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Pore Pressure Generation of Gravelly Soils in
Constant Volume Cyclic Simple Shear

Jonathan F. Hubler, AAM.ASCE'; Adda Athanasopoulos-Zekkos, M.ASCE?;
and Dimitrios Zekkos, P.E., M.ASCE?

Abstract: Excess pore pressure generation of uniform gravel and gravel-sand mixtures was evaluated in this study. Comparisons were
made with existing relationships for pore pressure generation of sands and show that gravel and gravel-sand mixtures can exhibit different
pore pressure responses. The influence of liquefaction definition, gravel particle angularity, particle size, relative density, initial vertical
effective stress, cyclic stress ratio, and gravel percentage, on the generation of excess pore water pressure of gravel and gravel-sand mixtures
was studied. Liquefaction definition, particle size, initial vertical effective stress, and cyclic stress ratio were found to not have a significant
effect on the normalized excess pore pressure generation (i.e., r, versus N/N; ). Conversely, relative density, particle angularity, and mixture
percentage of gravels were found to have a more significant effect on the normalized excess pore pressure generation response (i.e., r, versus
N/N;). Additionally, the coefficient of uniformity (C,) was found to have a strong correlation with increased excess pore pressure generation
ratio at values of N/N, less than 0.40, highlighting the influence of grain size distribution on early pore pressure generation response. A new
pore pressure model was developed to predict r, based on C, for gravelly soils. DOI: 10.1061/(ASCE)GT.1943-5606.0002928. © 2022

American Society of Civil Engineers.
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Introduction

Excess pore pressure generation during undrained cyclic loading is
critical in understanding the response of soils during earthquakes.
During undrained loading, excess pore pressures develop due to the
tendency of material to contract during shearing, which causes a
reduction in effective confining stress and therefore a loss of stiff-
ness. The buildup of pore pressure may lead to soil liquefaction.
Pore pressure buildup has been studied utilizing laboratory element
tests in sands (Lee and Albaisa 1974; De Alba et al. 1975; Martin
et al. 1975; Seed et al. 1975; Dobry et al. 1982; Kammerer et al.
2004; Wu et al. 2004), and silt and sand-silt mixtures (Green et al.
2000; Polito and Martin 2001 ; Polito et al. 2008; Porcino and Diano
2016), but limited data is available for gravelly soils (Banerjee et al.
1979; Evans and Seed 1987; Hynes 1988; Haeri and Shakeri 2010;
Chang et al. 2014; Hubler et al. 2017b). Additionally, the effects
of several parameters, including vertical effective stress, applied
stresses, particle angularity, and coefficient of uniformity (C,), re-
quire further study to fully evaluate their influence on pore pressure
generation of gravelly soils.
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Excess pore pressure generation of sands can be predicted using
empirical models developed from laboratory testing. Seed et al.
(1975) developed a stress-based model using data from undrained,
stress-controlled cyclic triaxial tests on sand. Eq. (1) shows the em-
pirical model that was developed using the relationship between the
excess pore pressure ratio {r, = [(Upreess)/(0)y)]} defined as the
ratio of excess pore pressure u,,..s, to initial vertical effective stress
o)y and the cyclic ratio (N/N;), which is the number of cycles
normalized by the number of cycles to liquefaction

1 1 N\ Ve
r, = §+;arcsin(2 X <N—L) - 1) (1)

where o is an empirical constant that is a function of the soil proper-
ties and test conditions. An « value of 0.70 was found to best fit the
sand data in Seed et al. (1975). Booker et al. (1976) developed an
alternative, simplified version:

2 N\%
r, = —arcsin (—)N (2)
™ NL

where ( is a parameter that changes the shape of the excess pore
pressure generation versus N/N, curve. A higher value of [ in-
creases the excess pore pressure generation at lower ratios of
N/N;. A value of 3 =0.70 was recommended for clean sands
(Booker et al. 1976). Other models for excess pore pressure gen-
eration exist that are stress-based (Polito et al. 2008), strain-based
(Martin et al. 1975; Dobry et al. 1985), and energy-based (Berrill
and Davis 1985; Green et al. 2000; Kokusho 2013).

