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Abstract

Gap-graded cohesionless soils are extensively utilized in numerous man-made geotechnical structures such as earthen embankments,
man-made fills and used for the prevention of seepage in dams and tailings of mines. However, there is a lack of research available on
investigating the transitional behaviour of frequency responses of gap-graded cohesionless soils. Therefore, the present research explores
the stress wave transmission in gap-graded silica sand mixtures (having median particle size ratio of 6.4) using disk-shaped piezoelectric
transducers (DTs). By employing DTs, shear (Vs) and compression (Vp) wave velocities are measured using more planar waves and elim-
inate the possibility of fine particle segregation commonly encountered during insertion of bender elements. The experimental results
indicate that at an equivalent void ratio, Vs and Vp decrease initially with the increase in fine silica sand content (Fs); however, once
a transitional value (Fs,thr) is attained, Vs and Vp start to rise and move towards the values for fine silica sand. Such transitional beha-
viours of elastic wave velocities and frequency-domain responses are dependent on the state of packing, i.e. denser specimens achieve this
at a lower Fs than the looser equivalents. It is observed that for a given Fs, there exists a linear relationship between the maximum trans-
mitted frequency in the packing, i.e. low-pass frequency (flp) and the Vs. Furthermore, a novel approach has been described by which the
type of gap-graded mixture, i.e. underfilled (internally unstable) or overfilled (stable), can be assessed by experimentalists from the slope
of flp–Vsresponses. The advantage of adopting flp to categorize the gap-graded mixtures is that the same is more sensitive to Fs in com-
parison to Vs or Vp, and thus a more robust analysis can be achieved.
� 2021 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The term gap-graded cohesionless soil signifies a mixture
of coarse and fine cohesionless soils having an appreciable
difference in their median particle size (D50). As finer parti-
cles tend to segregate from the coarser matrix, the naturally
deposited gap-graded soils are rarely found. Hence, major-
ity of the geological deposits contain a wide range of grain
https://doi.org/10.1016/j.sandf.2021.03.003
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sizes or consist of uniformly graded soils. However, gap-
graded soils are widely utilized in several types of man-
made geotechnical structures such as earthen embank-
ments, man-made fills and used for the prevention of seep-
age in dams and tailings of mines (Peters and Berney, 2009;
González-Hurtado and Newson, 2015). For the accurate
design of geotechnical structures that contain gap-graded
soils subjected to dynamic loadings, elastic wave velocity,
and hence small strain stiffness are essential parameters.
Therefore, research pursuing the development of novel
geophysical tests to assess small strain stiffness of gap-
graded soils is important. Based on the theory of elasticity,
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Nomenclature

b finer fraction that participates in coarse
structure

CSS coarse silica sand
C1 to C8 fitting parameters
Dr relative density
DT disk transducer
D50 median particle size
D50,f median particle size of finer grains in gap-graded

soils
D50,c median particle size of coarser grains in gap-

graded soils
D10,c 10% of coarser particle diameters are smaller

than D10,c

e void ratio
e�c intergranular void ratio
e�c;eq equivalent intergranular void ratio
e�f interfines void ratio
e�f ;eq equivalent interfines void ratio
emin minimum void ratio
emax maximum void ratio
Eo small strain Young’s modulus
Eo* small strain Young’s modulus of CSS (Fs = 0%)
f frequency
fin input frequency of sinusoidal pulse wave
flp low-pass threshold frequency
Fs fine silica sand content
Fs,thr threshold fine silica sand content
FSS fine silica sand

GB glass beads
Go small strain shear modulus
Go* small strain shear modulus of CSS (Fs = 0%)
Gs specific gravity
Gs,c specific gravity of CSS
Gs,f specific gravity of FSS
Gs,m specific gravity of mixture
l equivalent distance between monosized spheres
Ls length of specimen in wave transmission direc-

tion
m fitting parameter
Mo small strain constrained modulus
m Poisson’s ratio of soil specimen
p’ isotropic vacuum confining stress
Pc percentage by weight of CSS
Pf percentage by weight of FSS
ptp peak to peak method
q density of soil specimen
Sq root mean square surface roughness
SS silica sand
sts start to start method
Tp travel time of compression wave
Ts travel time of shear wave
Uc coefficient of uniformity
Vp compression wave velocity
Vs shear wave velocity
Rd particle size disparity ratio (D50,c /D50,f)
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for a homogeneous and isotropic medium, the equation
describing the relationship between small strain shear mod-
ulus (Go) and shear wave velocity (Vs) is given below:

Go ¼ qV 2
s ð1Þ

where q = density of the soil specimen.
Past studies have emphasized that the grain size distri-

bution significantly affects the mechanical behaviour of
soils (Iwasaki and Tatsuoka, 1977; Wichtmann and
Triantafyllidis, 2009). Moreover, the influence of inclusion
of non-plastic finer particles on the small strain stiffness of
coarse granular materials has been investigated by numer-
ous previous researchers (Iwasaki and Tatsuoka, 1977;
Salgado et al., 2000; Sahaphol and Miura, 2005;
Wichtmann et al., 2015; Choo and Burns, 2015;
Goudarzy et al., 2016a; Yang and Liu, 2016). Iwasaki
and Tatsuoka (1977) stated that at similar confining pres-
sure (r3) and void ratio (e), small strain shear modulus
(Go) of sands decreases with the increase in the fines con-
tent. Salgado et al. (2000) ascribed the reduction of Go to
the lack of well-developed contacts of the finer fractions
with the coarser particles. Salgado et al. (2000) further pos-
ited that even when the finer grains could ensure better con-
tacts with the coarser fractions, under shear wave
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transmission, the former can easily move sideways and
therefore, do not contribute to the stiffness. Sahaphol and
Miura (2005) reported a continuous reduction of Go of vol-
canic soil with the increase in fines content (prepared by
crushing the same volcanic soil) up to 100%. Choo and
Burns (2015) observed that the reduction of Vs with the
addition of finer fractions is significant for gap-graded mix-
tures having a larger particle size disparity ratio (Rd = D50,

c/D50,f, where D50,c = median particle size of coarser grains
and D50,f = median particle size of finer grains) at an equiv-
alent fines content. Wichtmann et al. (2015) noticed a sig-
nificant reduction in Go up to 10% fines content, but the
reduction is negligible at fines content beyond that value.
Wichtmann et al. (2015) ascribed this reduction to the
development of strong and weak force chains at the inter-
particle contacts of polydisperse packing (i.e. coarse and
fine mixture); unlike monodisperse packing (coarse or fine
only matrix) where force chains exist more uniformly.
Goudarzy et al. (2016a) from their experiments on mixtures
of glass beads (GB) detected that the small strain stiffness
reduces with the increase in finer GB content up to 30%
but for higher finer GB content, i.e. 40% and 50%, it starts
to show an increasing trend. Yang and Liu (2016) attribu-
ted the decline in the Go of Toyoura sand with the addition
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of finer silica content up to 30% to the reduction in the
mean coordination number of the particles.

