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Abstract: Abu Dhabi (ABD) has recently developed its national building code that mandates dynamic
analysis of large structures to seismic loadings. Large strain dynamic properties such as shear
modulus (G) and damping ratio (D) of local undisturbed calcareous sands are not available. Designers
are compelled to choose degradation models from studies on calcareous sands of other regions that
are usually reconstituted. This research presents for the first time large strain dynamic properties
of calcareous sands of urban ABD. Undisturbed samples are collected from different areas of urban
ABD and are tested in cyclic triaxial (CT) devices fitted with bender elements (BE). The dynamic
properties as functions of confinement are curve fitted with power models, whereas their variation
with shear strain level is curve fitted with hyperbolic models. The results are compared with findings
of previous studies on calcareous and silica sands. The results indicate that dynamic properties of all
samples degrade with shear strain at almost the same rate irrespective of their spatial distribution.
The proposed degradation models can therefore be used in dynamic analyses. The results from this
study show smaller rates of degradation in dynamic properties compared to other studies on similar
sands. The change in low-strain shear wave velocity (Vs) with confinement is significant among the
tested samples; therefore, a site-specific evaluation of Vs is recommended. The dynamic properties of
calcareous sands of ABD and previous studies however exhibit larger degradation with shear strain
and a smaller increase in confinement compared to silica sands.

Keywords: calcareous sands; cyclic triaxial; bender elements; shear modulus; damping ratio; United
Arab Emirates

1. Introduction

Abu Dhabi (ABD) in the United Arab Emirates (UAE) has recently developed a
national building code [1] to support the significant growth in the construction sector. The
code mandates dynamic analysis of structures under seismic loading, which requires the
dynamic properties of subsurface material as a function of shear strain level among other
geotechnical properties. The behavior of dynamic properties of soils such as the shear
modulus (G) and the damping ratio (D) at different shear strain levels are typically obtained
from laboratory tests. Since the Cambrian age, the region of ABD has primarily consisted of
sediments deposited mostly from Tertiary rocks of a shallow shelf environment (carbonate
platform). Recent sediment deposits in and around ABD are rich in carbonate minerals
with varying amounts of gypsum and seashells. The reclaimed areas along the shores of
ABD are also constructed with dredging and hydraulic fills of calcareous sands from the
Arabian Gulf (Kirkham [2]). The dynamic characterization of these soils is expected to
be significantly different not only from siliceous sands but also from calcareous sands of
other regions.

Several studies have evaluated the dynamic properties for silica sands with bender
element (BE), cyclic triaxial (CT) and resonant column (RC) tests (e.g., Cascante et al. [3];
Khan et al. [4]; Khan et al. [5]; Irfan et al. [6]). Similarly, several studies are available
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for reconstituted samples of calcareous sands found in geographical regions other than
ABD (Carraro and Bortolotto [7]; Fioravante et al. [8]; Jafarian et al. [9]; Liu et al. [10]; Van
Impe et al. [11]). One study evaluated the dynamic properties of reconstituted samples
of naturally occurring calcareous sands of ABD (Giang et al. [12]); however, it did not
evaluate the dynamic properties as a function of shear strain. Similarly, Giretti et al. [13]
also tested reconstituted samples obtained from a hydraulic fill of an island close to ABD.
The designers in ABD typically rely on degradation models of dynamic properties that are
not representative of regional soils for the purpose of site response analysis. The focus of
this study is to evaluate the dynamic properties of in situ undisturbed calcareous sands of
ABD as a function of shear strain level and to present the results in the form of standard
hyperbolic models for dynamic analyses. Undisturbed specimens of calcareous sands are
collected from different zones of urban ABD. The dynamic properties are evaluated at
different confinements and shear strain levels in cyclic triaxial (CT) devices fitted with
bender elements (BE). The low strain Vs is obtained from bender element (BE) tests. The
results are fitted with hyperbolic models (Hardin and Drenevich [14]) and then compared
with selected studies on calcareous and siliceous sands from the literature.