Current models for excess pore pressure generation have all
been developed using laboratory test data for sandy and silty soils.
The effect of adding finer particles to sand has been studied and
it has been shown that pore pressure response can be different
than the sand relationship from Lee and Albaisa (1974) when
silt is added (Polito 1999; Porcino and Diano 2016). However,
the effect of adding larger gravel particles to sand is far less
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investigated due to the unavailability of large-size laboratory devices
that can accurately capture the pore pressure generation of gravelly
soils. Additionally, many of the laboratory studies that have been
performed for gravelly soils have utilized cyclic triaxial testing,
which requires corrections for membrane compliance effects. Mem-
brane compliance effects have been studied for gravels (Evans and
Seed 1987; Haeri and Shakeri 2010); however, there is not an agreed
upon method for applying membrane corrections.

Existing gravel studies have generally found that the excess pore
pressure generation response of gravels and gravelly soils is differ-
ent than that of sands. Banerjee et al. (1979) performed large-size
cyclic triaxial tests on well-graded Oroville gravel with a maximum
particle size of 5 cm (2”) and found excess pore pressure generation
for gravels increased rapidly in the first few cycles and then slowly
in the subsequent cycles. Wong et al. (1974 ) reported similar results
for well-graded Oroville gravel. Evans and Seed (1987) tested
gravel in a large-size triaxial apparatus (307 mm diameter) and a
smaller-size triaxial apparatus (71 mm diameter), and sluiced the
specimens with sand to minimize the effects of membrane com-
pliance. The authors compared unsluiced (compliant) and sluiced
specimens (i.e., sluiced with sand to fill the peripheral voids of the
specimen) and found that unsluiced specimens had a cyclic resis-
tance that was 55% higher and displayed a different pore pressure
generation response. Sluiced specimens were noted to generate
more reliable excess pore pressures, which fell near the upper
bound of the Lee and Albaisa (1974) data for sand. Hynes (1988)
performed large-size triaxial tests on Folsom gravel and found pore
pressure generation at cyclic shear strain levels of 1% to be inde-
pendent of initial confining stress, relative density, overconsolida-
tion ratio, and anisotropic consolidation conditions. Chang et al.
(2014) presented cyclic simple shear data for the liquefaction re-
sponse of gap-graded gravelly soils and found pore pressure gen-
eration to increase with increasing gravel content to levels that were
similar to or below that of sands.

Several studies have also investigated the excess pore pressure
generation during monotonic and cyclic testing of sand and silt
mixtures, which can offer some insight into the gravel mixture re-
sponse. Belkhatir et al. (2014) performed undrained monotonic tri-
axial tests on sand-silt mixtures to study the effect of gradation on
pore pressure generation. Results showed that the maximum excess
pore pressure decreased with an increase of Dy, and D5, while it
increased with an increase in C, and fines content. Belkhatir et al.
(2014) also observed that as the silt fraction increased in the mix-
ture, the maximum excess pore pressure increased gradually. Dash
and Sitharam (2009) studied the undrained cyclic response of sand-
silt mixtures by performing stress-controlled triaxial tests. The au-
thors found that pore pressure generation was greatly influenced by
the limiting silt content and relative density of the specimen. At
very high relative densities (greater than 70%), pore pressure re-
sponse and cyclic resistance were found to be independent of silt
content. Polito (1999) studied the effect of fines on the cyclic pore
pressure generation of non-plastic silt when added to sand using
triaxial tests, and found that the generation of pore pressure was
insensitive to relative density, cyclic stress ratio, and silt content.
Polito (1999) recommended that separate curves of excess pore
pressure generation versus N /N are necessary for soils susceptible
to flow liquefaction compared to soils that exhibit cyclic mobility.
The sand and sand-silt specimens exhibiting cyclic mobility gen-
erated greater excess pore pressure at lower values of N/N; than
specimens with flow liquefaction. Porcino and Diano (2016) per-
formed cyclic simple shear tests on clean sand, sand with silt (silt
contents up to 39%), and sandy silt (silt content of 62%). Those
mixtures had C, values that ranged from 2.8 to 24. Porcino and
Diano (2016) also found that the normalized curves for excess pore
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pressure generation for silty sands did not follow the trends for
clean sands. These studies of silt and sand-silt mixtures showed
that existing pore pressure models for sands may not fit the re-
sponse of silt and silt-mixtures, as the gradation of these materials
influenced cyclic shear response and therefore the pore pressure
generation response. Additionally, Mei et al. (2018) found that
the coefficient of uniformity (C,) had a significant influence on
the pore water pressure generation of sands with C, of 1.4-3.7,
and updated the Vucetic and Dobry (1986) pore water pressure
model to account for these changes.