Nevertheless, the research focusing on evaluating the
frequency-domain responses of gap-graded granular mix-
tures is limited. Otsubo et al. (2021) revealed that the con-
tribution of finer fractions to the overall stiffness of gap-
graded GB mixtures could also be assessed from the
frequency-domain responses. The present research explores
the stress wave transmission in gap-graded silica sand mix-
tures using planar disk-shaped piezoelectric transducers
(DTs). The use of DTs enables assessment of shear (Vs),
and compression wave velocities (Vp) using more planar
waves and eliminates the limitations associated with the
more widely used bender elements (Brignoli et al., 1996;
Suwal and Kuwano, 2013a; Dutta et al., 2020a). Bender
elements are invasive and cause significant disturbance of
the specimen fabric adjacent to the penetrated element.
During the insertion of the bender elements inside the spec-
imen, the fine particle segregation may also be aggravated;
hence, the usage of planar piezoelectric transducers is suit-
able for the research on gap-graded soils. Moreover, this
study evaluates the frequency-domain responses of shear
(S-) waves and describes an approach by which the maxi-
mum transmitted frequency of the packing can be utilized
to assess the contribution of finer fractions to the stress
transfer or stiffness of the gap-graded mixture.
2. Experimental program

2.1. Material properties

Two sizes of silica sand (SS) having D50 of about 1.8 mm
and 0.28 mm and Rd of 6.4 were used to undertake the pre-
sent study (Fig. 1). The definition of fines content (Fc)
based on the Unified Soil Classification System (USCS)
Fig. 1. Particle size distributions of coarse silica sand (CSS), fine silica
sand (FSS) and their mixtures at fine silica sand contents (Fs) of 10%, 20%,
30%, 40% and 50%.
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classification is for particles passing 75 lm sieve size
(ASTM D2487-17e1). However, as the fine silica sand used
has a D50 of about 0.28 mm, the term Fs is used to define
the percentage weight of finer silica sand content. The silica
sands used are greyish in colour having angular shaped
grains; their shape parameters being measured by the
authors using a QICPIC image analysis apparatus, follow-
ing the procedure detailed in Altuhafi et al. (2013). The fine
silica sand (FSS) having lower sphericity and convexity is
more angular than the coarse silica sand (CSS) (Table 1).
The surface roughness values of the silica sands were mea-
sured using an optical interferometer and analyzed follow-
ing the procedure described in Otsubo and O’Sullivan
(2018). Otsubo et al. (2014) recommended that the optimal
dimension of the assessment length should be about 5–10%
of D50 of the material because the accuracy of the measure-
ment reduces as the slope of grain surface relative to the
horizontal plane increases. Hence, 90 lm � 90 lm assess-
ment area was used for CSS and 14 lm � 14 lm area
was considered for FSS. To precisely measure the surface
roughness of the grains, the curvature effect was removed
using the motif analysis procedure with the default setting
offered by the Fogale 3D software (Fogale, 2005). The
average values of the root mean square surface roughness
(Sq) of CSS and FSS are about 504 nm and 373 nm, respec-
tively, indicating CSS are slightly rougher compared to
FSS (Table 1). The specific gravities (Gs) of the CSS and
FSS are 2.64 and 2.63, respectively, and specific gravities
for the gap-graded mixtures (Gs,m) are calculated using
Eq. (2).

Gs;m ¼ Pc þ Pf

Pc
Gs;c

þ Pf

Gs;f

ð2Þ

where Pc, Pf = percentage by weight of CSS and FSS,
respectively, Gs,c, Gs,f = specific gravity of CSS and FSS,
respectively.

The mould size specified by Japanese Geotechnical Soci-
ety (JGS) standard (JGS 0161, 2009) to measure the max-
imum and minimum e values (emax and emin), having a
diameter (u) of 60 mm and height (h) of 40 mm, is small
compared to the maximum particle size that is recom-
mended in that mould, as CSS has Dmax > 2 mm. Hence,
to be consistent, emax and emin of the CSS and FSS and
their gap-graded mixtures were determined following the
JGS standard, but by utilizing a larger mould
(u = 80 mm, h = 60 mm). To obtain emax, a funnel was
gently lifted at the centre of the mould without permitting
any dropping height of the deposited material. For the CSS
and FSS, the deposition process was undertaken in one
step, i.e. one continuous upward movement of the funnel
without stopping. The deposition of the gap-graded mix-
tures was carried out stepwise, i.e. in ten equal layers to
minimize particle segregation while filling the mould. A
similar stepwise depositional technique was adopted by
Sarkar et al. (2020) to prevent particle segregation. For
determining emin, the materials were divided into ten equal



Table 1
Properties of coarse silica sand (CSS) and fine silica sand (FSS).

Materials D50 (mm) Gs (–) Uc (–) emin (–) emax (–) Sphericity (–) Convexity (–) Sq (nm)

CSS 1.80 2.64 1.3 0.681 0.983 0.885 0.967 504
FSS 0.28 2.63 1.5 0.694 1.154 0.864 0.924 373
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layers and placed into the mould using a funnel. Then, for
each layer, side tapping was given to the steel mould using
a wooden mallet. The side tapping process for each layer
includes giving five number of blows every second, which
was repeated twenty times by rotating the mould in 90
degrees circular motion. Ishihara et al. (2016) reported that
emin values obtained following the JGS standard are gener-
ally higher than those obtained by the vibration table
method (ASTM D4253 � 16e1).

Fig. 2 presents the variations of emax and emin for CSS
and FSS and for their mixtures with various Fs. The range
of attainable void ratios (i.e. difference between emax and
emin) for FSS is 0.460 and for CSS is 0.302; this difference
is partially explained by the difference in their particle
shapes. With the increase in the sphericity of the grains,
CSS being less angular, the range of attainable e reduces
(Cho et al., 2006). The emax values of FSS are significantly
larger than the coarser equivalents, which agrees with the
observation reported by Sarkar et al. (2020) for GB. Ini-
tially, as Fs increases, the finer grains tend to occupy the
available voids of the coarser matrix causing a reduction
in the global e of the packing until a threshold value (Fs,thr)

is attained (Case i and Case ii of Fig. 3). However, with fur-
ther increase in Fs beyond Fs,thr, the finer materials end up
between the surfaces of the adjacent coarser grains and try
to push the coarse matrix apart, resulting in the rise of e of
the packing (Case iii and Case iv of Fig. 3).
Fig. 2. Void ratios (e) of the tested specimens at different fine silica sand
contents (Fs) at p’ = 60 kPa along with minimum void ratio (emin) and
maximum void ratio (emax) obtained following JGS standard (Fs,thr values
were calculated according to Lade et al. (1998)).
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2.2. Specimen preparation method