The results indicate that sands from urban areas of ABD degrade less than calcareous
sands of other regions mainly because of reconstitution of the sands in those studies that
can damage the effective inter-particle cementation. The variation of Vs with confinement
shows large variability among the tested sands in the present study, and it is therefore
recommended to evaluate low-strain properties on a case-by-case basis. The degradation
behavior of the tested sands appears to be unaffected by the source or location of the
material within ABD. The presented hyperbolic models can therefore be used for site
response analysis or soil structure analysis as mandated by the national building code
of ABD.

2. Background and Literature

Carraro and Bortolotto [7] presented results from resonant column testing on the
evaluation of stiffness and damping of calcareous and siliceous sands. They tested two
reconstituted sand samples that were retrieved from Northwest Australia. Both samples
had the same state density and particle size distribution. Six confinements (50, 100, 200,
400, 800 and 1600 kPa) were used. The results indicated higher dynamic properties as well
as faster stiffness degradation for calcareous sand compared to silica sand.

Jafarian et al. [9] presented results from CT and RC tests on calcareous and siliceous
sand samples from the Bushehr region of the Arabian Gulf. A total of 36 tests were
conducted. Bushehr sand is classified as calcium carbonate (CaCO3) comprising 53.1%
of sample volume. Scanning electron microscopic (SEM) images showed angular and
sub-angular soil particles with a rough surface. Bushehr sand is blended with transported
soil and biological carbonate materials. It is classified as a poor graded sand (SP). The
main objective was to assess the effect of the mean confinement, sample density, and stress
anisotropy on the dynamic properties (i.e., shear modulus and damping ratio). The effect
of the initial stress anisotropy was insignificant to the dynamic properties; however, the
variation of initial mean confinement and relative density showed significant effects.

Liu et al. [10] conducted a series of resonant column tests on reconstituted carbonate
and siliceous sands samples. All cylindrical samples had dimensions of 50 by 100 mm.
The samples were taken from the South China Sea (Jinzhong region). They presented the
dynamic properties (shear modulus and damping ratio) for nine samples from each sand
type. The main focus of the study was to evaluate the effects of different initial relative
densities and different confinements on dynamic properties. The relative density for the
18 samples ranged from 38.6% to 72.7%, while three isotropic effective confinements of 29,
57 and 97 kPa were used. They noticed higher dynamic properties at low strains but faster
stiffness degradation for calcareous sand compared to siliceous sand.

Giang et al. [12] evaluated the shear modulus of two types of sands with BE, which
were collected from different locations of ABD and the Belgian province of Antwerp. In



Appl. Sci. 2022,12, 3325

30f12

their study, they tested several reconstituted cylindrical samples (50 by 90 mm) of calcareous
and silica sands. The main focus of the study was to investigate and compare the effects
of particle shape on dynamic properties. The results indicated a higher shear modulus
in calcareous sands compared to silica sands at low strains. The results only presented
variations of Vs with confinements and did not show degradation characteristics.

Giretti et. al [13] presented the results of a comprehensive laboratory testing program,
which included BE, CT, and RC tests. Samples were collected from the hydraulic fill of an
artificial island located in the UAE. The fill mainly comprised calcareous sand, which was
predominantly aragonite. A total of 37 reconstituted drained and undrained samples were
tested. The small-strain Vs and the compression wave velocity (Vp) were measured with
BE (30 to 1200 kPa). The results of the RC testing were in good agreement with the results
from Fioravante et al. [8] and Van Impe et al. [11].

Morsy et al. [15] showed the evaluation of dynamic properties for representative
calcareous sand from a newly developed coastal area near the Mediterranean Sea. Tests
were performed with a resonant column (RC) to study the effect of the void ratio, saturation,
particle shape and confinement on the measured dynamic properties. The study showed
that the shear modulus was higher for calcareous sand at higher confinements compared to
the shear modulus for siliceous sands.

Various models have been proposed in the literature to curve-fit the measured dynamic
properties as a function of shear strain level. Hardin [16] proposed a hyperbolic model to
describe the nonlinear soil behavior under cyclic loading. The hyperbolic model presented
by Hardin [16] generally results in a poor fit to the test data because it involves one curve-
fitting parameter. A modified hyperbolic model suggested by Hardin and Drnevich [14]
provides superior fit to the data, as shown in Equation (1).