Existing literature on sand and sand-silt mixtures shows
that pore pressure generation is dependent on C,; however,
this relationship has not been explored for gravelly soils. It is
hypothesized that the pore pressure generation of gravelly soils
is different from that of poorly-graded sands and will exhibit a
dependency on C,. In this study, a large-size cyclic simple shear
(CSS) device was utilized to perform cyclic shear tests of gravel,
sand, and gravel-sand mixtures, with an emphasis on evaluating
the effects of particle angularity of gravel, liquefaction defini-
tion, relative density, initial vertical effective stress, cyclic stress
ratio, and gravel percentage for gravel-sand mixtures, on the gen-
eration of excess pore water pressure. Relationships of excess
pore pressure generation with C,, are explored to test the research
hypothesis.

Test Materials

The materials tested in this study included both uniform sand and
gravel as well as gap-graded mixtures of gravel and sand. The uni-
form materials included Ottawa C109 sand, pea gravel (PG), 5 mm
crushed limestone (CLS5), and 8 mm crushed limestone (CLSS).
Mixtures of Ottawa C109 sand with either pea gravel or CLS8 were
tested with mixture percentages of 80% sand/20% gravel, 60%
sand/40% gravel, and 40% sand/60% gravel. Grain size distribu-
tions for all tested materials are shown in Fig. 1. Discussion of
the uniform materials can be found in Hubler et al. (2017a), and
discussion of the gravel-sand mixtures can be found in Hubler
et al. (2018). The uniform gravels were selected because of their
varying particle morphology. The pea gravel is subrounded, while
the crushed limestone gravels are both angular, but with different
particle sizes. The Ottawa C109 sand is subrounded with a D5y =
0.35 mm. The properties of these various materials are listed in
Table 1, and their coefficients of uniformity, coefficients of curva-
ture, and D5 values are given in Table 2. Similar to sand and silt
mixtures where a transition zone from sand- to silt-dominated re-
sponse is typically in the 20%—35% silt range (Lade et al. 1998;
Cubrinovski and Ishihara 2002; Polito and Sibley 2020), the mini-
mum and maximum void ratios of the gravel-sand mixtures tested
in this study decrease to a local minimum at approximately 40%—
60% gravel content. Gravel-sand mixtures with 40%—-60% gravel
were subsequently found to exhibit the highest strength and resis-
tance to liquefaction. Below this transition zone (i.e., mixtures with
greater sand percentage), responses became more sand dominated.
Additionally, the particle morphology of the mixing gravel was
shown to be an important factor in overall response (Hubler
et al. 2018).

Test Procedure

A CSS device was utilized in this study to perform cyclic tests on
uniform gravels and gravel-sand mixtures. The specimen diameter
was 307.5 mm and the specimen was laterally confined by stacked
rings. The CSS device was described in detail by Zekkos et al. (2018).
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Fig. 1. Grain size distribution curves for (a) pea gravel and pea gravel Ottawa sand mixtures; and (b) CLS5, CLS8, and CLS8 and Ottawa sand

mixtures.