The preparation of sand specimens is done by adopting a
consistent approach using a 75 mm (u) � 150 mm (h) split
mould. In addition to CSS (Fs = 0%) and FSS
(Fs = 100%), five different gap-graded mixtures were pre-
pared by incrementally adding following percentages of Fs,
i.e. 10%, 20%, 30%, 40%, and 50% to CSS. The steps of spec-
imen preparation adopted in this research are schematically
depicted in Fig. 4. In the first step, samples were prepared in
the loosest possible state by gently depositing the grains from
an extremely low height using a funnel in five layers of about
200 g to minimize segregation (Fig. 4a). After filling the
mould, the top cap was placed, and the membrane was
attached to the top cap using two rubber straps. At an isotro-
pic vacuumconfining stress (p’) of 30 kPa the splitmouldwas
removed, and then the p’ was increased to 60 kPa. The sam-
ple dimensions were accurately measured at p’ = 60 kPa
using vernier callipers; the diameters were measured at six
different locations, and heightsweremeasured at three differ-
ent locations. After a creep duration of 1 hour, S- and com-
pression (P-) wave measurements were undertaken using
DTs at different excitation frequencies (fin). The wave veloc-
itymeasurements were conducted in specimens prepared in a
dry state at p’ = 60 kPa (Fig. 4b). Subsequently, the split
mould was placed back to the specimen, and the vacuum
stress was reduced to 0 kPa. The top part of the membrane
was lowered from the top cap and stretched to mould care-
fully, and the top cap fitted to the loading pedestal was care-
fully lifted (Fig. 4c). Then, using a wooden mallet, a gentle
side tapping was given to themould uniformly from all sides,
and a small mass of soil (nearly 20 g) is filled on the top of the
specimen to fill the gap (Fig. 4d). After placing the top cap,
the split mould was removed again at p’ = 30 kPa, followed
by the same procedure as discussed above (Fig. 4e). The
aforementioned steps were repeated up to a stage when the
specimen attains the densest possible state for this specific
specimen preparation technique. However, it should be
noted that the densest state of the specimen prepared using
this technique is lower than the maximum dry density
obtained following the JGS standard (Table 4). Therefore,
an additional test case of CSS (i.e. e=0.711 and relative den-
sity (Dr) = 90%) was prepared by depositing the sand grains
in five equal layers and each layer was given 25 numbers of
side tapping to reach a very dense case. In total, five to six dif-
ferent e values were targeted; however, P-wave measure-
ments, due to the relatively low signal to noise ratio of the
received signals, could be achieved at four different e values
only.



Fig. 3. Schematic illustration of fabrics of gap-graded soils (Case i) underfilled fabric (Case ii) meta-stable transitional fabric (Case iii) stable transitional
fabric (Case iv) overfilled fabric. (Grey shading of finer grains signifies participation in stress transmission).

Fig. 4. Steps of specimen preparation (a) Loosely depositing the soil using a funnel (b) Placing the top cap and performing wave measurement (c)
Removing top cap and then giving gentle side tapping using a wooden mallet to increase the density (d) Carefully filling additional soil in the gap created
due to settlement of soil particles (e) Repeat step (b) for the next wave measurement.
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2.3. Wave measurement program

The schematic diagram of the overall test setup used for
conducting wave measurements is presented in Fig. 5a. The
input wave signals were produced by a digital function gen-
erator which was then amplified by using a bipolar ampli-
fier. The present study utilizes a single period pulse of
sinusoidal waveforms having a peak to peak voltage of
140 V (Fig. 6). The amplified excitation signals were sent
to the transmitter elements of the DTs. DTs were devel-
oped following the procedure detailed in Dutta et al.
(2019). DTs were comprised of S- and P-type of piezoelec-
tric disks merged on either side of an acrylic plate and were
installed inside a hollow metallic cylinder and were sup-
ported using epoxy glue and silicone (Fig. 5b). The hollow
metallic cylinders were cautiously fitted to the top cap and
bottom pedestal of a conventional triaxial setup (Fig. 5c).
The transmitted and received signals were recorded using
an oscilloscope at a sampling interval of 2 � 10�6 sec.
The calibration exercise performed by directly attaching
the top cap and bottom pedestal indicated negligible time
lag for the P-wave elements. Fig. 6 depicts the two widely
adopted methods for estimating the travel time (Ttravel),
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i.e. peak to peak (ptp) and start to start (sts) method
(Yamashita et al., 2009). Owing to the undesirable effect
of near field component (appearing due to P-wave arrival)
on the rise point of received S-wave signals (Sanchez-
Salinero et al., 1986; Arroyo et al., 2003), ptp method
was used to calculate the travel time of S-waves. Dutta
et al. (2019) demonstrated that Vs values estimated from
ptp and sts approaches are comparable when the fin coin-
cides with the dominant frequency of the received signal.
On the contrary, sts method is suitable for evaluating the
travel time of P-wave signals, as high-frequency contents
in the received time-domain responses of P-waves greatly
affect the peak points of P-waves (Dutta et al., 2019).

Vs and Vp can be obtained from the following equations:

V s ¼ Ls

T s
ð3Þ

V p ¼ Ls

T p
ð4Þ

where Ls = length of the specimen in the wave transmission
direction, Ts = travel time of S-wave (from ptp approach),
Tp = travel time of P-wave (from sts approach).



Fig. 5. Test setup for performing wave velocity measurement (a) Schematic assembly of the various components (b) Schematic of metal housing with S-
and P-type piezoelectric disks (c) Bottom pedestal of triaxial apparatus equipped with disk transducers.

Fig. 6. S-wave time-domain response obtained using disk transducers showing two different methods of determining travel time, i.e. start to start and peak
to peak method.
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The small strain constrained modulus (Mo), and small
strainYoung’smodulus (Eo) of the soil specimen canbe com-
puted from the following equations (Suwal and Kuwano,
2013a):

Mo ¼ qV 2
p ð5Þ
862
Eo ¼ Moð1� 2mÞð1þ mÞ
1� m

ð6Þ

where m is the Poisson’s ratio of the soil specimen,
which can be estimated from Eq. (7) (Suwal and
Kuwano, 2013b):
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m ¼ V 2
p � 2V 2

s

2ðV 2
p � V 2

s Þ
ð7Þ
3. Fabrics of gap-graded soil

Thevanayagam (1998) proposed that at low Fs, coarse
fraction plays the dominant role, and the contribution of
finer grains to the force chains can be neglected.
Thevanayagam (1998) hypothesized that in such a case,
the finer fractions could be considered as void spaces. On
the other hand, at larger Fs, the participation of coarser
sand grains can be ignored. The following equations can
be derived for the estimation of the e of coarser (intergran-
ular e) and finer fractions (interfines e).

