plane shear wave with particle yelocity v which
propagdtes in one direction through a ground material with specific shear wave impedance, Zs, imposef

dynami

Tey

The cor

Corresp

propagdtion of a dilatational wave with particle velocity\:

ch

Scy

Formulde (10) to (13) do only apply to one single fundamental wave component travelling in on

directiol

superpdsition need to be considered and the above relations cannot be applied immediately.

The ave
fundam

P=

where

Z

~

1%

PV = PG 9

rific impedance has the unit Pa/(m/s) and relates dynamic stress (cyclic stress) inv propagatin

 shear stress, ¢y, in the plane of wave polarization equal to Formula (10):

= Z.v (10
responding shear strain, ycy, is:

|V (11

-

onding relations apply for normal stress, ocy, ahd normal strain, &y, in the direction g

=Zv (12)
1%

= (13)
Vp

D

. Where more wave compenents interact like in standing waves, surface and interface waveg,

rage mechanicalpewer density flux, P, in W/m?2, transmitted in the direction of a propagating
ental plane wave eomponent at a single frequency is:

L2 (14
2

is the specific impedance of the ground for the wave type in question;

is the particle velocity amplitude of that single frequency component of the wave.

© ISO 2015 - All rights reserved
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Correspondingly, for broad-band vibration propagation, the spectral density, Spp, of the power flux is:

1

Spp(f):EZSW(f) (15)

where Syy(f) is the power spectral density function of the particle velocity of the ground vibration
propagated by the wave. By applying (m/s)2/Hz as unit for Syy(f), the resulting unit for Spp(f) is
(W/m2)/Hz.

EForabroad-band vibration with an rm.s—value of narticle velocity vonie the total nower flux P is:
T DTV INIVT ST T ot .

1,7
P = EZVRMS

(16)
Vibration events from rail systems are transient and time varying. When it comes to represgntative
yalues of particle velocities, strains, stresses and power, a form of running r.m.s. time [domain
dmplitudes or running spectral values can be the most relevant as pointed outin ISO 14837-1:2005, 7.4.
Hurther, from experience, a 1 s running time window analysis gives the mostrepresentative values for
gvaluation of the dynamic performance of soil and rock materials.

Hor resolving low frequencies around 1 Hz, a longer integration tinie is needed, typically 3  to 5 s.
However, this should be implemented with care, ensuring that the low-frequency content of tHe signal
ip sufficiently stationary over this period of time.

{trictly, the above formulae are valid for plane waves)only. However, they can be used hs good
dpproximations for the real waves that appear in thethandling of ground-borne noise and vjibration
related to rail systems. Only in particular situations likeclose to the vibration source, i.e. in the ngarfield,
gpherical wave theory might need to be considered{Nearfield effects are further discussed in 5)5.

NOTE 2  For theory on spherical waves, see Refetience [90].

5.3 Material loss and non-linearity

Hor ground-borne noise and vibratidn from rail systems, the dynamic strains in the ground ar¢ mostly
within the range where the materials have a nearly linear behaviour. However, even at smallfstrains,
ground materials do expose seme energy loss which materialize as a small amount of attenuatipn. Only
dlose to the source of dynamic'loads in the track structure, in close vicinity to the track, at shafp edges
gnd discontinuities somewhat higher dynamic strain can appear. For critical train speed apd train
dpeeds exceeding the/Rayleigh wave speed in the ground (trans-Rayleigh), excessive track and ground
yibration can appearand the strains can be so high that non-linearity needs to be accountdd for to
dimulate, understand and mitigate the condition.[102] For ground-borne noise and vibration, materials
dan conveniently/and with sufficient accuracy be modelled as viscoelastic (Kelvin-Voigt model), with a
thaterial loss.factor, 1, defined as:

St Aaw

SN 17
QBT (17)

where
W is the potential energy in a hysteresis loop (load cycle);
AW is the energy loss in one load cycle.

The material loss factor quantifies the energy loss in each load cycle as a vibration wave passes by, as
shown in Figure 3.

© IS0 2015 - All rights reserved 9
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Key

2

Y1
Y2

NOTE
hysteret

10

v V

L

a) Definition of hysteretic damping ratio £ =n / 2= LA—W
4m W
T Gmax Gsec
1 /1

7/
7 /|
7 |
|
! I

N Y2 Y

b) Definition of Gnax and Ggec

peak potential energy during.cyele, W

energy dissipated in one ¢ycle, AW

strain amplitude in linéay range, i.e. very small strain

strain amplitude in‘nen-linear elastic range, or above (see Figures 8 and 10 for definition of strain
ranges)

The elliptie.shaped hysteresis applies to viscous damping while it has sharp edges for damping d
c or frictional nature.

Figure 3 — Definition of hysteretic damping quantities for ground materials

=
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The material loss factor can take different values for shear and dilatational waves, and is then termed
ns and np respectively. Other disciplines like seismology and geology traditionally quantify the loss
property of ground materials by the quality factor Q. The quality factor Q and the loss factor n are
related through:

Q== (18)

In literature on soil dynamics and geotechnical earthquake engineering,[20] the hysteretic loss in

1 + o £ 1 + b . T | : — 1 . £ +
(E_l OUIlIu HIdLCT Id1IS 15 UILTIT QUAIILITICU d5 4 LTI CdIICU UdIIPIITg TdU0 U UdIHIPIITg TdULUT.

NOTE1 The damping ratio or damping factor used in literature on soil dynamics and geotechnical earthquake

dngineering is commonly termed ¢ and is defined from the energy loss in the hysteretic loops in‘the sanfe way as
1 AW

the loss factor 1. The damping ratio is, however, defined as £ = 4—7 , which makes £&4=# / 2. The[damping
T

ratio & in this context is a hysteretic material property and should not be mixed up with'the fraction df critical

damping or damping ratio of a mechanical system like a SDOF system, {. The fryaction of critical dajmping is

definedas { =C / CCr =C / (2\/ km) where C, Ccr, kand m are the damping conistant, critical damping ¢onstant,

gpring constant and mass of the SDOF system respectively. In an SDOF system, the coupled spring-darhper will

gxert hysteretic loops with increasing and thus increasing &{or increased frequency. However, at its

rlatural frequency, and only there, the hysteretic damping ratio,, determined from of this hysteifesis loop

ip the same as the fraction of critical damping for the systemi;§, determined from its C, k and m values.

'he loss in ground materials is of frictional and @iysteretic nature (slightly non-linear) rather than
iscous and is thus nearly insensitive to frequency. To model hysteretic loss and still maintain the
onvenience of a linear viscoelastic formulation, a viscosity that is inversely proportional to the
requency is introduced. This eliminates frequency dependency inherent in viscoelasticity whith is not
elevant for hysteretic material behavipur. This loss formulation is often termed linear hysteretic.[20]
mplemented in the Kelvin-Voigt formulation, this leads to complex stiffness moduli:

L e S e W o W <o B . |

bY

d) complex stiffness modulus M* for dilatational waves

M"=M(+in,) (19)
) complex stiffness modulus G* for shear waves

G =G +iy) (20)
Where

(VT

The complex moduli do also lead to complex wave speeds and wave numbers. All the wave
propagation formulae presented above do hold true also when replacing the conventional real moduli
with complex moduli.
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NOTE 2 The complex wave speeds and corresponding complex wave numbers can be expressed as
V* = V, +1iV, and k* = k, +1k, respectively. Here k; is the term representing the loss attenuation

(damping) with distance of wave propagation and is related to the loss factor 71 through

k= 2zf
%4

1+112 -1
2(1+n?)

" 1 1 A PP~ 50 1 roaa
on COMpJEXWdave SpEeUs dITtd WdaVve ITUIITOETS TS TOUTIU TIT RETETEIICE [ZU] daIma [F L]

where V is the propagation speed of the wave type in question. More elaboration

The confribution from the loss factor of the ground material to the attenuation of a vibration wave, as it
propagdtes from distance R to R is often expressed by Formula (21):

e—a(1 -Ry) (21

a is usujally considered an empirical factor matched to the site and the situation."However, based on
the complex moduli and wave numbers, the a factor can be directly related toth®material loss factof,
through{ Formula (22):

—a[R—Ry) o 2D(R=Rq)/V _ ~2wD(R—Ry)/A

e = (22

V' |is the propagation speed of the wave type in question;
f|is the frequency;
A |is the corresponding wavelength;

D |is the loss-related distance attenuation'factor.

vi

For low|loss factors, D can be approximated’by D = /2. This approximation holds true as long as 1 i
lower than about 0,3 as can be seen from' Figure 4 where the exact relation is plotted. The differenc
R - Rp i the actual distance travelled.for the wave type in question. As can be seen from Formula (22},
there isfa constant fraction of lossattenuation for each wave length the vibration wave has travelled.