Table 1. Properties of test materials

“Yd,max PYd,min
Materials Gy (kg/m®)  (kg/m®)  epax Cmin
Pea gravel 2.74 1,741 1,546 0.772 0.574

8 mm crushed limestone 2.65 1,751 1,357 0953 0.513
5 mm crushed limestone 2.65 1,667 1,276 1.077 0.590
Ottawa C109 sand 2.65 1,733 1,512 0.752  0.529
60% pea gravel/40% sand  2.70 2,114 1,960 0.379 0.279
40% pea gravel/60% sand  2.69 1,978 1,818 0.477 0.358
20% pea gravel/80% sand  2.67 1,848 1,665 0.602 0.443

60% CLS8/40% sand 2.65 2,223 2,068 0419 0.313
40% CLS8/60% sand 2.65 2,032 1,842 0455 0.335
20% CLS8/80% sand 2.65 1,870 1,660  0.586 0.413

Table 2. Coefficient of uniformity, coefficient of curvature, and ds, values
for materials used in model development

Dsp

Source Material C, C. (mm)
Banerjee et al. (1979) Gravel 47 3.85 9.53
Evans and Seed (1987) Gravel 1.3 1.03 6.00
Hynes (1988) Gravel 14 3.00 222

Haeri and Shakeri (2010) Gravelly sand 28 1.80 4.00
Pea gravel Gravel 1.6 0.90 9.00
CLS5 Gravel 1.4 1.00 4.85
CLS8 Gravel 1.7 110 8.00

80% sand/20% PG

60% sand/40% PG

40% sand/60% PG

80% sand/20% CLS8
60% sand/40% CLS8
Porcino and Diano (2016)

Sand-gravel mix 1.8 1.67 0.37
Sand-gravel mix 26 082 0.49
Sand-gravel mix 26 0.10 5.84
Sand-gravel mix 22 090 0.40
Sand-gravel mix 24 0.62 0.50

Sand with silt 4 1.48 0.08

Porcino and Diano (2016) Sandy silt 24 2.67 0.10
Porcino and Diano (2016) Sandy silt 17 4.05 0.03
Porcino and Diano (2016) Clean sand 2.8 1.49 0.32

Specimens were prepared in loose (D, = 47%) and dense (D, =
87%) states. Loose specimens were prepared by dry pluviation with
a funnel or by using a small scoop, while the dense specimens were
prepared by dry pluviation or a small scoop in layers and using a
5.5 kg drop weight to densify to a target density. Minimum density
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was evaluated by using a small scoop or funnel for the uniform sand
and gravels as well as the gravel-sand mixtures (ASTM 2016). Maxi-
mum density was evaluated for the uniform sand and gravels using a
vibratory table (ASTM 2016); however, gravel-sand mixtures exhib-
ited segregation during vibratory table maximum density trials. A
method was developed to achieve the maximum density for gravel-
sand mixtures and compared with prediction equations developed
by Fragaszy and Sneider (1991). The method, as summarized in
Hubler et al. (2017a), utilized the same mold used in the vibratory
table testing and consisted of placing mixtures in 25 mm lifts, tamp-
ing the mold with a rubber mallet 25 times, and tamping the surface
100 times with a small cylinder. This method resulted in values for
maximum density that compared favorably to the prediction equation
(Fragaszy and Sneider 1991), as well as for mixtures at 80% sand/
20% gravel that were tested using the vibratory table (ASTM D4254).
The 80% sand/20% gravel specimens did not exhibit segregation in
the vibratory table and therefore served as a reference point for the
new method. Further information on specimen preparation can be
found in Hubler et al. (2017a, 2018).