Intergranular e e�c ¼
eþ F s=100

1� F s=100
ð8Þ

Interfines e e�f ¼
e

F s=100
ð9Þ

where e�c = e of coarse fraction and e�f = e of finer fraction.

However, it was observed under a scanning electron
microscope that even at low Fs, a fraction of the finer par-
ticles does contribute to the force chain (Pitman et al.,
1994) and the involvement of finer fractions cannot be
totally disregarded. Hence, the concept of equivalent inter-
granular e was evolved (Thevanayagam et al., 2002). The
amount of finer particles dictate whether the gap-graded
mixture can be designated by fine in coarse matrix or coarse
in fine matrix.

When Fs is below Fs,thr (i.e. fine in coarse matrix), the
coarse grains play the active role in the shear response;
the fines provide a secondary contribution. The equivalent
intergranular e of this matrix is given by Eq. (10):

e�c;eq ¼
eþ 1� bð ÞF s=100

1� 1� bð ÞF s=100
ð10Þ

where b = finer fraction that participates in the coarse
structure, and its value lies between 0 and 1 for gap-
graded mixtures, which is influenced by Rd and their grain
characteristics.

Rahman and Lo (2008) proposed the following semi-
empirical equation from a large dataset of gap-graded
sand-fine mixtures to predict b values.

b ¼ 1� exp �l

F s
Fs;thr

� �
k

2
4

3
5

8<
:

9=
;� r

F s

F s;thr

� �r

ð11Þ

where l = 0.3 for non-angular sand and silt, r = D50,f/D10,c,
k = (1 � r0.25), D10,c = 10% of coarse particle diameters are
smaller than D10,c and the estimation of Fs,thr based on
Rahman et al. (2009) has been discussed in Section 4.1.
On the other hand, for a given Rd (=D50,c/D50,f), Kim
et al. (2021) calculated the b value for different Fs from
the linear regression analysis of the Vs � e�c;eq plot which

yields the largest coefficient of determination (R2) value.
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When Fs exceeds Fs,thr (i.e. coarse in fine matrix), the
coarse sand grains float in the finer particles matrix,
and the finer fractions become dominant. The equiva-
lent interfines e of this matrix can be obtained from
Eq. (12):

e�f ;eq ¼
e

F s=100þ 1�F s=100ð Þ
Rm
d

ð12Þ

where m = fitting parameter which depends on particle
characteristics and packing of finer grains.

In the present study, four cases of fabrics of gap-graded
soils as schematically depicted in Fig. 3 are envisaged fol-
lowing Otsubo et al. (2021).

� Case i – finer sand grains do not fill the voids
between coarse fractions and transmit insignificant
stress.

� Case ii – finer sand grains partially separate the coarser
fractions at interparticle contact points, developing a
meta-stable structure but do not fill the voids.

� Case iii – finer sand grains partially take part in stress
transmission but still do not fill the voids.

� Case iv– finer sand grains fill the voids and separate the
coarse fractions from one another and start to play a
dominant role in stress transfer.

Case ii and Case iii of this study are comparable to the
Case iii and Case ii of Thevanayagam et al. (2002). In
Thevanayagam et al. (2002), Case ii is described as a fabric
where finer grains support the coarse skeleton, and in Case
iii, fines partially separate the coarse particles. However,
Shire et al. (2014) termed Case i as underfilled fabric, Case
ii and Case iii as transitional fabric which is density depen-
dent and Case iv as overfilled and internally stable fabrics.
For the tested Fs values, an approximate classification can
be conjectured; however, exact grouping can be based on
wave velocities and frequency responses, as discussed in
the subsequent sections. The Fs = 10% case can represent
an underfilled fabric (Case i), Fs = 20%, 30% and 40% cases
will signify Case ii or Case iii (density-dependent transi-
tional fabric), and Fs = 50% case will signify Case iv (over-
filled fabric).
4. Results and discussion

4.1. Determination of Fs,thr of gap-graded mixtures

This section explores the assessment of Fs,thr of gap-
graded soil based on experimental, analytical and semi-
empirical approaches provided in the literature. From the
theory of binary-packing, Lade et al. (1998) proposed that
the intersection point of two tangential lines to the emax or
emin curves adjacent to the Fs = 0% and Fs = 100% gives
Fs,thr. From Fig. 2, the Fs,thr values from emax and
emin curves following Lade et al. (1998) approach are 35%
and 36%, respectively.
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Rahman et al. (2009) developed a semi-empirical
approach to calculate Fs,thr from the particle size distribu-
tion of CSS and FSS, as given in Eq. (13).

F s;thr %ð Þ ¼ 0:4
1

1þ exp 0:5� 0:13
r

� �þ r

 !
� 100 ð13Þ

The Fs,thr values calculated using the semi-empirical
equation developed by Rahman et al. (2009) are found to
be 29% in this study.

Thevanayagam and Mohan (2000) stated that when the
e of the finer fraction of a gap-graded mixture (i.e. inter-
fines e or e�f in Eq. 9) is lower than the maximum e of

the finer material (ef,max), the mixture is dominated by finer
particles (Fig. 7a); such Fs,thr value can be expressed as
below.

e
F s;thr=100

¼ ef ;max ð14aÞ

F s;thr

100
¼ e

ef ;max
ð14bÞ
Fig. 7. Variations in limiting void ratios where the gap-graded SS matrix
moves from coarse to fine dominated region based on the approach given
by (a) Thevanayagam (2000) (b) Salgado et al. (2000).
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Salgado et al. (2000) proposed that when the e of the
coarser fraction of a gap-graded mixture (i.e. intergranular
e or e�c in Eq. 8) is larger than the maximum e of the coarser
fraction (ec,max), the finer fraction becomes dominant
(Fig. 7b); such Fs,thr value can be expressed as below.

eþ F s;thr=100

1� F s;thr=100
¼ ec;max ð15aÞ

F s;thr

100
¼ ec;max � e

1þ ec;max
ð15bÞ

Eqs. (14b) and (15b) show that Fs,thr are dependent on
the density (or e) of the gap-graded mixture, where larger
e gives larger Fs,thr in Eq. (14b), whereas larger e gives
lower Fs,thr in Eq. (15b). Thevanayagam and Mohan
(2000) hypothesized that the denser specimen moves from
the coarse dominated to fines dominated region earlier
than the looser equivalents (Eq. (14b), Fig. 7a), whereas
Salgado et al. (2000) postulated a contradictory behaviour,
i.e. Fs,thr happens earlier for looser specimens (Eq. (15b),
Fig. 7b).