V1+n 2_1
2(1+n?%)
factor anld is plotted indigure 4. From this formula, D can never take a higher value than about 0,35.

19

NOTE 3 | The exact relation-between D and 71 reads: D = . This formula is valid for any los

2]
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NOTE Numbers need to be multiplied by 100 to give damping values in %.

.4 Geometry effects, stratification and lateral variability of the ground

teometrical effects usually surpass loss effects in distance attenuation of ground-borne n
ibration, particularly at low frequency. The fundamental geometric effect, often termed r:
istance or geometric attenuation, is due to the fact that the wave energy is distributed
hcreasingly larger surface as waves spread out as they propagate away from the source. Th
o a decrease in mechanical power density and thus a decrease in vibration amplitude with in
istance. Basically,-geometric attenuation leads to the amplitude of the fundamental bod
o decrease proportionally to the distance when radiated from a point source within an i
omogeneous nedium. Attenuation due to material loss mechanisms adds to this.

[OTE1 _Sametimes the term damping or radiation damping is used, although it is preferable to use
eometricattenuation.

or-a_homogenous elastic half-space, one surface wave can exist in addition to the two fund
i

Figure 4 — Loss-controlled distance attenuation, D, versus hysteretic damping ratig, £

ise and
i diation,
over an
is leads
freasing
/ waves
otropic,

the term

hmental
nan that

0ody waves. The surface wave, often termed Rayleigh wave, has a speed Vg, slightly lower tl

of shear waves in the same material. The ratio Vg/V; varies between 0,87 and 0,96 depending on the

Poisson’s ratio. Figure 5 plots Vr/Vs and also Vp,/Vs versus the Poisson’s ratio.

Rayleigh waves propagate along the free surface with retrograde elliptical particle motion which dies

out with increasing depth. Most wave motion is confined in a layer about one wave length de

ep. This

means that low-frequency waves penetrate deeper into a half-space than higher-frequency waves.
The Rayleigh wave energy from a point source thus spreads out on a cylindrical surface, rather than
spherical surface. This geometric energy spreading therefore leads to an amplitude attenuation for

these waves which is proportional to the square root of the distance.

© ISO 2015 - All rights reserved
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Figure|5 — Speed of Rayleigh and p-waves'nermalized to the shear wave speed, plotted versus
Poisson’s ratio

Surface [waves are in many cases of major importance for ground-borne vibration and noise from rail
systemd. Firstly, most of the energy-from a surface vibratory source is converted into surface waveg.
Secondly, the surface waves atténuate less with distance than body waves and are therefore also mor
dominaht at larger distancest

D

For a hpmogeneous half-space, the total distance attenuation covering both geometrical and losf
attenuation can be expressed as in Formula (23):

n

v R 0 (R—R

Z 4|20 e ( 0) (23)
Vo R

NOTE 2 How the attenuation factor @ relates to the material loss factor the frpr]npnr‘v and the wave type an d

wave speed is described in 5.3.

In Formula (23), vo and v are the vibration particle velocities at distances Ry and R from the source,
respectively. For a homogeneous half-space, the exponent n is 1 for p- and s-body waves within the
medium, 0,5 for surface Rayleigh waves and 2 for the surface response to the body waves. The first
term accounts for the geometrical attenuation, and is the same for all frequencies. The second term
accounts for loss attenuation as explained above. This attenuation is higher for high frequency than for
low. From its nature, Formula (23) is only relevant within a region where the vibration transmission
is dominated by one single wave type only. If there is a dominant propagation of body waves from a
tunnel, the R - Ry term is the slanted distance. On the other hand, if the propagation is dominated by
surface waves, R - Ry is the distance along the surface.
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Formula (23) does, however, represent a severe oversimplification when coming to real cases.
Stratification and inhomogeneity in real ground in addition to nearfield effects can severely contradict
the predictions by this formula.

Real ground is far more complicated than a homogeneous half-space. It is geometrically stratified, with
layers and bodies of different ground materials and material properties, is inhomogeneous laterally, as
well as vertically, and is often anisotropic. Under such conditions, surface waves become dispersive and
exhibit several wave modes. A dispersive wave has a frequency- and wavelength-dependent propagation
speed. Many other wave types and modes can appear along layer interfaces and guided within layers.
o what extent the various wave typescan exist how much wave energy fhny attractand how hey are
dttenuated depends on the frequency and the wavelength. Wave energy can be scattered bylinclined
layers and interfaces, and by joints when propagating through rock. Vibration at various\frequencies
C

nd particularly ground-borne noise versus vibration can therefore propagate and.attenugte very
ifferently in such a real ground.

If stratification and fundamental dynamic properties of the involved soil and rock materials i§ known,
Wwave propagation in such a complicated medium can to some extent be maodelled by compytational
tools. However, drastic simplifications are usually needed to make the problem solvable in a majageable
way. In this respect, it is important to be aware of the fact that layer boundaries are in reality fyzzy and
dan be undulating and inclined. Such features can disrupt resonances-and destroy wave guide [abilities
fpr wave propagation through the ground. This can appear as exceSsive additional damping in|the real
world, but can be lost in an idealized computational model, whick miight therefore make the model tend
tio over predict the vibration transfer if these effects are not properly accounted for.

Rail-bound trains and trams are for most cases much longer than the distance to the response points
df concern. The individual sources within the trains are,"however, mostly not coherent. A train does
therefore not act as a coherent line source nor as &point source, but rather like a long line| of non-
doherent sources. For discrete points along the. tailway line, the spacing which leads to ¢oherent
yibration is longer for low than for high frequencies.

3.5 Nearfield effects

(lose to the vibration source and close-to major wave reflectors there exists a nearfield where the wave
pattern is more complicated thanfurther away. In the nearfield, shear and dilatational waveq are not
deparable and behave as one integrated wave phenomenon. The nearfield gradually degradgs into a
farfield over a distance of about three wavelengths from the source. The extent of the nearflield can
therefore be large when the,frequency is low. The distance attenuation is not monotonic and|is more
irregular in the nearfield than it is in the farfield, even for homogeneous ground conditions.

5.6 Anisotropy

Joils and roeks-do usually have anisotropic wave propagation properties, either global anisofropy or
thaterial anisotropy. Global anisotropy is due to stratification, faulting etc., while material an]sotropy
1hay be due’to anisotropic orientation of mineral particles, anisotropic stress conditions etc.

(lobal‘anisotropy may significantly influence transmission of ground-borne noise and vibration from
railsystems. Scattering and diffraction leads to excess attenuation and layering opens for ihterface
waves with frequency dependent and variable attenuation. Reliable prediction and design to handle
ground-borne noise and vibration therefore need to account for these effects. This topic is further
discussed in 5.4.

Material anisotropy will usually be weaker than global anisotropy and has less influence on wave
propagation. This anisotropy is harder to quantify either by in-situ tests or in laboratory samples, and
is more complicated to model. Material anisotropy is therefore often disregarded when dealing with
ground-borne noise and vibration from rail systems.

When making direct, in-situ full-scale measurement of noise and vibration propagation properties
of the ground at a site, the effect of various anisotropies of the ground at the site will inherently be
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determined. However, if generalizing this type of measurement results to be applied to other sites,
differences in anisotropy among the sites may be a significant source of error.

5.7 Ground water effects — Ground materials as a two-phase medium

Water saturation has a large effect on wave propagation properties of soils, particularly if they are
soft. Also in fractured rock, saturation has an effect but less pronounced. Strictly speaking, a wet soil
composed of a matrix of mineral particles with the voids between them, fully or partly saturated with
water obeys the theory of a two or three phase medlum (e. g Blot theory for poroelast1c1ty [40])

UHU]V)(IJ

O

be abouf 1 500 m/s, which is at least one order of magnitude more than the speed of shear waves, V|
in such poils. This makes the apparent effective medium Poisson’s ratio vg cloSe to 0,5 which can pos
a problgm for some numerical calculation tools. It is further important to be aware that this situatio
require$ the soil to be completely saturated. Even a minute amount of\air or gas in the pore wate
drasticdlly reduces the effective medium Vj, to a value close to V), = 23V, see also Formula (28) an
6.3. Mote details on the wave speed in saturated soils are found ufider fluid substitution theory. Fo
the same reasons, estimation of s-wave speed from a measuredp-wave speed will be inappropriatg.
In caseq where waves propagate from saturated porous mediunito unsaturated media, the generatio
of wavetrelated elasticity to poroelasticity, e.g. the Biot slewyp-wave, can appear and lead to excesp
attenuation due to loss mechanisms not otherwise accounted for.