Cyclic simple shear tests were performed using the CSS device
where liquefaction was defined as the attainment of 3.75% sin-
gle amplitude shear strain, which is commonly used in cyclic
simple shear testing (Vaid and Sivathayalan 1996; Sivathayalan
2000; Porcino and Diano 2016). The excess pore pressure ratio
(r,) at this shear strain ranged from approximately 0.80 to 1, de-
pending on the test specimen, as discussed in subsequent sections.
Test specimens were first consolidated to the desired vertical stress,
which ranged from 50 to 400 kPa, and then cyclically sheared
under stress-controlled conditions. Cyclic stress ratios (CSR) rang-
ing from 0.04 to 0.14 at a loading frequency of 0.33 Hz were ap-
plied to the specimens. All cyclic tests were performed at constant
volume conditions, which have been shown to accurately represent
truly undrained conditions in simple shear testing (Dyvik et al.
1987). In constant volume simple shear testing, the measured
change in the vertical stress is assumed to be equal to the pore pres-
sures that would develop in a truly undrained test. Constant volume
conditions were maintained in the CSS device by active control
through a feedback loop, which suppresses movement of the ver-
tical cap and allows for accurate measurement of the change in ver-
tical stress, thus limiting the vertical strain to less than 0.05%,
which is the threshold used in ASTM D8296 (ASTM 2019) for
constant volume cyclic simple shear testing.
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Fig. 2. Cyclic shear data for pea gravel, CLS5, and CLS8 at o, = 200 kPa, CSR = 0.09 for (a) shear strain versus number of cycles for D, = 47%;
(b) excess pore pressure ratio versus number of cycles for D, = 47%; (c) shear strain versus number of cycles for D, = 87%; and (d) excess pore

pressure ratio versus number of cycles for D, = 87%.

Results

Data from cyclic liquefaction tests are presented in this section to
evaluate both uniform gravels and the effect of gravel percentage
within a gravel-sand mixture on excess pore pressure generation
response. Mixtures were tested at loose (D, =47%) and dense
(D, = 87%) conditions at vertical effective stresses ranging from
50 to 400 kPa. Tests are compared at global relative densities of the
gravel-sand mixtures, and relationships between particle angularity,
gradation, and mixture percentage are explored. Evans and Zhou
(1995) noted that gravel-sand mixtures with varying gravel con-
tents cannot be compared at identical composite void ratios, as
the minimum and maximum void ratios may not be achievable
for certain mixtures. Therefore, to enable comparison at different
gravel-sand mixture compositions, relative density was used as the
comparison metric. Example data for the uniform gravels at D, =
47% and D, = 87%, at an initial vertical stress of 200 kPa and a
CSR of 0.09, are shown in Fig. 2. The stress-strain response and
corresponding excess pore pressure generation ratio (r,,) data is pre-
sented and shows distinct differences between the gravels, with
both particle angularity and relative density influencing response.
The more angular CLS materials generate pore pressure at a much
slower rate than the rounded pea gravel. The larger size CLS8
material liquefies in approximately 10 fewer cycles than the
CLSS5 material. An increase in D, increases the number of cycles
to liquefaction by a factor of approximately 2 to 3; however, the
shape of the excess pore pressure response remains similar to
the D, = 47% tests. These relationships will be explored further
in subsequent sections.
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Pore pressure generation plots are presented in Figs. 4-7 for
three uniform gravels: pea gravel, CLS8, and CLSS. Data for lower
and upper bound values for clean sand from Lee and Albaisa (1974)
are included in each figure for reference to typical sand pore pres-
sure generation responses. Data from Evans and Seed (1987) for
gravels are also included in some of the figures for comparison.
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Fig. 3. Comparison of liquefaction definition on excess pore pressure
generation ratio versus N/N.
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Effect of Liquefaction Definition