Later, Zuo and Baudet (2015) posited that Fs,thr should
be independent of e, and hence combining Eqs. (14a) and
(15a) gives Eq. (16):

F s;thrð%Þ ¼ ec;max
1þ ef ;max þ ec;max

� �
� 100 ð16Þ

When the specific gravities of coarse and fine fractions
are different, Eq. (16) takes the following form (Zuo and
Baudet, 2015):

F s;thrð%Þ ¼ Gs;f ec;max
Gs;cð1þ ef ;maxÞ þ Gs;f ec;max

� �
� 100 ð17Þ

Moreover, Zuo and Baudet (2015) proposed the follow-
ing equation to compute the Fs,thr based on the minimum e

of the coarser fraction (ec,min) and minimum e of the finer
fraction (ef,min).

F s;thrð%Þ ¼ Gs;f ec;min
Gs;cð1þ ef ;minÞ þ Gs;f ec;min

� �
� 100 ð18Þ

The Fs,thr values calculated from Eqs. (17) and (18) are
31% and 29%, respectively in this study.

The Fs,thr values obtained from the three different defini-
tions mentioned above are summarized in Table 2. How-
ever, Shire et al. (2014), based on discrete element
method (DEM) simulations of gap-graded spheres con-
cluded that the transitional behaviour of stress transfer is
greatly influenced by Dr of the gap-graded mixture. The
specimens with denser packing attain the transitional beha-
viour at a lower Fs value relative to the looser counterparts,
a behaviour similar to the one theorized by Thevanayagam
and Mohan (2000). Therefore, the Fs,thr values based on Vs,
Vp and frequency-domain responses for three different Dr

are also given in Table 2; discussion of which is provided
in the subsequent sections.
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4.2. Vs and Vp of gap-graded mixtures

The S- and P- wave time-domain responses for CSS,
FSS and their gap-graded mixtures for fin of 7 kHz are
depicted in Fig. 8, where the first major peak and first rise
points of S- and P-waves, respectively, are annotated with
blue arrows. As it is challenging to prepare gap-graded
specimens at an equivalent e for various Fs values, the
time-domain responses are shown for comparable travel
times (i.e. comparable Vs and Vp) for easy comparison.
For Fs = 30%, the e value is minimum (e = 0.598) amongst
the seven Fs cases in Fig. 8 when a similar arrival time with
other Fs specimens is achieved. This observation signifies
that for a given e, Fs = 30% case would exhibit the least
Vs and Vp values. The first cycle of the received signal
has a significantly greater period for S-wave as compared
to P-wave (Fig. 8). It can also be noted that the amplitude
of S-wave received signals are considerably greater for
Fs = 50% and FSS cases, which is comparable to the obser-
vation described in Dutta et al. (2019).

The variations of Vs and Vp with Fs are presented in
Fig. 9a and 9b, respectively. The contours (dashed lines)
of Vs and Vp for three different packing states, i.e. nomi-
nally loose (Dr = 30%), medium dense (Dr = 50%), and
nominally dense (Dr = 70%) states are illustrated in
Fig. 9. These Dr contours in Fig. 9 are developed by inter-
polating or extrapolating the linear regression lines in the
relationships between Vs and e (Fig. 10a), and Vp and e

(Fig. 10b), respectively. Referring to Fig. 9a, the drop of
Vs from Fs = 20% to 30% is substantial for the looser spec-
imen (Dr = 30%) in comparison to denser case (Dr = 70%).
Similarly, Vp values for the dense case start to rise at
Fs > 20%; however, for the loose case, Vp values continue
to decline up to Fs = 30% (Fig. 9b). This observation illus-
trates that the transitional behaviour of elastic wave veloc-
ities of gap-graded soil happens at a lower Fs value for
denser specimens relative to the looser equivalents; this
observation is in line with Otsubo et al. (2021) for spherical
particle assemblies. By means of arrows A, B, and C, the Fs,

thr values based on three different assessment methods, i.e.
Lade et al. (1998), Rahman et al. (2009) and Zuo and
Baudet (2015) are also annotated in Fig. 9.

Referring to Fig. 10, both Vs and Vp reduce with the
increase in Fs up to 30% (i.e. shifts lower left), but with
the subsequent increase in Fs (i.e. 40% and 50%), Vs and
Vp tend to increase (i.e. shifts upper right) and move
towards the coarse only fabric (i.e. Fs = 0%). Goudarzy
et al. (2016b) also reported this unique behaviour by per-
forming resonant column and P-wave measurement tests
in gap-graded GB mixtures (Rd = 10). This signifies that
at lower Fs, the finer fractions are contributing more
towards achieving a denser packing and significantly less
towards increasing the elastic wave velocity of the assem-
bly. For a given e within the tested range, Vs values are lar-
ger for FSS compared to CSS, although the slope of Vs–e
plot of FSS is more gradual and a larger range of e values
was tested for CSS. Based on the Hertzian contact theory,



Fig. 8. Time-domain responses of gap-graded mixtures of silica sands at p’ = 60 kPa (a) S-wave (first major peaks are indicated by blue arrows) (b) P-wave
(first rise points are indicated by blue arrows).
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Vs of smooth sphere assemblies should be independent of
D50 at given e and p’ (Dutta et al., 2019). However, this
increase in Vs for FSS in comparison to CSS can be attrib-
uted to the lower sphericity and lower Sq of the former.
Dutta et al. (2020b) concluded that with the increase in sur-
face roughness of glass beads, Vs reduces significantly due
to the softening effect of the asperities present in rough sur-
faces. Moreover, Liu and Yang (2018) revealed that Vs

increases with the increase in angularity, as the angular
grains achieve a greater number of contacts per particle
(or have a higher coordination number). It should be noted
that for the tested range of e, Vp values are larger for FSS
in comparison to CSS; however, due to the significantly
gentler slope of Vp–e relationship of FSS, the trend will
be reversed for the denser cases of CSS and FSS.

A linear relationship between Vs and Vp with e is widely
accepted in soil dynamics using Eqs. (19) and (20) (Hardin
and Richart, 1963), and the same concept seems to be
applicable for specimens with each Fs value (Fig. 10).

V s ¼ C1 � C2e ð19Þ
V p ¼ C3 � C4e ð20Þ

where C1, C2, C3 and C4 are fitting parameters for each Fs

value. The values of the fitting parameters and the R2 val-
ues are provided in Table 3. Using the linear relationships
in Eqs. (19) and (20), Vs and Vp values were interpolated or
extrapolated to give the contour plot (or dashed lines) for
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Dr = 30%, 50% and 70% in Fig. 9. The range of Dr from
30% to 70% is typically encountered for different Fs from
the current specimen preparation technique.