== "N =R

=

11"

NOTE Details on modelling the effect of pore fluid on the wave speeds in ground materials is found under th|
Biot-Gasgmann fluid substitution theory, further describedin Reference [39]. See also References [40], [41] and [42].

Varying|ground water table and river level with)season can in this way change vibration propagatio
characteristics. However, a seasonally varying water table does not ensure that all mineral surfaces ar
re-wett¢d and the soil is re-saturated to asufficient degree to behave as fully saturated with respectt
p-wave ppeed. The significance of takingsaturation into account is to get the p-wave speed and the bul
density porrect. The p-waves are mainly an issue for underground rail systems. For surface rail system
on the cpntrary, s-waves and surface waves dominate the noise and vibration ground propagation, an
these whves are rather insensitive to water saturation, but largely effected by the depth of the groun
water tgble.[106]

Pt e ) AN (D )

6 Methods for parameter estimation and measurement

6.1 Stratification and classification of the ground: Boring logs and seismic
investigations

Before making any assessment of ground-borne noise and vibration for a rail system project, basic
knowledge about the ground conditions and stratification at the site is crucial. Information about soil

types, layering, lateral extent, depth to bed rock or hard base, rock types and properties, and depth to
the ground water table is essential.

For most cases, this basic information is already made available from standard site investigations. These
may already have been performed for the purpose of geotechnical or rock mechanical design at the site,
independent of the ground-borne noise and vibration issue. It is, however, important that the noise and
vibration expert gets full access to the geotechnical and geological information and understands how to
utilize it. Preferably, the noise and vibration expert should be involved also in the design of the standard
site investigation to ensure its extent is sufficient, as the sphere of noise and vibration influence often
extends beyond the sphere of importance for geotechnical or rock mechanical design. Supplementary
borings and investigations particularly addressing noise and vibration issues can more efficiently be
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included at the early planning stage. Methods for general geotechnical and engineering geological site
investigation are specialized and there are a variety of local adaptations for various countries and
regions. That topic is beyond the scope of this part of ISO 14837. An overview of the most common
investigation methods is found in textbooks like in References [14] and [19]. An overview of commonly
used geotechnical and rock mechanical index parameters is found in Reference [16].

Besides giving general information about type and extent of soils and rock at the site, data from the
conventional geotechnical and rock mechanical investigations reveal index parameters that can be
useful input to estimate also the dynamic properties of the ground and thus be used for the noise and

vibration calculations

[ypical standard site investigation methods are general sounding (with many local variations), cone
enetration testing (CPT), standard penetration testing (SPT), sampling and laboratory te$ting, in
ddition to conventional refraction seismic methods. Important index parameters that are ugeful for
ynamic analyses are porosity (or void ratio), degree of water saturation, undrained shear strength,
lasticity index, over-consolidation ratio and rock mass quality designation/’Methods to ¢stimate
ynamic ground parameters from index parameters are presented in 6.3\6<4 present methods to
hdirectly determine dynamic parameters from in-situ penetration testing (CPT and SPT). More
eliable data are obtained by using dedicated in-situ methods for djrect measurement of flynamic
roperties of the ground; 6.5 describe these methods. Soil and rock cores retrieved by geoteclinical or
ock mechanical drilling operations can be tested in the laboratoryto-directly obtain data on ¢lynamic
roperties in addition to the primary geotechnical and rock mechanical data. Dedicated laljoratory
hethods for measuring dynamic properties in retrieved samples’are described in 6.6.

Lo L o S S o WL S el i WL o S o WO B WL o S e |

6.2 Soils versus rock

Hor determining dynamic parameters for the ground, it is important to be aware that spils and
rjocks behave distinctly different under most geological conditions. Different methods are therefore
donveniently used to assess their dynamic properties. Soils and rock are therefore treated sepafately in
the following subclauses.

(ne should, however, be aware that winder some geologic and climatic conditions the digtinction
hetween soil and rock is not always>¢lear. This is often the case in tropical areas with residyal soils.
These soils have a more gradual transition from loose soils to firmer rock. For residual soils, the clear
distinction between mineral grains and void space might neither be valid, as the grains themsglves can
he fractured, absorb water arid completely change nature when wetted.

6.3 Empirical estimation methods based on index parameters

6.3.1 General

'here exist ddarge amount of empirical and semi empirical methods to estimate dynamic prpperties
f ground-miaterials based on general geotechnical and rock mechanical index parameters a

]

q

q

Qrediction formulae. The literature does, however, contain alternative equations that can gi
dstimates for particular and local ground conditions. The formulae can have different forms altogether
d i i A i earlier
experience from the same geographic area is therefore recommended.

These prediction methods could be assumed sufficiently accurate at an early stage of a project or in
projects where ground-borne noise and vibration is not particularly severe or not critically sensitive to
the ground properties. Geotechnical and rock mechanical parameters entering into the formulae in the
following subclauses are more thoroughly defined and explained in textbooks like Reference [16].
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6.3.2 Effective (bulk) mass density

If the effective (bulk) mass density p of a partly or fully saturated soil is not directly available for the
geotechnical in-situ or laboratory measurements, it can be estimated from Formula (24):

pP= (1 - Q)) Prineral T @S Puwater (24)
where
10) Isthe porosity of the soit;

Sr

Pmiteral is the mass density of the mineral making up the particles, which for quartz mineral, is

Pwaf

6.3.3 [Wave speeds and elastic shear modulus

6.3.3.1

In assesping and controlling ground-borne noise and vibration fromail systems, the shear wave speefl
Vs and the corresponding low-strain shear modulus Gpnax are usfially considered the most important
dynami¢ ground parameters. The two are related through Formula (2).

Gmax and thus the shear wave speed depends on the soil characteristics and the effective stress in th

soil. If t
be esti

For cohg
can reas

is the degree of water saturation;

close to 2 700 kg/m3;

er isthe mass density of water, which is close to 1 000 kg/m3.

Soils

w

e shear wave speed or Gpax has not been directly"measured in-situ or in the laboratory, it may
ated from in-situ stress condition and ground.material index parameters.

sionless ground materials like sand, coarse'silt, ballast, crushed rock, gravel and rock fill, Gmal
onably well be estimated from Formula((25):[4€]

, n
o
| = Bf(e)p,|—mean (25)
Pa

is a dimensionless)constant, usually close to 700 for most sands and gravels;

is a dimensijonless function of the void ratio e of the soil:[46€]

)=1/(0,3+o,7e2) (26)

The void ratio e is an alternative measure of porosity ¢. The two are related through

Pa

18

/{1 \
e=07 (1T 9

The application of Formulae (25) and (26) is limited to the void ratio range e < 1,2,
corresponding to a porosity ¢ < 0,55 (i.e. 55 %).

100 kPa is a reference pressure;
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0’mean 1S the mean effective confining stress in the ground at the depth of the Gyhax determination,
0’'mean = (0’1 + 0'3)/2 with ¢’1 being the effective normal stress in the direction of the shear
wave propagation and 0’3 the effective normal stress in the direction of particle motion
of the shear wave, i.e. the normal stresses in the plane of shear wave polarization. 6'mean
can sometimes be approximated by the mean of all three principle normal stresses, i.e. the
octahedral effective stress o’yct in the ground at the depth of the Gy 3x determination. More

recent elaboration of this class of empirical relation is found in References [44] and

n is the stress exponent which is close to 0,5 for most cohesionless materials.

[47].

Ih reasonably level ground, the vertical effective normal stress ¢’y is determined by the weig
dqverburden (submerged weight under the ground water table) and can be considered to.be a p
gtress. See Formula (24) for estimation of the mass density.

The corresponding horizontal effective normal stress is ¢’y = K'g o’y with K’g beingthe coeff]
dffective lateral stress, which can be expected to be in the range between 0,5/and 0,7 for mgq
However, there might locally be geological reasons for higher values.

Hor cohesive soils like clay and fine silt, Gpax can be estimated from thelndrained shear str
nd the plasticity index I;,:[32]

Q)

G =(20800/1,+250)s,

NOTE This formula assumes the plasticity index I, given in%.

igure 6 presents an alternative estimator for Gmax which utilizes the over-consolidation ratid
ax /sl?SS versus OCR. Here SESS is the un

ghear strength as measured in the direct simple-shear device DSS. All terms are defined and
dgxplained in References [16] and [26]. Supplementary formulae on this issue are found in Re
[8] and [99].