Fig. 3 presents pore pressure generation data for pea gravel at
D, =47%, CSR = 0.09, and initial vertical stress of 100 kPa.
Different liquefaction criteria were used on the same test data to
explore the effect of the liquefaction definition on excess pore pres-
sure generation response. The definition used throughout this paper
and in most cyclic simple shear studies (Vaid and Sivathayalan
1996; Sivathayalan 2000; Porcino and Diano 2016) is that lique-
faction occurs once the single amplitude (SA) shear strain reaches
a level of 3.75%. This was compared to liquefaction definitions of
SA shear strain of 5% and r, = 0.95. Fig. 2 shows that the r,, values
for the uniform gravels often did not reach a value of 1.0 and their
values at SA = 3.75% could be as low as r, = 0.8. Nonetheless,
Fig. 3 shows that changing the definition of liquefaction has very
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little effect on the r, versus N/N; relationship for pea gravel.
The varying definitions all fall within a narrow range of response;
therefore, the definition of SA = 3.75% was used in this study.
For reference and comparison, the Lee and Albaisa (1974) and Evans
and Seed (1987) predictive relationships for excess pore pressure
generation are included in Fig. 3.

Effect of Particle Angularity

The effect of particle angularity on pore pressure response is shown
in Fig. 4 for pea gravel, CLS5, and CLS8 at D, = 47% and D, =
87% and at initial vertical stresses ranging from 100 to 400 kPa.
Figs. 4(a, b, and c) plot the excess pore pressure ratio versus the
N/N; value for each gravel at D, = 47%, and comparisons are
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made with Lee and Albaisa (1974) and Evans and Seed (1987). At a
constant D, as particle angularity increases, a greater r,, is observed
throughout the test. Specifically, at lower values of N/N; (less than
0.4), the angular CLS materials generate greater pore pressure than
the subrounded pea gravel. As vertical stress increases, the differ-
ence in r, remains essentially the same, with the pea gravel falling
in the middle of the Lee and Albaisa (1974) data and the CLS
materials falling near or slightly above the Lee and Albaisa (1974)
and Evans and Seed (1987) upper bounds. Increasing D, has a
significant effect on particle angularity, as shown in Figs. 4(d, e,
and f), which plot excess pore pressure ratio versus N/N, for D, =
87% gravels. These plots show that, as D, increases, the effect of
particle angularity diminishes. The data for pea gravel, CLS5, and
CLS8 now exhibit similar pore pressure generation that falls near
the upper bound of Lee and Albaisa (1974) and Evans and Seed
(1987). Furthermore, there are some differences in response at lower
values of N/N; (less 0.4) for the 100 and 200 kPa specimens, with
the angular CLS materials falling marginally above the pea gravel.
However, these differences diminish with increasing vertical stress,
as evidenced by the similar response of all gravels, regardless of
particle angularity, at 400 kPa.

Effect of Relative Density

The effect of relative density on pore pressure generation of uni-
form gravels is explored in Fig. 5. Figs. 5(a—c) illustrate the excess
pore pressure generation versus the number of cycles at an initial
vertical stress of 100 kPa and CSR = 0.09 for pea gravel, CLSS5,

and CLSS8, respectively. The test results show that, as relative den-
sity increases from D, = 47% to D, = 87%, pore pressures accu-
mulate at a slower pace for the angular CLS materials. It is expected
that, as D, increases, the number of cycles to liquefaction will in-
crease and pore pressures will be generated at a slower pace. This
response was observed for the angular CLS gravels but not the pea
gravel. The pea gravel at D, = 47% and D, = 87% have similar
responses, with the denser specimen sustaining a few more cycles
before liquefaction. Figs. 5(d, e, and f) illustrate the data in normal-
ized form using N/N;. Fig. 5(d) shows that the pea gravel pore
pressure generation response falls in the same range as the sands
tested by Lee and Albaisa (1974). As the D, increased from 47% to
87% there was a more abrupt increase in pore pressure generation
as a function of N/N; for the denser specimen that fell near the
upper bound for sands. For the CLS materials [Figs. 5(e and f)]
there was no observable pronounced change in pore pressure gen-
eration with increasing density; however, both the loose and dense
specimens fall along the upper bound for sands found by Lee and
Albaisa (1974).