The variations of Go, Eo, Mo, and m with e for CSS, FSS
and their mixtures are summarized in Table 4. Fig. 11 illus-
trates the variations of modulus ratios (i.e. Go/Go* and Eo/

Eo*) with Fs at e = 0.72 and 0.80, where Go* and Eo* rep-
resent the Go and Eo values, respectively, for CSS with
Fs = 0%. In Fig. 11, Go/Go* values from past research on
gap-graded soils and GB mixtures are also provided for
comparison. The influence of confining stress from
60 kPa to 200 kPa on the modulus ratios was considered
to be insignificant. The e values depend on the attainable
e (i.e. from emin to emax) of each mixture, while the overall
variations in Go/Go* and Eo/Eo* are not significantly
affected by the selection of e at Fs = 10%, 20% and 50%
(comparing e of 0.72 and 0.80). However, the effect of e

is substantial at Fs = 30% and 40%, close to the point
where transition (or the shift from coarse to fines domi-
nated region) takes place. Comparing with literature data,
the drop of Go/Go* at lower Fs is seen to increase consider-
ably with the rise in Rd. A similar observation was reported
in Choo and Burns (2015) by performing bender element
tests on gap-graded SS mixtures.

Past researchers (e.g. Rahman et al., 2012; Goudarzy
et al., 2016a, 2016b) have shown that Go of gap-graded
granular mixtures can be predicted by adopting equivalent
intergranular or interfines e (i.e. e�c;eq and e�f ;eq from Eqs.



Fig. 9. Variation of elastic wave velocity with fine silica sand content (Fs)
at p’ = 60 kPa for different gap-graded mixtures of silica sand (a) S-wave
velocity, Vs (b) P-wave velocity, Vp (Dashed lines representing Dr of 30%,
50% and 70% in Fig. 9a and 9b are obtained from Eqs. (19) and (20),
respectively; Dr and e values of the data points are provided in Table 4).

Fig. 10. Influence of void ratio (e) on elastic wave velocities of different
gap-graded mixtures of silica sand at p’ = 60 kPa (a) S-wave velocity, Vs

(b) P-wave velocity, Vp.
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(10) and (12), respectively) in place of global e in the
Hardin and Black’s (1966) equation. However, the present
study could not achieve a satisfactory R2 value (R2 � 0.46)
to propose a unified Go equation for the CSS, FSS and
their mixtures by using e�c;eq and e�f ;eq values. This discrep-

ancy can perhaps be ascribed to the angular sand grains
used in this research or due to the larger D50 values
(>0.075 mm) of the finer fractions (i.e. FSS). The future
research should explore the applicability of equivalent
intergranular e concept to accurately model Go for such
gap-graded mixtures where the finer fractions have D50 val-
ues greater than 0.075 mm or have angular sand grains.
4.3. Frequency-domain responses of gap-graded mixtures

Granular materials perform as a low-pass frequency fil-
ter and do not permit the transmission of high-frequency
867
contents of seismic/stress waves through their materials.
The maximum transmitted frequency, also referred to as
low-pass threshold frequency (flp), is influenced by the
stress state, packing characteristics and particle size
(Santamarina et al., 2001; Mouraille and Luding, 2008;
Otsubo et al., 2017; Dutta et al., 2019). For laboratory
tests, the frequency responses are also influenced by the dis-
tance between the transducers and the specimen boundary.
However, as the specimens have similar Ls and the same
lateral boundary condition (i.e. membrane), the compar-
ison of flp for different Fs is reliable in a relative manner.
From the dispersion relation theory, the relationship
between flp and Vs for a regular arrangement of monodis-
perse spheres is given by Eq. (21) (Otsubo et al. 2017).

V s ¼ plf lp ð21Þ
where l = equivalent distance between monosized

spheres in a chain.



Table 3
Fitting parameters describing the relationships between Vs and Vp with e (at p’ = 60 kPa) using Eqs. (19) and (20).

Mixtures Fs (%) C1 (m/s) C2 (m/s) R2 C3 (m/s) C4 (m/s) R2

CSS 0 374.2 221.9 0.97 983.2 745.3 0.99
90%CSS + 10%FSS 10 315.9 188.1 1.00 261.8 543.3 0.87
80%CSS + 20%FSS 20 309.1 191.1 0.97 606.5 742.7 0.87
70%CSS + 30%FSS 30 372.3 311.6 0.87 933.9 934.9 0.89
60%CSS + 40%FSS 40 384.4 314.0 0.97 695.8 498.2 0.99
50%CSS + 50%FSS 50 339.1 211.8 0.96 493.9 172.3 0.99
FSS 100 332.3 160.6 0.88 662.1 342.3 0.93

Table 4
Small strain stiffnesses and Poisson’s ratio of gap-graded silica sand mixtures (at p’ = 60 kPa).

Mixtures Fs (%) e (–) Dr (%) Go (MPa) Mo (MPa) Eo (MPa) m (–)

CSS 0 0.961 7 36.1 N/A* N/A N/A
0.929 17 37.2 116.8 94.3 0.266
0.879 34 44.2 143.1 112.8 0.277
0.848 44 48.0 179.1 126.5 0.317
0.832 50 54.3 195.9 142.1 0.308
0.711 90 71.9 314.3 194.5 0.352

90%CSS +10%FSS 10 0.843 19 35.4 143.5 94.7 0.336
0.817 28 38.1 160.7 102.5 0.344
0.776 42 42.7 177.4 114.5 0.342
0.751 51 46.4 183.1 123.5 0.330
0.715 63 50.4 189.4 132.8 0.319

80%CSS +20%FSS 20 0.776 26 37.8 116.3 95.1 0.260
0.746 36 43.3 N/A N/A N/A
0.711 47 45.1 136.5 113.0 0.253
0.653 65 54.4 205.5 143.6 0.320
0.639 70 56.1 N/A N/A N/A

70%CSS +30%FSS 30 0.657 51 43.8 160.0 115.0 0.311
0.636 58 48.5 180.2 127.7 0.316
0.625 62 53.7 211.6 142.9 0.330
0.598 71 55.8 225.7 149.0 0.336

60%CSS +40%FSS 40 0.683 39 46.6 196.4 125.4 0.344
0.635 53 52.8 234.5 143.1 0.354
0.609 61 60.0 252.8 161.4 0.344
0.579 71 69.9 274.9 185.8 0.330
0.540 82 79.3 N/A N/A N/A

50%CSS +50%FSS 50 0.750 26 50.1 200.2 133.6 0.333
0.717 36 52.9 210.1 141.1 0.332
0.683 46 57.5 221.0 152.4 0.324
0.664 52 62.7 228.3 164.4 0.311
0.618 66 71.6 N/A N/A N/A

FSS 100 1.040 25 34.1 117.2 88.2 0.295
1.002 33 39.7 139.1 103.3 0.300
0.976 39 42.7 143.6 110.0 0.288
0.922 50 43.7 162.1 114.9 0.316
0.893 58 48.4 N/A N/A N/A
0.873 61 53.7 N/A N/A N/A