[ L |

he index parameter for the clay.[26] Figure 6 plots &

nt of the
rincipal

icient of
st sites.

ength sy

(27)

OCR as

drained

further
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Figurp 6 — Empirical relation for Gn,5x normalized with'¥espect to undrained shear strength
sl[l) 55 for clays, plotted versus over<consolidation ratio OCR
If the djlatational wave speed, Vp, has not been directly measured at the site, e.g. by conventiongl
refractipn seismic investigation, it may be estimated from the shear wave speed, Vs. For dry or partly
saturated soils, Formula (4) applies for this estimation.
For the firy and partly saturated soils, the value of the low-strain Poisson’s ratio of the grain matrix, v,
is usually in the range 0,2 to 0,3. In this.range, the V;,/Vs ratio is not particularly sensitive to v and thp
above rgange does not introduce mdre than about +7 % uncertainty in the V, estimate. This holds trup
for degrjees of saturation up to about 0,99.
For fully saturated soft soils (typically Vs less than about 200 m/s), the dilatational wave speed, V}, can
roughly|be estimated from\Formula (28):
_ Pwat
Vo3 " e Vivater (29)
¢ [( N\ (P) Prineral T PPuater :I
where Wyatér IS the sound speed in water, Viyater * 1 500 m/s.
Formula{28is-enlyvalidtorreally hish-degreesof saturation 56,9999 Ferintermediate saturatien
and for stiffer soils, the relation becomes more complicated and a more complete Biot-Gassmann

fluid substitution scheme needs to be applied.[39] A further discussion on wave propagation in water-
saturated granular materials is found in References [40] to [42] and [108].

20
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6.3.3.2 Rocks

Wave speeds and wave attenuation in rocks is a wide topic, discussed thoroughly in the literature
like in References [38] and [39]. One commonly used index parameter for rock property is the rock
mass quality value Q. as defined in Reference [43] and further developed in Reference [38]. Qc is a
dimensionless parameter, determined during the engineering geological classification of a rock mass
from parameters like relative block size, relative friction strength of joints, and relative effects of water,
swelling, etc. in addition to overburden stress. The Q. value shall, however, not be mixed up with the
seismic quality factor Q defined in Formula (18).

If Q. values for the rock at the site are available from the engineering geological investigatiion of a
1fail system project, the dilatational wave speed, V}, of the rock mass can roughly be estimated from
Hormula (29) in units of km/s:[38]

v, =1gQ +35 (29)

Higure 7 plots typical range of V}, values for various rock types, taken from“Reference [43] g@nd also
presented in Reference [38].

Hor most rocks, the value of the low-strain Poisson’s ratio vq is typically in the range 0,2 to|0,3 and
Formula (4) can be used to estimate Vs from Vj,. In this Poisson’$-patio range, the V,/Vs ratjo is not
particularly sensitive to vg and the range between 0,2 to 0,3 does\not introduce significant uncertainty
ip the V5 estimate.
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NOTE Blaek'bars indicate most common range of speed variation. White bars give the likely total range
df variation.

Figure7 — Typical range of p-wave speed, V), for little weathered and moderately fractured rocks

6.3.4 Non-linearity and material loss factor

Dynamic strains in the ground related to ground-borne noise and vibration from rail systems are
usually very low and in a range where ground materials have a nearly ideal linear elastic behaviour.
However, even at these small strains the materials have a small amount of internal loss 1npin. Towards
higher strains (like close to the vibration source, for trans-Rayleigh speeds, etc.), ground materials
exert an increasing hysteretic non-linear behaviour, which leads to additional hysteretic loss. Figure 3
illustrates a hysteretic shear stress-strain loop, and defines the initial G ax and the secant Gsec dynamic
shear moduli, and the hysteretic loss factor n as defined by Formula (17).
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A convenient way to quantify the dynamic non-linearity of ground material is by plotting the normalized
shear modulus Gsec/Gmax versus the cyclic shear strain y. as done in Figure 8 a).[4Z] This Gsec/Gmax
curve is for sand, but it is remarkable that mostly any granular, non-cohesive and even low-plasticity
cohesive material seems to fit closely into the same curve. In this normalization, the dynamic (cyclic)
behaviour of ground materials falls into three regimes, depending on the range of cyclic shear strain,
see References [29], [30], [45] and [47]:

a) “very small strains” where the material has a practically linear elastic behaviour, with no
irreversible degradation due to the cyclic loading;

b) “smpll strains” where the material has a hysteretic non-linear behaviour but still do not degrade;

c) “mgdium to large strains” where the material has a strong hysteretic non-linearity and where th
matlerial gradually degrades with increasing number of cycles.

14°

}="]

For undrained loading in regime c), the degradation leads to gradual pore pressure build-up an
reductidn in Gmax and Gsec for increasing number of cycles. However, the Gsec/Gmax, atio turns out tp
stay redsonably constant making the Gsec/Gmax curve also fit well for degraded material. For draine
loading|the material compacts as a consequence of the degradation, leading to increased Gmax and Gge¢.
Even fop this case, Gsec/Gmax Stays reasonably unaffected and the curve is stillvalid.

pwm

The strains forming the transition between the regimes are termed threshold strains. The lineafr
cyclic threshold shear strain yy forms the border between “verysmall strains” a) and “sma
strains’| b), and the volumetric threshold shear strain y;, forms thee border between “small straing
b) and|“medium to large strains” c). For granular, non-coliesive and low-plasticity cohesiv

< —

D

materidls, y,; ~ 5Xx 103% and Vg & 1072 %.

Figure § b) plots the corresponding hysteretic material loss factor n versus the cyclic shear strain y,
divided |into the same three strain level regimes.[4Z] Thi&(¢curve also turns out to fit reasonably well fo
all granyilar, non-cohesive and even low-plasticity cohesive materials, non-degraded, as well as degraded.

~

—
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Figure 8 — Typical non-linear modulus reduction and damping variation curve for cohesionless
soil materials
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For more plastic cohesive soils (clays), the degree of plasticity turns out to have an effect on the
normalized shear modulus Gsec/Gmax and the loss factor 1 versus the cyclic shear strain y.. Figure 9
plots the normalized shear modulus and damping curves for cohesive soils like clay with different
plasticity indexes I,.[22] The curves for I, = 1 are identical to those for non-cohesive soil materials in
Figure 8. For plastic clays also the threshold strains and thus the cyclic behaviour regions depend on
the plasticity index.

Y1

1

0,8 |- 2

T >'\
I,=200

ot | 15305010%

0 | | |
0,000 1 0,001 0,01 0,1 1 10 X

a) Normalized shear modulus reduction curve
(for N=1and OCR =1 to 15 for a range of plasticity index&alues, Ip, from 0 to 200)

Y2
50
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100
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10 -

0
0,000 1

b) Material damping variation curve
(for N =sb.and OCR = 1 to 8 for a range of plasticity index values, I, from 0 to 200)

Key

range of¢yiy

averpgeyty

cyclic shear strain y. in %
Y1 normalized shear modulus Gsec/Gmax
Y2 material loss factor nin %

Figure 9 — Typical non-linear modulus reduction and damping variation curves for undrained
plastic soils versus plasticity index I,
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Figure 10 plots yy and Yty versus Ip[ 9] More information on damping of soil materials is found in
References [45] and [47].
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Figure 10 — Categorization of cyclic shear strains with respect to response to cyclic loads —

linear and:volumetric threshold strains versus plasticity index

or materials strictly following the Masing’s rule for non-linear hysteresis, there should be ¢
elation between _the curvature of the Gsec/Gmax(Yc) curve and the n(y.) curve as further expl
teference [28]. Forthe flat part of Gsec/Gmax(yc) in the “very small strain” regime, there is no cy
nd conventignal hysteresis theory gives zero loss. Reality does, however, show that ground n
xert a small~fraction of hysteretic-like loss also in the “very small strain” regime. This loss
ermed nmin. This loss mechanism is important for most issues of ground-borne noise and v
rom rail systems since the cyclic strains are in this range. Typically, the low-strain loss fac

unique
hined in
rvature
aterials
Factor is
ibration

LOT min
ibration

5 6°% 'to 14 % for sands and gravels and 4 % to 10 % for clays. For ground-borne noise and v

fl

rom rail systems comes an apparent additional loss contribution which is caused hy fuzzy transitions

between ground layers, ground inhomogeneities, etc., as further discussed in 5.4. When including this
effect, total apparent loss factors when simulating wave propagation from rail systems in real ground
can end up as high as 15 % to 20 %.