G 1

= 1
Gmax 1+ Th ( )

where Gy is the shear modulus measured at lowest possible strain levels, G is the shear
modulus measured at higher strain levels, and v is the hyperbolic strain defined by

Equation (2).
Y v
=—(14aexp(—-b— 2
T Yr ( P< 'Yr)) @

where 7, is the reference shear strain indicating the beginning of non-linear behavior, and
a and b are the curvature coefficients of the model. A similar equation is also proposed
for modeling the variation of the damping ratio (D) with shear strain level, as shown in
Equation (3)

D 3)

Diax 1+

where Dy is the maximum damping ratio that corresponds to minimum G. The time
domain method, despite its limitations, is easier to use than the frequency domain method
for the evaluation of low strain Vs in BE testing. The accuracy of the frequency domain
method relies on 7-point identification. Although the frequency domain is superior to
the time domain, it consumes more time, and only a limited number of 7-points can be
recorded, as it requires manual sweeping (Brocanelli [17]; Camacho-Tauta [18]). Moreover,
Irfan et al. [6] and Cristiana et al. [19] showed that the actual response of the embedded
bender element is different from the electronic record of the received signal. Due to the
uncertainty in obtaining the actual modal response of BE, the frequency domain method
should be used with caution.

3. Experimental Program and Methodology

Four (4) cylindrical undisturbed sand specimens (10 by 20 cm) were collected from
boreholes advanced at different locations of the capital city (Abu Dhabi). The specimens
were also collected from different depths of the boreholes. Routine geotechnical tests such
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as moisture content, index densities, and gradation analysis were also conducted. Table 1
presents important properties of the materials representing the specimens. The specimens
were extruded after splitting the tubes in halves and were then placed on the bottom platen.
A rubber membrane was installed and a vacuum applied after attaching the top platen and
O-rings. The specimen was allowed to consolidate in drained conditions before conducting
dynamic testing.

Table 1. Material properties of samples.

Sample Name

Void Ratio

Cc Cu Material Description Depth (m) SPT-N Value

SA

SB

SC

SD

0.81

0.72

0.65

0.51

Very dense, poorly graded sand
0.82 2.45 with inclusions of 11-12 50
crystalline gypsum
Medium dense to very dense,
1 2.00 poorly graded sand with silt and 1.5-2 21
trace crystalline gypsum
Medium dense, light grey to grey
0.70 2.75 wet, non-plastic, silty sand, trace 4-5 17
fine gravel, and shell fragments
Medium dense to very dense,
light brown to light grey wet,
non-plastic, silty sand, trace fine
gravel, and shell fragments

0.72 2.8 5-6 14

All tests were performed with cyclic triaxial (CT) equipment provided by V] Tech
(UK), following the ASTM standard (ASTM D3999-91, [20]). The bottom and top platens
of the CT were fitted with bender elements (BE) of maximum input frequency of 10 kHz
for low strain evaluation of Vs. Each specimen was tested at different effective confining
pressures and in consolidated drained conditions. At each confinement, BE measurements
were performed at an input frequency of 5 kHz due to better response at this frequency.
At least 10 signals were stacked to enhance the signal-to-noise ratio. The measurements
were repeated by inverting the polarity for better detection of shear wave arrivals. The Vs
was finally calculated from the ratio of distance between the elements and the time interval
between the trigger and first arrival.

Figure 1 presents the typical time histories of the signals recorded at the receiver (Rx).
Typical Fourier spectra were also presented for the analysis of wavelength-to-specimen
size ratios (e.g., Irfan et al. [6]; Cristiana et al. [19]). The energy of the propagating pulse
was concentrated between 3 and 6 kHz, as shown in Figure 1b. The calculated wavelengths
ranged from 3 to 10 cm, which ensured the presence of at least one wavelength within
the distance (20 cm) between the transmitter and receiver to avoid near field effects (e.g.,
Arroyo [21]; Lee [22]). BE measurements were taken at seven confinements of 30, 40, 60, 80,
100, 120, 140 kPa. Figure 2 presents the typical receiver signals for some of the confinements.