N/A – P-wave measurements are unavailable due to low signal to noise ratio
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Based on wave velocity measurement experiments on
GB and SS specimens, Dutta et al. (2019) concluded that
the consideration of flp of the packing contributes to the
accurate estimation of Vs and Vp. The selection of fin
greater than half of flp of the packing results in the signif-
icant discrepancy in the measured Vs values from ptp and
sts methods, which is undesirable as both methods should
give comparable Vs values (Dutta et al. 2019). Moreover,
Dutta et al. (2019) verified from both experimental and
DEM simulation results that for a constant Vs, flp values
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of uniform cohesionless granular materials (both GB and
sands) decrease with the rise in D50. From a separate series
of experiments on four different uniform SS with D50 val-
ues between 0.28 mm and 1.80 mm (at p’ = 100 kPa, e �
0.91), the following relationship has been obtained:

f lp ¼
18:8

D50

þ 7:3 ðkHzÞ ð22Þ

where units for flp and D50 are in kHz and mm,
respectively.



Fig. 11. Variations in Go/Go* and Eo/Eo* with fine silica sand content (Fs)
for different gap-graded mixtures of silica sand at p’ = 60 kPa (Go* = Go at
Fs = 0%, Eo* = Eo at Fs = 0% and Rd stands for particle size disparity
ratio, D50,c/D50,f).

Fig. 12. Normalized frequency domain responses (gain factor) of S-wave
signals at p’ = 60 kPa for (a) various Fs values at comparable Vs (b)
various void ratios with Fs = 40% (Arrows indicate the low-pass threshold
frequencies for each plot).
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The frequency-domain responses of S-waves were
assessed to obtain a better understanding of the transi-
tional behaviour of the gap-graded soils. Fig. 12a depicts
the variation of gain factor (i.e. ratio of the fast Fourier
transform (FFT) of the output signal to the FFT of the
input signal) with frequency (f) for various Fs at a compa-
rable Vs value (about 182 m/s). As the presence of low-
amplitude, high-frequency noise is unavoidable in the gain
factor�f responses, a certain threshold value of gain factor
has been introduced to quantify the flp. A threshold gain
factor of 5 � 10-7 was used in the present research and
the limiting f beyond which the gain factor is lower or
equivalent to the threshold value is selected as flp (marked
with bold arrows in Fig. 12). For a constant Vs, the range
of frequency propagation is significantly larger for FSS as
compared to CSS. For Fs = 20%, flp values are the least,
which is indicative of the existence of a weaker force chain
in such polydisperse matrix at Fs < Fs,thr (Wichtmann et al.,
2015). The inverse relationship between flp and D50

reported for uniformly graded materials (i.e. monodisperse
packing) in Eq. (22) is not valid for gap-graded mixtures
(i.e. polydisperse packing). Subsequently, due to the contri-
bution of the finer fraction to the overall stress transfer,
transitional behaviour of low-pass frequency is noticed at
Fs = 30% and 40% (Case iii in Fig. 3). However, for the
overfilled fabric (Fs = 50%), i.e. Case iv, the observation
of increasing flp with the reduction in D50 can be perceived.
From Fig. 12b, it is evident that the increase of the packing
density enhances the range of frequency propagation,
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resulting in considerably larger values of flp as the e

reduces.
The density-dependent transitional behaviour of flp can

be noticed from Fig. 13; flp contours (dashed lines) for
nominally loose (Dr = 30%), medium dense (Dr = 50%)
and nominally dense (Dr = 70%) specimens are depicted.
The contours of constant Dr values are developed from
the linear relationship between flp and e, which can be
detected from Fig. 14 with interpolation and/or extrapola-
tion. For the loose and medium dense cases, flp values drop
up to Fs = 30%, and then start to show a steady rise with
further increase in Fs (Fig. 13). On the other hand, for
the dense packing, flp values reduce up to Fs = 20%, and
exhibit a gradual increase with the subsequent rise in Fs.
Moreover, the density dependency of flp is substantially
greater for overfilled fabric and fine only matrix (FSS) in
comparison to the underfilled and transitional fabrics.



Fig. 13. Variation of low-pass frequency (flp) with fine silica sand content
(Fs) for different gap-graded mixtures of silica sand at p’ = 60 kPa (Dashed
lines representing Dr of 30%, 50% and 70% are obtained from Eq. (23); Dr

and e values of the data points are provided in Table 4).

Fig. 14. Variation of low-pass frequency (flp) with void ratio (e) for
different gap-graded mixtures of silica sand at p’ = 60 kPa.
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Fig. 14 illustrates a linear relationship between flp and e for
each Fs value. A similar finding was reported by Otsubo
et al. (2017) by performing DEM simulations of monodis-
persed spheres. The relationship between flp and e can be
described by the following equation:

f lp ¼ C5 � C6e ð23Þ

where C5 and C6 are fitting parameters for each Fs value,
which are presented in Table 5.

For Fs = 10% and 20%, the slopes of flp–e plots are
lower (almost half) than that of the monodispersed coarse
packing (CSS). For Fs = 30% and 40%, the slopes of flp–e
responses are greater than that of CSS. However, the slope
of flp–e plots increases considerably for the overfilled fabric
(Fs = 50%) and fine only matrix (Fs = 100%). This obser-
870
vation of the increase in the slope of flp–e responses for
the overfilled fabric can be clearly discerned from the dens-
est case (e = 0.540) of Fs = 40%, where a sudden rise of flp
value can be visualized, implying that the specimen moved
to the overfilled zone (Case iv in Fig. 3).

4.4. Relationship between flp and Vs influenced by fabric

Otsubo et al. (2021) correlated the state of packing with
the flp–Vs relationship, where the contribution of finer frac-
tions to the overall stress transmission is discussed, and the
four types of fabrics in gap-graded mixtures (Fig. 3) are
categorized based on DEM analyses. Fig. 15 illustrates
the present experimental data on flp–Vs relationship for
each Fs value. Referring to Fig. 14 and Fig. 10a, both flp
and Vs values are linearly influenced by e, which gives a
flp–Vs relationship independent of the effect of e. The rela-
tionship between flp and Vs can be expressed by the follow-
ing equation:

f lp ¼ C7 þ C8V s ð24Þ
where C7 and C8 are fitting parameters for each Fs value,
which are presented in Table 5.