6.4 Indirect determination from geotechnical in-situ penetration tests

6.4.1 General

Data collected from geotechnical in-situ measurements like cone penetration test (CPT) and standard
penetration test (SPT) may be utilized to give rough estimates of Gpax and thus Vs through empirical
correlations.

© ISO 2015 - All rights reserved
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6.4.2 Cone penetration test

Cone penetration test (CPT) is a frequently used method for in-situ determination of geotechnical
parameters at soft to medium stiff ground conditions. The method is based on a standardized tipped
cone being continuously pressed into the ground while the tip resistance, the pore pressure and a sleeve
friction just above the tip is measured. The method is further described in References [11], [17], [36] and
[93]. The key parameter coming out of the CPT test, which can be used to estimate dynamic properties
of the ground is the cone resistance corrected for the effect of pore pressure, versus penetration depth
qt(z) measured in kPa.

If the cdrresponding depth variation of the void ratio e(z) is known, Gpax can roughly be estimated fok
cohesiv¢ soils like clay from Formula (30):
. (Z) 0,695

Goak (2) = P, 995 14 (30

113 | p

efz) "\ Fa
Formuld (30) is a reformulation to SI units, based on References [20], [36] and [48]. The'reference pressurg
pa = 100{kPa is as that one used in Formula (25). Gax resulting from Formula (30)has the unit kPa.

1%

For cohgsionless soils like sand, Gmax can be roughly estimated from measured cone tip resistanc
versus depth gi(z) according to Formula (31):

0,250 + , 10,375
o, (2)

Gk (2) = 16349, (2)

ma (31)
o’y(z) is|the effective vertical stress in the ground versus penetrated depth. Be aware that Gpax, gt angl
o’y all nged to have the unit kPa to make the prediction turn out correctly.

NOTE Formula (31) originates from Reference [73].

The tw¢ above formulae may give reasonable -estimates if applied correctly to clear cohesive o
less soils. If applied incorrectly or applied for mixed soil types, they may yield severel
incorregt results. There are however more feliable procedures to estimate dynamic shear modulus o
shear wpve speed from CPT soundings, e:g.like the one described in Reference [104]. These constitut
rather lpngthy workflows, where some™of the initial steps do classify the soil type. This makes th
procedyre fare more versatile, reliable and generally applicable than the simpler formulae.

T 0 = < 3

6.4.3 [Standard penetration test

Standard penetration test {SPT) is by far the oldest and most commonly used in-situ geotechnic3
investigption methodfer”medium to hard granular ground. The method is based on a split-barre
sampler] being drivef/itito the soil at the bottom of a bore hole. At each interval, the sampler is usuall
driven 46 cm dowaidand the number of blows required to achieve the last 30 cm of penetration is take
as the gtandard\péenetration resistance N. This value is correct for the actual blow efficiency of th
applied |devide~and for the effect of the overburden to form the normalized value Ngg. The sampler;
the driling device and the blow rate is to some extent standardized, but there are also a lot of locg
or natiowatrariatiens—SPTNgo-shoutdthereforebe—considered-arathe +demeasuraoftha apraund]
resistance. The method is further described in ISO 22476 and Reference [17].

T K — —

—

Where there is lack of better information, the SPT N-value may, however, be used to give indicative
predictions for the dynamic properties of the ground through the following empirical formulae. They
are given as examples, although other relationships exist and could be utilized.
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V,(2z) = aNgy(2)" (32)

where
Neo(z) is the normalized blow-count versus depth z from SPT sounding;
aand b are coefficients, depending on the local soil type.

Typical values for a are in the range 80 to 120; b is close to 1/3. Some sets of coefficients for specific soils
dre proposed in References [33], [35], [100] and [101]. The resulting shear wave speed is expressefl in m/s.

A formula expressing the relationship between N value and Gy is:
0,333 0,5
Groax (2) = 438Ngg (2) 0" on (2) (33)

Hormula (33) predicts Gmax in MPa while 6’ nean(2) is the corresponding mean effective overburden
Aressure versus depth, given in kPa. Formula (33) is based on References {20] and [34] but convierted to
qI units. The predictions are most reliable for coarse-grained soils and less reliable for fine-graired soils.

The indirect estimates of dynamic ground parameters from geotechnical drilling results, desdribed in
6.4, are always uncertain and should only be taken as rough estimates. They can be used as s¢reening
hethods at an early stage of a project. If screening indicates that groundborne sound and vibration may
hecome an issue, direct in-situ or laboratory measurements.of the dynamic properties of the grpund, as
described in 6.5 and 6.6, are far more reliable and are recommended at the further stages of the|project.
Uncertainty should be accounted for by assuming a reasonable range of variation in the detgrmined
PBarameters, by randomly sampling the variation ameng the variables and performing sensitivity|studies.

6.5 Direct in-situ measurement of dyndmic ground parameters

6.5.1 General

Har more reliable data on the dynamic properties of the ground can be obtained by direcf in-situ
heasurement at the site, than what can be achieved by the more indirect methods describegl above.
Juch direct measurement methods utilize wave propagation in various forms and are termed| seismic
thethods. Those methods particularly suited for ground-borne noise and vibration from rail pystems
do primarily focus on the shear wave speed of the ground. However, the methods can also meapure the
N-wave speed and to some extent the loss factor.

]

1

'he following subclauses present in more detail: Surface wave methods, down-hole seismic CPT|(S-CPT)
hethods and cfoss-hole methods. Some other seismic geophysical methods are briefly summarjized.

Hor rail systém ground-borne noise and vibration issues, the non-intrusive surface wave methodjs are for
host cases’the best suited and most cost effective to measure reliably the shear wave speed parpmeters
fpr the’ground. Particularly for soft soil sites, the seismic CPT variant of down-hole measur¢ment is
gnCalternative, or more often a supplement for more detailed measurements at local positionjs. Other
vdar idllLb Uf LhU L‘lUWll‘hUlU, UP‘IIUIB dlld CI Ubb"llUlﬁ lllﬁL}lUL‘lb dl'c dlbU PlI BbUllLUd dd> Lhﬁ_y Cdll bl:' P eferred
under particular conditions.

Table 1 gives an overview of all presented methods, and summarizes their main characteristics,
advantages and disadvantages. A more general overview of the applicability of various geophysical
methods is found in Reference [96].

When dynamic ground parameters determined from in-situ measurements are to be utilized in noise
and vibration prediction and design calculations, it is important to keep in mind that these parameters
largely depend on the effective confining stress in the ground. The parameters are therefore only valid
for the in-situ stress situation where they have been measured. If the parameters are to be used for
another confining stress situation, e.g. after an excavation or an in-infill of masses has been performed,
the change in stress needs to be corrected for.
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6.5.2 Surface wave measurements

Seismic surface wave measurement is a non-intrusive method to map the dynamic in-situ properties
of the ground locally and over larger sites. Since the method is non-intrusive, no drilling is needed and
it works well for the softest grounds to hard grounds and soils containing gravel and boulders where
devices like seismic CPT (S-CPT) cannot penetrate and where even drilling is difficult. Surface wave
methods provide averaged dynamic properties over significant volumes of ground material, as opposed
to more “needle stitch” values obtained by the down-hole, S-CPT, laboratory and partly by the cross-
hole methods. Averaged properties are most representative and what is mostly in demand when dealing
with grou ise i ioni c i je
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, is limited to provide a general description and give recommendations for application i
borne noise and vibration from rail systems.
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waves ajre geometrically dispersive and their dispersion chatacteristics reflect how the wave speed i
the groynd varies with depth. The speed of Rayleigh type.surface waves is closely linked to the speed @
shear b¢dy waves (s-waves) in the ground. The surface wave dispersion therefore mostly reflects hoy
the s-wave speed of the ground material varies with'depth. Surface wave measurement is therefor
primarily a method to measure the shear wave speed versus depth of the ground materials at the site.

W << == W

Surface [wave measurements consist of three pasic steps (see Reference [78]):

a) plap and design the surface wave fieldmeasurement and record their propagation along the profil
to He investigated using a proper seismic source and receiver array (sufficient energy, wide-ban
frequency content, phase-calibrated receivers, consider nearfield effects, etc.);

D

p ==

b) profess the recorded seismic/data to deduce the surface wave dispersion characteristics;

c) use|the dispersion data (i.e. phase or group velocity or slowness as a function of frequency of
wayelength) in a tuned forward modelling or inversion process to deduce shear wave speed angl
otheér dynamic characteristics of the ground in the investigated profile, as a function of depth.