CT testing was performed at 40, 100 and 140 kPa in displacement (stroke) control
mode. The displacement was increased incrementally to measure the dynamic properties
at different strain levels. An input signal of 1 Hz with 10 cycles was used in all tests to
obtain raw hysteresis loops. The time signals of load and displacement were fitted with a
simulated signal to generate symmetrical loops for further analysis (e.g., Kumar et al. [23]).

Figure 3a,b presents the measured and fitted signals for typical cyclic triaxial data.
Figure 3c presents the comparison of hysteretic loops from measured and fitted signals.
The load and displacement amplitudes in Figure 3a,b are normalized for clarity. The
dynamic properties as a function of shear strain levels were then fitted with hyperbolic
model presented in Equation (1).
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Figure 1. (a) Typical time history recorded at the Bender Element (BE) receiver (Rx) and (b) Fourier
spectra of receiver signals.
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Figure 4 illustrates the fitting of typical data from BE and CT tests with hyperbolic
models. The data points at the lowest strain correspond to the results from the BE tests. The
BE element data were assigned a shear strain value of 10~° because it is difficult to calculate
the strain level from the movement of the bender elements. The variation in lowest value
of assigned shear strain was assumed to have a negligible effect on dynamic properties.
The difference in frequency content between BE and CT tests is large; however, no study
has suggested a model to correct for the frequency.

1.2 0.20
;«_; /_\10 = 0.16 o
Q R =
< O i 5]
S 0.8 N 012 &
T 206 - 2
= 2 0.08 ‘&
g 504 - £
S 0.04 A
o 2
Z =0 q

0.0 T T T T 0.00

0.000001  0.00001 0.0001 0.001 0.01
Shear Strain

Figure 4. Illustration of hyperbolic models (Equation (1)) fitted to normalized shear modulus (N.G.)
and damping ratio (sample SB, Confinement (o) = 40 kPa).

A low-strain Poisson’s ratio of uncemented to lightly cemented sands can range from
0.15 to 0.25, depending upon the saturation and cementation level (Santamarina et al. [24]).
Fully saturated soil has a Poisson’s ratio close to 0.5. CT typically evaluates the dynamic
properties for medium to large strains; therefore, a value of 0.25 for the Poisson’s ratio
was selected for all conversions of elastic moduli (secant moduli) to shear moduli in this
study. The sensitivity analysis showed that G will change by 8% only if the Poisson’s ratio
varies from 0.15 to 0.25. The damping ratios were calculated from standard procedures of
analyzing hysteretic loops for energy stored and lost during one cycle (Equation (4)).

= 4i AL (4)
us AT

where A is the area of the loop, and Ar is the area under the line of secant modulus.
The minimum damping ratios (D,,;,) corresponding to lowest shear strain levels were
not measured (Figure 4). Evaluation of the low-strain damping ratio from BE and CT
testing is difficult; therefore, a value of D,,;, was adopted, and a minimum shear strain
level was assigned to it. Damping ratios decrease as the shear strain decreases, and then
remains at a constant minimum value. The lowest damping in a best fit hyperbolic model
represents D,,;,.

4. Results and Discussion

Figure 5a presents the variation of Vs with confinements for the tested samples. Vs
values were normalized to the Vs value at the smallest confinement (30 kPa) for a better
comparison in its trend with the confinements. Typically, a power model (Vs = ac®) is fitted
to the variation of Vs with confinement (e.g., Cascante et al. [3]); therefore, Figure 5 also
presents the exponents of the power models along with the data points to which the models
are fitted. The coefficient of determination (1) of the power models was consistently larger
than 0.9, except for sample SB (r? = 0.77). The general range of exponents (b), which defines
the rate of increase in Vs with confinement, for silica sands ranged from 0.25 to 0.35, which
were slightly larger than the results of most calcareous sands from this study. Lower values
of exponents for calcareous sands are expected due to smaller stiffness at the inter-particle
contacts due to the weaker calcite minerals compared to the silica minerals. Moreover, the
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presence of gypsum in the sand deposits of ABD contribute to a weaker sand matrix when
confinement increases (Table 1), especially in samples SA and SB. Figure 5a also shows that
factors such as cementation at inter-particle contacts and inclusions such as seashells and a
higher percentage of gypsum have a larger effect on the variation in Vs than the void ratio.
Although smaller void ratio specimens (e.g., SC and SD) have a larger rate of increase in
Vs, the trend is not clear when the results are compared with previous studies, as shown in
Figure 5b.