Effect of Initial Vertical Effective Stress

Pore pressure generation plots for pea gravel, CLSS5, and CLSS at
varying levels of initial vertical stress are shown in Fig. 6. The ini-
tial vertical stress ranged from 50 to 400 kPa for each gravel
material at D, = 47%. Figs. 6(a—c) illustrate the excess pore pres-
sure ratio versus the number of cycles to liquefaction at a
CSR = 0.09. Fig. 6(a) shows that for the pea gravel material, as
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initial vertical stress increased, the number of cycles to liquefaction
increased. Similar results were observed for the CLS8 material
[Fig. 6(c)]. Fig. 6(b) shows that CLS5 material displayed a different
response with increasing initial vertical stress: As the initial vertical
stress increased, the number of cycles to liquefaction decreased. It
is possible that the higher vertical stresses for this material induced
some slight particle crushing that led to this trend.

Figs. 6(d, e, and f) plot the excess pore pressure ratio versus the
N/N, ratio. These figures show that initial vertical stress does not
have a significant effect on pore pressure generation for the uniform
gravel materials. This has also been shown for sands in previous
studies (Polito et al. 2008). Comparison of the uniform gravels with
the Lee and Albaisa (1974) data shows that the subrounded pea
gravel data fall in the middle of the data range, while the angular
CLS8 and CLSS fall near the upper bound of the Lee and Albaisa
(1974) data, highlighting the effect of particle angularity on pore
pressure generation.

Effect of CSR

Fig. 7 compares the pore pressure generation response for uniform
gravels at CSR = 0.04, 0.09, and 0.14 at D, = 47% and initial ver-
tical stress of 100 kPa. Figs. 7(a—c) plot the excess pore pressure
ratio versus the number of cycles to liquefaction for the three uni-
form gravels. Fig. 7(a) plots the pea gravel response and shows that
there is a significant difference in pore pressure generation for
CSR = 0.04, compared to CSR =0.09 and CSR = 0.14. The
CSR = 0.04 specimen took approximately 240 cycles to liquefy,
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while the CSR = 0.09 and CSR = 0.14 specimens each took six
cycles to liquefy. Figs. 7(b and c) illustrate the response of
CLS5 and CLS8 gravels at CSR = 0.09 and CSR = 0.14. CSR =
0.04 was not included in this case because the specimens did not
liquefy at 500 cycles, which was the upper limit of testing. None-
theless, Figs. 7(b and c¢) show that as CSR increases from 0.09 to
0.14 there is a significant decrease in the number of cycles to lique-
faction and different pore pressure generation responses.

Figs. 7(d, e, and f) plot the excess pore pressure ratio versus the
N/N, ratio. These figures illustrate that CSR does not have a sig-
nificant effect on pore pressure generation for the uniform gravel
materials. For the pea gravel in Fig. 7(d), there is a slight change
with CSR, with the CSR = 0.14 specimen showing slightly lower
pore pressure generation; however, this difference is small and with-
out further testing these responses should be considered similar.
Results for the angular gravels, CLS5 and CLSS8 [Figs. 7(e and f)]
show that the response is practically the same for CSR = 0.14 and
CSR = 0.09. Other authors (Polito et al. 2008) have similarly found
that CSR does not have a significant effect on excess pore pressure
generation values for sandy soils.