The varjfious implémentations of the method deviate in the way the waves are generated, how th
sensors|are laid out along the profile, the type of sensors used, how the dispersion is determined an
how thejinversion is performed; see Table 2.

9%

—

In layered ground, Surface waves propagate as Several Modes. SOME oOf e IMmplementations are abte
to detect not only the fundamental, but also higher modes and utilize their dispersion in the inversion
process. The primary outcome of the inversion is for all implementations the shear wave speed versus
depth, most often as a 1D profile and occasionally as a 2D profile. To various degrees, the implementations
also deduce p-wave speed and wave attenuation properties versus depth. These parameters are,
however, estimated with far less accuracy compared to the shear wave speed and layer thickness.
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For energy and frequency bandwidth considerations, recommended practice is to use various types of
seismic sources (e.g. drop weights and other vertical impact sources) to generate the surface waves.
The challenge is to generate in total sufficient wave energy over the whole frequency range needed to
cover the requested investigation depth range. Recorded wave data from various sources need to be
combined to build the complete picture. Stacking shall be done with care to account for differences in
phase behaviour among the various sources. It is particularly challenging to produce enough energy at
sufficiently low frequency to obtain deep penetration. Practically obtainable maximum investigation
depth at soft to medium stiff ground is about 30 m to 50 m.

sensors|can help in the inversion. Either accelerometers or geophones can be used. However, vitall
important is sufficiently low-frequency response to cover the requested maximum penetratior
and that the phase matching among the sensors is accurate (with calibration checks). Ideally, a
many s¢nsors as possible should be used. Good practice for a reliable investigation is to mse’at leas
48 to 9¢ primary sensors equally spaced at 0,5 m to 1 m along a straight line over thé\profile to b

<

the measurements after having consecutively moved the sensors. However, other survey designs can b
used, e.g. with irregular receiver spacing, or using only few receivers. Both spectral analysis of surfac
waves (FASW)[82] and multi-channel analysis of surface waves (MASW)[Z8] can then be performed o

—— (DD = (D WU T = U <

Whereap there are different ways of processing the surfaceiwave data (see Table 2), all method
essentiglly rely on mapping phase differences between the“different receivers. The most straight
forward signal processing to obtain dispersion curves from surface wave data sets is through a two
dimensiponal Fourier transform of the time records_versus offset distance into a frequency versu
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resulting dispersion curves and the best estiinate Vs profile, with error indicators.

acquisition processing @

. :

° Hl! VSI

o O
I % \ Hy Vs,
f
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dispersion estimated

— raw data . —_—
characteristic model

Figure 11 — Surface wave measurement setup and results

Most of the inversion schemes assume the ground to be laterally homogeneous under the extent of the
instrumented profile and their results represent averaged properties over this length. Some schemes do
have the capability to resolve some lateral variation, however, at the cost of the general determination
accuracy. The resulting wave speed versus depth has a high resolution and high accuracy close to the
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surface, whereas resolution and accuracy deteriorate with depth towards the investigation depth limit.
It is therefore important that parameter space, uncertainty and resolution be reported.

In addition to the V; profile, intrinsic attenuation (e.g. loss factors) can also be assessed from surface
wave data, through a coupled analysis and inversion. This is, however, less used.

Supplementary, a priori information about layering, mass density, etc. from the geotechnical site
investigation largely contributes to make the surface wave inversion more reliable. A combined survey
with some down-hole measurement, preferably S-CPT, and several surface wave investigation profiles
to cover the whole site is often an optimum strategy.

Jurface wave measurementis also an effective method for more local determination of dynamieprpperties
df ballast, compacted gravel, crushed rock fill, etc. The method is particularly suitable tgydocurpent the
dffect of compaction by doing comparative measurements before and after compaction®york.

Hor further information with respect to surface wave data acquisition, procéssing and inversion,
leference is made to References [49] to [87] and [107].

6.5.3 Down-hole (and up-hole) measurements — Seismic CPT (S-CPT)

IDown-hole seismic measurements are performed by the use of only'one borehole. Typically, a seismic
Jource is placed on the ground surface close to the hole and a seismic sensor is clamped towards the
wall in the hole as illustrated in Figure 12 a). The arrival timecof the seismic wave is recorddd at the
densor depth relative to a trigger signal from the source ofcalternatively from a sensor cloge to the
qource. By moving the receiver one depth interval down (erup) the hole and repeating the arriyval time
theasurement, the average vertical wave speed V in the ground material over that depth intefval can
then be calculated by Formula (34):

V(Zn> = (zn+1 - Zn) / (Atn+1 - Atn) (34)
Wwhere
Znand zp + 1 are the depth yvalues of sensor positions n and n + 1, respectively;

Aty and Aty +1 are the corresponding arrival time readings.

ethods for arrival time picking are the same as described for cross-hole measurements (see 6.5.4).
ypical depth intervals between measurements are between 0,5 m and 1 m. By consecutivelyfmoving
the sensor further down-(or up), step by step and repeating the measurements, a profile of waye speed
df the ground matefial versus depth along the hole is established. A standardized procedure fgr down-
ole measurementis found in ISO 22476 and ASTM D 7400. As an alternative to this stepwisefinterval
easurement-procedure, a string of equally spaced sensors in the borehole can be used, which allows
pr a more detailed and accurate analysis of the signals recorded at different depths from an jdentical
qource signature.

or measuring s-waves, a horizontally acting source on the ground surface and a horizontal| seismic
defisor are used Most common is an 1mpu151ve source in the form of a plank or bar pressed against
] i i ’ ve with
reversed polarlty is generated The wave generated is Vertlcally propagatlng and horizontally
polarized. Alternatively, a vibratory source may be used. If the distance from the source to the borehole
is significant compared to the depth of measurement, a correction for the inclined wave travel path
is needed. By turning the direction of the source and the receiver 90° around the vertical axis, and
repeating the measurement, anisotropy in the dynamic ground properties can be quantified. By using a
vertically acting source and a vertical sensor, p-waves can be measured.

Down-hole tests work both in soils and rocks. In loose soils, the holes need a lining, preferably made
of plastic tubing. Under other conditions a backfill material can be needed to ensure proper coupling
between the lining and the surrounding soil.
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Up-hole measurement is a variation of the same setup, where the seismic source is clamped in the
borehole and the sensor is on the ground surface as shown in Figure 12 b). In this setup, a vertically
operating source generates p-waves. To generate s-waves, a rotary source, like the one described for
cross-hole, is the only option. One-sensor down- or up-hole measurements will lack some accuracy
since they rely on a not necessarily repetitive triggering signal.

The p-wave measurements both in down-hole and up-hole tests can be unreliable due to unintended
interaction with the borehole lining tube.

a)|[Down-hole measurement principle b) Up-hole measurement principle

9
[10f

—

L]

' 12
) Down-hole measurement setup d) Up-hole measurement setup
Key
1  sourceexciter) 7  excitation detectors
2 receiver (which for the down-hole measurement setup 8  plate with static load
includes a pneumatic clamping device)
3 cable 9 amplifier, recorder
4 borehole 10 s-wave excitation
5 pressure generator 11 p-wave excitation
6  pressure hose 12 cable winch

Figure 12 — Down-hole and up-hole measurement setup
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The most suited practical implementation of the down-hole measurement is the seismic CPT device
(S-CPT). It facilitates efficient down-hole measurements in soft ground, since no predrilled borehole
is needed, and is well suited for applications related to ground-borne noise and vibration from rail
systems. The equipment consists of a conventional CPT-cone equipped with a seismic sensor in the form
of a horizontal geophone or accelerometer mounted within the device just above the friction sleeve as
illustrated in Figure 13. More details are found in ASTM D 5778, References [25] and [36]. A slope sensor
may also be included for the purpose of tracing deviation for the case the S-CPT is also used for cross-hole
measurement, as mentioned in 6.5.4. The measurements follow exactly the same interval procedure as

o _n o0

tones and boulders S-CPT is usually not applicable due to penetration problems.