2
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Figure 5. (a) Variation of normalized power models of shear wave velocity (Vs) with confinement
(o) for samples SA, SB, SC, and SD (data also shown). (b) Comparison of models with selected past
studies on calcareous and silica sand (circular markers).

Figure 5b presents the comparison of power models with selected data for calcareous
sands and for silica sands (circular markers) from the literature. Giang et al. [12] presented
data for natural sand deposits of ABD; however, the samples were reconstituted. Although
the void ratio of the sample SC was close to the sample of Giang et al. [12], the main focus
of this study was not to evaluate the effect of the void ratio. The agreement between the
sample SC and Giang et al. [12] is good at low confinements; however, the proposed models
overestimate the data. The results from other studies at different void ratios are with in the
upper and lower bound for calcareous sands; however, a direct comparison based on void
ratio is not appropriate due to reconstituted samples and different geographic regions. As
noted earlier, the Vs of silica sand (circular markers) increases at a larger rate compared to
most calcareous sands, of the present as well as of past studies.

Figure 6 presents the degradation of the shear modulus for the four samples at three
confinement levels of 40, 100 and 140 kPa. Corresponding hyperbolic models of damping
ratios are plotted on the secondary axes. The rate of degradation in all samples increases
with a decrease in confinement. Samples SB and SC not only have slightly larger damping
ratios but slightly larger increases in the damping ratio with shear strain. The trend can
be attributed to the presence of seashells and traces of gypsum. Samples SB and SC were
collected from shallow depths, and the degree of cementation at the inter-particle contacts
is expected to be less than the samples from greater depths.
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Figure 6. Proposed degradation models for normalized shear modulus (N.G.) and damping ratios
for (a) sample SA; (b) sample SB; (c) sample SC; (d) sample SD.

The degradation behavior of the normalized shear modulus (N.G.) in Figure 6 appears
to be independent of the type of sample and is almost identical at similar confinements.
Damping ratios however are strongly influenced by the presence of varying and un-
predictable degrees of cementation, which are prevalent in soil deposits found in ABD;
however, large strains imposed during CT appear to mitigate this effect. Not all cementa-
tions that occur within the sand matrix are effective cementations (e.g., Lin et al. [25]). In
undisturbed samples, the cementation can manifest as either effective (bridging of particles)
that contributes to the stiffness or ineffective (grain coating or pore filling) that does not
contribute to the stiffness (Lin et al. [25]; Dvorkin and Nur [26]).

Figure 7 presents the comparison of degradation models of all samples with selected
degradation data from the literature on calcareous sands and one silica sand at 100 kPa.
No study is available on the degradation behavior of soils for ABD, either for disturbed or
undisturbed samples. The degradation behaviors for calcareous sands are however avail-
able for other regions, which are presented in Figure 7; albeit, the samples are reconstituted.
The proposed degradation models from this study are similar at 100 kPa, which suggests
that the degradation models presented in this study can be used for site response analysis
in ABD, irrespective of its geographical location within urban ABD (Figures 7 and 8). The
figure shows that the data from reconstituted samples of calcareous sands degrade quickly
compared to the models from this study, especially at mid-strain levels (0.0001 to 0.001).
The trend starts to converge at larger strains as a higher number of cemented contacts
becomes ineffective.

The higher rate of decay in the dynamic properties for calcareous sands is indicative
of micro-mechanical behavior that is also observed as a slower rate of increase in Vs with
confinement. As the confinement increases or as the shear strain increases, the inter-particle
matrix changes in a way that is different than silica sand. The degradation in the shear
modulus and damping ratio of silica sand occurs at a noticeably slower rate (Figure 7).
Calcareous sand may result in higher low-strain Vs values compared to silica sand; however,
the change in conditions (confinement or strain) rearranges the inter-particle contacts in a
different and least understood complex mechanism.