The slope of flp–Vs relationship, C8 term, gives insights
into the type of fabric in gap-graded mixtures. The test
cases of Fs = 10%, where the slope of the flp–Vs line is lower
than CSS (Fs = 0%), represent the underfilled fabric (i.e.
Case i). The test cases of Fs = 20% and loose to medium
dense cases of Fs = 30% represent meta-stable transitional
fabrics (i.e. Case ii). The slopes of the flp–Vs relationships
of meta-stable fabrics are lower than that for the under-
filled fabrics. This is because the finer fractions tend to par-
tially separate the coarser particles without contributing to
the stress transmission, resulting in the creation of weaker
force chains in the matrix. The densest case of Fs = 30%
and all the loose to medium dense cases of Fs = 40% signify
a stable transitional fabric, (i.e. Case iii). In the stable tran-
sitional fabric, as the finer fractions start to take part in
stress transmission, there is a sharp increase in the slope
of the flp–Vs relationships. However, the densest case of
Fs = 40% seems to attain the overfilled zone. For
Fs = 50%, in which a considerably steeper slope of flp–Vs

relationship exists compared to the CSS (Fs = 0%), repre-
sent an overfilled fabric (i.e. Case iv). Finally, for the fine
only matrix (FSS), the slope of flp–Vs relationship is mar-
ginally steeper than the overfilled fabric. The slopes of
flp–Vs (i.e. C8) given in Table 5 are applicable for the tested
gap-graded mixtures of CSS and FSS.

4.5. Data interpretation and limitation of the present study

The past studies have recommended three different
approaches to evaluate the transitional behaviour of gap-
graded cohesionless soils based on the limiting void ratios
(Lade et al., 1998; Zuo and Baudet, 2015) or the degree
of particle disparity of the coarse and fine grains (Rahman
et al., 2009). However, the present study has illustrated that



Table 5
Fitting parameters describing the relationships between flp with e and Vs (at p’ = 60 kPa) using Eqs. (23) and (24).

Mixtures Fs (%) C5 (kHz) C6 (kHz) R2 C7 (kHz) C8 (kHz/[m/s]) R2

CSS 0 92.6 81.4 0.89 �49.0 0.39 0.99
90%CSS + 10%FSS 10 48.1 42.9 0.91 –23.9 0.22 0.90
80%CSS + 20%FSS 20 39.9 39.9 0.99 �20.4 0.19 0.98
70%CSS + 30%FSS 30 87.2 114.9 0.91 �38.6 0.30 0.71
60%CSS + 40%FSS 40 96.7 119.0 0.83 �49.0 0.38 0.86
50%CSS + 50%FSS 50 199.2 232.7 0.95 �173.9 1.10 0.99
FSS 100 305.2 246.6 0.96 �186.1 1.42 0.98

Fig. 15. Relationship between low-pass frequency (flp) and shear wave
velocity (Vs) for different gap-graded mixtures of silica sand at p’ =
60 kPa.
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the transitional behaviour of elastic wave velocity, and
hence small strain stiffness, of gap-graded soil is highly
dependent on the state of packing. The denser specimens
exhibit the transitional behaviour at lower Fs than the
looser equivalents. This density dependency of Fs,thr (from
Table 2) is comparable to the theory proposed by
Thevanayagam and Mohan (2000) (Eq. (14b)); however,
the exact values of Fs,thr are found to be different (compar-
ing Fig. 7a and Table 2). Here, it should be noted that the
density-dependent transitional behaviour was also con-
ceived by Salgado et al. (2000); however, the trend is oppo-
site to the one hypothesized by Thevanayagam and Mohan
(2000). By performing the elastic wave velocity measure-
ment and evaluating the frequency-domain response, the
type of fabric in the gap-graded soil can be inferred accord-
ing to the literature (Otsubo et al. 2021). From the slope of
flp–Vs responses, the underfilled or the meta-stable transi-
tional fabrics, which are internally unstable, can be identi-
fied. A general rule can be recommended for
experimentalists, i.e. when the slope of the flp–Vs relation-
ships of the gap-graded mixture is notably greater than that
of the coarse only soil matrix, the fines are contributing to
the stress transmission and the gap-graded mixture is inter-
nally stable.
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The present research is limited to the testing of cohesion-
less gap-graded sandy soils; hence, the conclusions reported
in this paper should not be extrapolated to the gap-graded
soils having plastic or cohesive fines without proper experi-
mental investigation. The specimen preparation method
adopted in this study restricts achieving Dr values greater
than 70% (except for Dr = 82% at Fs = 40% for Vs measure-
ment), and hence the density dependency ofVs,Vp, and flp is
investigated only up to that range. Nevertheless, the density-
dependent transitional behaviour was clearly identified from
the tested range of Dr values. In this study, wave measure-
ment experiments were performed in a dry state to under-
stand their fundamental behaviour. Hence, future research
can explore the influence of the varying degree of saturation
on the elastic wave velocity and frequency responses of gap-
graded sands.

5. Conclusions

The present study explores the stress wave propagation
in gap-graded silica sand mixtures by installing DTs in a
triaxial apparatus. By employing DTs, Vs and Vp of gap-
graded soils can be measured using more planar waves,
and the possibility of fine particle segregation during inser-
tion of bender element is avoided. The frequency-domain
responses of S-waves are examined to achieve a better
understanding of the transitional behaviour of the low-
pass threshold frequency of the gap-graded soils. The Fs,

thr values are also estimated using three different analytical
and semi-empirical approaches available in the literature
and are compared with Fs,thr evaluated from Vs, Vp and
flp responses. The present study is limited to the testing
of gap-graded sandy soils (having Rd = 6.4) in their dry
state at p’ of 60 kPa, and the following conclusions can
be drawn from the experimental results.

(a) At an equivalent e value, both Vs and Vp decrease
with the increase in Fs at lower Fs values; however,
once Fs exceeds Fs,thr (provided in Table 2 for Vs

and Vp, respectively), Vs and Vp start to rise and
move towards the monodisperse equivalents at
Fs = 100%.

(b) For a given Fs value, there exists a linear relationship
between flp and Vs. An underfilled fabric gives an
equivalent or even lower slope of the flp–Vs relation-
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ship in comparison to coarse only matrix, whereas an
overfilled fabric exhibits a notably greater slope of the
flp–Vs relationship.

(c) For a constant Vs value, an inverse relationship exists
between flp and D50 for monosized silica sand speci-
mens; however, this behaviour is not observed in
the case of their gap-graded mixtures since the flp
value depends on the stress transmission thorough
finer silica sand grains.

(d) The transitional behaviours of elastic wave velocity
and frequency response of gap-graded soils are
observed to be Dr dependent. Denser specimens
attain this behaviour at a lower Fs as compared to
the looser equivalents. This observation agrees with
the one reported by Shire et al. (2014) for the stress
transmission in gap-graded mixtures of spherical
particles.

(e) By evaluating the slope of flp–Vs responses, the fabric
of gap-graded mixture (i.e. underfilled or overfilled)
can be identified by experimentalists. The advantage
of adopting flp to characterize the fabric of gap-
graded mixtures is that the same is more sensitive
to Fs in comparison to Vs or Vp, and thus a more
robust analysis can be achieved.
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