\ high-frequency seismic signal with sufficiently high sampling is desirable for down-holp S-CPT
heasurements, to obtain sharp arrival time detection and reduce nearfield problems. However, like
pr cross-hole there is a trade-off due to attenuation of higher frequencies iixthe ground. For down-
ole, it does, however, become more important than for cross-hole, since it-directly limits the mpximum
enetration depth of the measurement. Practically, penetration for down-hele and S-CPT measufements
5 limited to 30 m to 60 m in soils. S-CPT devices are available with onéor with two (or more) sepsors. In
he two- or multi-sensor devices, the seismic sensors are located in the drill-rod, at typically 1mj|vertical
eparation. These devices are superior over those with only one-Senor, since they directly measpures the
hterval speed over the sensor separation distance, and do net depend on unreliable trigger sighals.

7o e T Bl N L

Ip-hole and down-hole measurements can also be made*by means of a logging tool lowered into
redrilled boreholes. The logging tool contains bothithe wave source and the receivers at| certain
ertical spacing, as illustrated in Figure 12 d). This*technology is adopted from hydrocarhon well
bgging methods. The logging tools usually measuré’both p-wave and s-wave speed along the horehole
nd may also contain sensors for mass density; water content, resistivity, etc. Various versions of this
ool are termed “vertical seismic loggers”, “PS;suspension loggers” and also “vertical seismic pfofilers”
VSP). These tools may also utilize the vatious tube-waves along the borehole and do work]|in lined
Roreholes and can give properties ofsthe ground outside the lining. The interpretation requires a
numerical model of the dynamics of the tool and the fluid in the borehole, and the lining.

ot Q) — A N~

NOTE The vertical seismic profiler is not to be confused with offshore VSP which is an involved seismic
ethod with a multitude of sensors in the borehole, source on the seabed or in the borehole, and altefnatively
qlso with sensor cables along-the‘seabed.
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Key

1  oscilloscope 6  shear wave source
2 trigger circuit 7  seismic receiver

3 staticload 8 seismometer

4 metpl beam, wooden.beam 9 slope sensor

5 hammer

NOTE More details of a CPT device are found in ASTM D 5778 and in References [25] and [36].

Figure 13 — Seismic CPT measurement setup (seismic cone penetrometer SCPT)

6.5.4 Cross-hole measurements

Conventional seismic cross-hole testing uses two or more boreholes to measure dynamic properties of
the ground for waves propagating between the holes.

In its simplest form cross-hole testing uses two parallel vertical holes, one for an impulsive seismic
energy source and one for a seismic receiver. By fixing the source and the receiver at the same elevation
in each of the holes, the wave speed in horizontal direction can be determined from the distance
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between the holes, d, divided by the measured travel time between a trigger signal from the source and
the arrival of the wave at the receiver, At(2):

V(Z) =d/ At(z) (35)

By repeating the measurement at consecutive elevations a profile of wave speed versus depth can
be established for the ground at the site. Typical depth interval between measurements is from
0,5mtol1m.

Nore reliable and accurate measurements are obtained by using more than two parallel bdreholes,
ee Figure 14 a). Wave propagation speed can then be calculated from the difference in arriyal time
t adjacent holes. This eliminates errors from uncertainty in the trigger signal, from variabilify in the
oupling of the source and receiver to the ground, and from spherical wave effects close to thg source.
L also makes interval time picking more precise. Arrival times may be picked by eye using points of
ommon phase in time domain display as shown in Figure 14 b), or by using cross:correlation ¢r cross-
pectral (phase angle based) methods. A standardized procedure for cross-hele-measurementfis found
h ASTM D 4428/D 4428M.

—-n O = M~ O (N

ross-hole tests work both in soils and rocks. In loose soils, the holes{might need a lining, preferably
hade of plastic tubing. A backfill material can also be needed to‘ensure proper coupling lbetween
he lining and the surrounding soil. In soft soils, the source and ‘téceiver(s) may as an alternfative be
onsecutively penetrated as the measurements progress downwards, without the need for pijedrilled
oles. Since the determined wave speed is sensitive to uficertainty in the inter-borehole gpacing,
orehole deviation surveys might be needed for holes deeper than typically 20 m. This depends on
round condition, drilling equipment and requested accuracy.

'he cross-hole measurement method can be adapted*both for p-wave and s-wave measuremgnts. For
ure p-wave surveys, a small explosive source and hydrophone receivers may be used at sites where the
oreholes can be kept water filled. Unless, and.when s-waves are to be measured, source and receivers
eed to be clamped towards the borehole wall. Either a mechanical impact or a vibratory soulrce may
e used. Such mechanical sources may generate both s- and p-waves. For s-waves, a source working
ertically and generating vertically polarized, horizontally propagating waves is most comrhon and
asiest to implement. It is, however, possible to implement a rotary source which generates horizontally
olarized, horizontally propagating's-waves. By combining both types of sources, anisotropy in the
round material can be measured. To ease the arrival time picking, a source that can reverse its[polarity
if impulsive) is beneficial as:Eigure 14 b) illustrates by solid and dashed lines. Receivers may dither be
eophones or accelerometers, mounted horizontally in the radial direction for p-wave measfirement
nd vertically, and eventually horizontally in the tangential direction for s-wave measurement. When
pplying the technique’ of consecutive penetration, a device like a SPT may be used as th¢ source
nd a seismic CPI deévice (see 6.4.2) may be used as receiver(s). This effectively cuts the co$t of the
hvestigation as thére is no need for predrilling holes.

(010 Wa cn S @ D WD < B o el S o el o ST S | (010 T cn el walB o W e L S e ¥
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b) Time history example

Key
source
receivers

signal from recéiver R1 (The high-frequency first arrival is the p-wave signal, the later, lower-frequency
arrival is the$§hear wave signal)

signal from¥eceiver R2

5 signakfrom receiver R3
trigger signal

excitation in upward direction

------ excitation in downward direction
Figure 14 — Cross-hole measurement

Cross-hole testing can give reliable s-wave results down to typically 50 m to 80 m. For explosive-
source p-wave measurements (in rock), deeper investigations are possible. A high-frequency source
signal with very high sampling rate is desirable to avoid nearfield effects and to make arrival time
histories sharper. The trade-off is due to high attenuation of high-frequency waves. Cross-hole testing
is considered an accurate and reliable method for measuring the wave speed in the ground, as long as
the inter-borehole spacing is kept under control. The method does, however, rely on the assumption
that the ground is horizontally stratified and that the properties do not vary substantially in lateral
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direction over the distance of the borehole spacing. The method can also give erratic results close to
distinct horizontal speed contrasts, as the first arriving waves might not have propagated horizontally,
but rather have been refracted into the higher speed layer.

From cross-hole measurements with more than two boreholes, itis possible to determine the attenuation
properties, i.e. the loss factor of the ground material in addition to the wave speed. The method does,
however, require high-quality seismic coupling between the surrounding ground, the borehole lining
and the sensors. The accuracy of the determination is limited since it has to be separated from the
geometrical attenuation of the waves between the boreholes, which is influenced by the layering of
the grnnnd Another Phn”nngn is to overcome nearfield effects. To resolve loss factorin the nearfield is
domplex and the deduction should preferably be done outside this zone. However, the nearfjeld|extends
tiypically three wavelengths. A high-frequency source should be preferred to reduce theextent of the
nearfield zone.

f the ground properties vary substantially both vertically and laterally, an extended tomggraphic
ersion of the cross-hole method may be applied. In this approach, the arriving Waves from any source
osition are recorded by a large number of receivers distributed along the\receiver borehoje(s). By
ecording the arriving waves from all sensors and for all source positions along the source Hole, and
ubject the recordings to a tomographic inversion, a complete 2D mapping of the wave spded (and
ttenuation properties) of the ground materials between the borehples is possible. More information
bout tomographic measurements is found in Reference [38].

Q) _O) (N ™ M~ At

6.5.5 Other measurements — Refraction and multi-channel p- and s-wave reflection, resistivity

A conventional seismic refraction survey is often performed at an initial stage of the geotechrfical and
gngineering geological investigation of a rail system site: However, in this part of ISO 14837 refraction
qurvey is not considered a dedicated measurementimethod for ground dynamic propertiep in the
dontext of ground-borne noise and vibration forrail systems and is therefore not further explained
Here. Description can be found in ASTM D 6429.and in text books like References [18] and [20].

A conventional refraction survey can, however, give useful information about the stratificatidgn of the
Joil, location of ground water table and bédrock at the site. This information is useful as geomettic input
fpr building dynamic computational models of the site, but also for planning specific measurefnents of
dynamic ground parameters and can-be a support in the inversion of surface wave measurements.