The comparison of damping ratios (Figure 7) indicates a similar trend; however, the
low strain values from the literature are smaller. The higher damping ratios in the present
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study can be attributed to the presence of inclusions such as seashells and gypsum, which
can significantly increase the damping. The relatively smoother surface of shells increases
the relative motion of the particles in contact with the shell, which contributes to an increase
in localized strain. The presence of gypsum, which is less stiff then calcite, contributes to
the damping ratio through larger viscous losses. In addition to these factors, most of the
compared data points at low strains are obtained from the RC test, which is better than
CT at evaluating the low-strain damping ratio. The equipment-generated damping ratio
in the CT device has never been studied extensively, whereas numerous mathematical
and experimental procedures are published to correct the damping ratio in the RC device
(e.g., [3,5]).

Figure 8 separately compares the proposed degradation models with results from
Jaafarian et al. [9] at a confinement of 40 kPa. The data at a confinement of 100 kPa from
Jaafarian et al. [9] are not available. Figure 8 also indicates that the trends in the degradation
models for the tested samples are comparable at 40 kPa. The rate of decay of the proposed
hyperbolic models is smaller than the data from Jaafarian et al. [9], which corroborate the
comparisons and discussions presented in the context of 100 kPa (Figure 7).

12

1.0

0.8

N.G.

0.6

0.4

0.2

0.0 T T T
0.000001 0.00001 0.0001 0.001 0.01

0.16 A

0.12

0.08 A

Damping ratio

0.04 A

Cm
~ AN s 0 &
Ot O o6 ¢ W, ‘
0.00 dhdh o' :

0.000001 0.00001 0.0001 0.001 0.01

T T

Shear strain
—SA e SB ——-5C
—..=SD Khan et al. e=0.63RC A Liuetal.e=0.7RC
¢ Giretti etal. e=0.700 RC ¢ Giretti etal. e=0.590RC Giretti etal. e=0.723 CT
A Morsyetal.e=09RC

Figure 7. Comparison of proposed degradation models with selected studies on calcareous and silica
sands at o = 100 kPa from cyclic triaxial (CT) and resonant column (RC) tests. Silica sand data are
represented with circular markers.
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Figure 8. Comparison of proposed degradation models from the study by Jafarian et al. [9] on

calcareous sand at Confinement (o) = 40 kPa from resonant column (RC) testing.

5. Conclusions

ABD has developed its own national building code that requires a dynamic analysis

of structures for seismic loadings. Although low-strain dynamic properties of in situ sand
deposits that are rich in carbonate minerals are available, no study has presented the
degradation models of the dynamic properties for in situ undisturbed soil samples for
ABD. This study presented the results of dynamic testing on undisturbed soil samples
taken from different sites of urban ABD. Bender element (BE) and cyclic triaxial (CT) tests
were performed for low-strain and large-strain characterization of calcareous sand deposits
within urban ABD. The results were curve-fitted with power and hyperbolic models and
then compared with studies on selected calcareous and silica sands from the literature. The
main conclusions from the present study are presented in the following.

The rate of increase in Vs with confinement for carbonate sands varied significantly and
strongly depended on the sand matrix and its inclusions. The presence of cementation,
seashells, and other minerals such as gypsum caused large variability among the
samples. Low-strain values of Vs and its variation with confinement must be evaluated
on a case-by-case basis.

The large strain behavior (degradation of dynamic properties) was similar for all tested
sand samples at equivalent confinements, irrespective of their spatial distribution in
ABD. The degradation models presented in this study can therefore be used for
dynamic analysis of the structures under seismic loading or site response analysis.
The rate of degradation for calcareous sands tested in the present study was larger
than for silica-based sands.

The rate of degradation of dynamic properties in undisturbed samples of calcareous
sands was smaller in comparison to previous studies on calcareous sands. A larger
degradation in previous studies, especially at mid-strains, was mainly attributed to
the remolding of samples, which can disturb the cementation at inter-particle contacts.
At very large strains however, the comparisons converged.
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e  The damping ratios of the tested samples were larger for the smaller strains in com-
parison to the previous studies due to a different testing device (RC), larger localized
strains, and the presence of gypsum. At larger strains however, the tested samples
in the present study indicate damping ratios that are smaller than other studies on
similar sands.
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