'he refraction survey gives p-wave velocities for the ground materials at the site which can|be used
irectly as input in noise andivibration propagation studies. The p-wave speed is an important glynamic
roperty for unsaturated-seils and particularly for rocks.

hnd sites. When used, their purpose is hydrocarbon or mineral exploration, where the target d¢pth can

]

Q

!

R-wave reflection investigations are usually not performed for mapping the shallow stratigraphy of on-
1

Re from several huhdred meters to kilometres.

Hor shear-waves, however, recent promising development of multi-channel shear wave rgflection
qurvey anethods for shallow on-land applications has taken place, using land-streamers angl shear-
Wwave Svibrators.[Z0],[71][76] Shear-wave reflection surveying yields superior results in tgrms of
qubsurface imaging, lateral variations and stratification compared to p-wave refraction and| surface

e invaercion duo ta tho chartor vwavelonath of cavwavec camnaroad to nawwavas Pracoccing og entlally
e v-er oo —trere—+ 01t o8y ere g5 tor Y ctv Hpareo—+ Wetv-eo—++ O =

follows the same principles as conventional p-wave reflection surveying.[87] Note that surface waves
will typically contaminate the data, except when pure shear is used (i.e. cross-line shear wave vibration
direction and cross-line recording direction) from a stiffer interface overlying the softer subsurface
(e.g. pavement), which prevents the generation of Love surface waves.

Also geo-electric measurements, like earth resistivity tomography (ERT) can give valuable overview
information about soil types, stratigraphy, water table and bed rock location, etc.,[24] but no direct
measurement of the dynamic properties.

In essence, it is the combined or integrated use of geophysical and geotechnical techniques that is key to
a proper understanding of the soil conditions at a given site.
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6.5.6 Other in-situ methods

There are also other in-situ methods that can be useful to measure dynamic ground parameters
under certain conditions, like various types of dynamic plate loading tests, dynamic screw plate tests,
dynamic vane tests, etc.[25] When performing and interpreting such test it is vitally important to keep
in mind the sensitivity of the dynamic ground parameters to the confining effective stress. Such tests
therefore need to be performed under the right stress conditions, e.g. by properly preloading a dynamic
plate load test, or the stress dependency needs to be corrected for in the interpretation. An advantage
of these in-situ methods is their ability to test the materials at higher dynamic strains, into the elastic

non-lingarand-nen-inearrange-

It is noted that there are other geotechnical in-situ methods used to obtain specific data suchasth
pressurf meter (ISO 22476, AFNOR XP P94-110-2 and Reference [17]), that is common in some Tegiong.
The mo$t common devices do only provide static ground parameters, however there also devices that
can det¢rmine in-situ cyclic properties of the ground. However, these devices are designedto measurg
ground [properties at high strain levels and are not suited for ground-borne noise and ¥ibration from
rail systiems.

W

6.6 Laboratory measurement of dynamic ground parameters

6.6.1 |General

In general, laboratory measurements such as the resonant column tést are not used to obtain dynamif
ground |parameters in rail system projects, although they could form a strategy to enhance othe
investigption methods, and are more utilized in research projects.

=

Dynamif parameters of ground materials may also be measured in the laboratory on retrieved sample
from th¢ site. The main advantage of doing the tests in thelaboratory, as opposed to in-situ, is the mor
controlled conditions offered by the laboratory devices. The major disadvantage is disturbance of th
sampleqd and non-representative samples.

w WU

Elastic ghear and dilatational wave speeds in ground materials may be measured in the laboratory a
well as |n-situ. The advantage of such measurements in the laboratory is the ability to test the sam
materia] under various confining stress,eonditions, moisture and saturation conditions and degrees g
compaction. Measurement of anisotropy-is also easier. The major advantage, however, of testing in th
laboratqry is the ability to control the.dynamic (and cyclic strains) and stresses and do measurement
where the ground materials have €lastic non-linear and purely non-linear behaviour. This is not possibl
in-situ. Laboratory testing also enables much more reliable and controllable measurement of low-strai
materia] loss factor and makes it possible also to measure the loss factor also in the elastic non-linea|
and nontlinear regime.

— (0O

=N = (D71 (D

The malin disadvantage of laboratory measurements is the problem of the tested specimen nqt
necessafily being representative for a ground material in the in-situ conditions of the site. This ca
either be due to/disturbance introduced to the specimen during the sampling and handling process o
simply By thefact that one or a few tiny specimens might not represent the overall properties of a larg
volume pf ground material, which controls ground-borne noise and vibration at the actual site.

D 3 =

When considering [aboratory versus in-situ testing, one should keep in mind thatfor ground-borne noise
and vibration issues from rail systems, soil behaviour in the low-strain, linear-elastic regime entirely
dominates. Only for local issues high up in the track structure or very close to the track, geo-materials
can be in the elastic non-linear regime. For well-designed tracks, materials should never be in the really
non-linear regime. Focus should therefore be on the low-strain dynamic properties. In soil materials,
particularly these low-strain properties are extremely “brittle” and easily distorted by sampling and
handling. This favours in-situ measurements over measurements in the laboratory. Strength and high-
strain deformation properties as requested for conventional geotechnical and engineering geological
design are far more robust and less sensitive to sample disturbance.
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Careful sampling can retrieve fairly undisturbed specimens from cohesive materials like clay.
disturbance will tend to reduce Gmax and V5 compared to in-situ conditions. For non-cohesive m
specimens for laboratory testing usually need to be reconstituted from remoulded material

015(E)

A slight
aterials,
. Elastic

properties for such specimens can be far from the in-situ values. Results from reconstituted specimens
of material containing silt can particularly deviate from undisturbed in-situ material. Laboratory
measurements can be superior for testing fill materials, materials to be compacted, etc. It is, however,
important to be aware that coarser materials like ballast, gravel and crushed rock can require far larger
samples and testing devices than conventionally used. Laboratory measurements can also be superior

to study more fundamental dynamic behaviour of geo-materials, on a research basis.

laboratory testing of rock materials is usually made on specimens taken from chunks of int
from drilled cores. Data from such tests can drastically overestimate wave speed and undersg
the attenuation properties of the in-situ rock mass, since the effect of the joints is missing.

6.6.2 Piezo measurements

In the laboratory, piezo benders may be used to measure the shear wave speed Vs and thus Gy
gpecimens that are under testing within conventional laboratory devicegs-like triaxial, oedom
direct simple shear (DSS).[27]

iezo benders are tiny bimorph blade shaped elements and are parti€ularly suited for testing s
'hey flex when exposed to an electric voltage through their cénhector leads and produce a
vhen mechanically forced to flex. They can thus be used both ‘as wave transmitters and rece
n ordinary setup, the benders are mounted in the top capand bottom pedestal of the test de
rotrude about 5 mm into the specimen as shown in Figdré 15. By sending an electrical puls
ransmitter, a shear wave pulse is generated and propagates through the specimen to the recei
ravel time is picked from the recorded electrical signals and the shear wave speed calculated f
eight of the specimen divided by the travel time,in‘the same way as done for cross-hole measur

—_ et ct O = ] T

'he dynamic shear strain of the propagated wave is typically in the range well below 10-3 %, :
learly within the linear elastic range for the soil material. The shear modulus derived from t
peed is therefore definitely a measure 0f Gpax. Unfortunately, the strain level of the transmif

— = 0 O

bss factor of the material.

\ reading by piezo benders is,completely non-destructive and performed within a fraction of a
ince the elements fit so, €onveniently into ordinary geotechnical testing devices, Vs may

epeatedly throughout any;stage of consolidation and failure testing of the specimen. Piezo bend
Iso be mounted at the-sides of the specimen in perpendicular directions to quantify elastic an
f the ground material-at various stress conditions.

e T« D e B O W

The p- and s-wdveSpeed of rock core specimens may be measured by ultrasonic piezo ceramic €
ip the top cdp and bottom pedestal of a uniaxial or triaxial testing device, or simply by pus
drystals against an unconfined specimen. P-wave crystals may also work on soil specimens, par
if saturated, but s-wave crystals of this type do not work due to the very large impedance
h

het rock
stimate

x of soil
bter and

bft soils.
voltage
jvers. In
yice and
e to the
ver. The
rom the
ements.

ind thus
he wave
ted and

eceived pulse cannot be controlledaccurately enough to make the measurements also quantify the

second.
be read
ers may
sotropy

lements
hing the
icularly
Contrast

etween the crystal and the soil. That is the reason why piezo benders are needed for testing s¢ils.
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Figure 15 — Piezo bender device
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