Effect of Sand Percentage

Mixtures of pea gravel with Ottawa C109 sand and CLS8 with
Ottawa C109 sand were tested at different relative densities to
evaluate the effect of varying sand percentage on the pore pres-
sure generation of gravel-sand mixtures. Ottawa C109 sand is
subrounded and has a D5y = 0.35 mm. Fig. 8 plots pea gravel
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mixtures with sand percentages of 100%, 80%, 60%, 40%, and
0% at an initial vertical stress of 100 kPa at loose and dense states.
Fig. 8(a) illustrates the excess pore pressure generation versus num-
ber of cycles to liquefaction for D, = 47% specimens. The test data
shows that the pore pressure response of the mixtures is different
than the 100% sand or the 100% pea gravel. A 60% pea gravel and
40% sand mixture took 12 more cycles to liquefy than did the 60%
sand/40% gravel specimen. The 40% sand/60% gravel specimen
had the lowest void ratio, as discussed previously. The 100% sand
and 100% pea gravel specimens liquefied in a similar number of
cycles and generated pore pressures at a similar rate. This suggests
that particle size may not play a significant role in pore pressure
generation of uniform soils and that particle angularity governs
the response as these two materials are subrounded. Fig. 8(c) illus-
trates the data from Fig. 8(a) as a function of the normalized ratio of
N/N. The pea gravel/Ottawa sand mixtures all fall in a similar
range that is within the middle to upper portion of the Lee and
Albaisa (1974) data. Fig. 8(b) plots the same pea gravel mixtures
at D, = 87% at an initial vertical stress of 100 kPa. The increasing
relative density had a significant effect only on the pore pressure
generation of the 100% sand specimen, which took 187 cycles to
liquefy. This suggests that for gap-graded gravel mixtures and uni-
form gravels, the effect of increasing density is not as significant as
it is for sands. Fig. 8(d) plots r, versus the normalized N/N ratio
for the D, = 87% gravel mixtures. The results show that increasing
relative density does have an effect for the gravel mixtures as they
now fall on the upper bound of the Lee and Albaisa (1974) relation-
ship. The 100% sand specimen falls in the middle of the relationship
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and displays a different response than the dense gravel-sand mix-
tures. Overall, the gravel and sand mixtures respond similarly to
the uniform gravel in both the loose state and dense state when
compared based on the relationship between r, and the normal-
ized N/Nj.

Fig. 9 plots CLS8 mixtures with sand percentages of
100%, 80%, 60%, and 0% at an initial vertical stress of 100 kPa.
Fig. 9(a) plots the excess pore pressure generation versus number
of cycles to liquefaction for D, = 47% specimens. The test data
shows a different response for the angular CLS8 gravel mixtures
than for the subrounded pea gravel mixtures. The angular CLS8
(100%) gravel required a significantly larger number of cycles
to liquefy than did the Ottawa sand, which leads to the mixtures
responding differently with the addition of gravel. The 80% sand
mixture displayed a nearly identical response to the 100% sand
mixture, indicating that the gravel is floating within the sand matrix
and not contributing to cyclic shear resistance. The 60% sand mix-
ture, which had the lowest void ratio, took 36 cycles to liquefy,
which was greater than the 100% sand, 100% gravel, and 80% sand
mixture. Fig. 9(c) plots the data from Fig. 9(a), but with the nor-
malized ratio of N/N; . The CLS8/Ottawa sand mixtures all fall in a
similar range that is near the upper bound of the Lee and Albaisa
(1974) data. Fig. 9(b) plots the same CLS8 mixtures ata D, = 87%
at initial vertical stress of 100 kPa. The results show that increasing
the relative density only had a significant effect on the 100% sand
and 100% gravel materials pore pressure generation. This response
was slightly different than the pea gravel mixtures, because the
CLS8 gravel is angular and required an increase in the number of
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d) D, = 87%.

cycles to liquefaction with increasing relative density, unlike the
subrounded pea gravel. Interestingly, the inclusion of only 20%
gravel (80% sand) in the specimen caused the specimen to liquefy
in only 12 cycles, which was similar to the D, = 47% specimen.
Because the D, = 47% specimens of 100% sand and 80% sand
responded nearly identically, one might predict that the D, = 87%
specimens would respond similarly. It is possible that the 80% sand
specimen at D, = 87% responds similar to a D, = 47% specimen
with 80% sand because the specimen preparation method for the
dense specimens is only compacting the gravel while the sand re-
mains relatively loose. Fig. 9(d) plots r, versus the normalized
N/N; ratio for the D, = 87% gravel mixtures. The results show
that the D, = 87% mixed crushed limestone gravel specimens fall
along the upper bound of the Lee and Albaisa (1974) relationship,
but deviate from the 100% sand in a manner similar to the observed
behavior of the dense mixed pea gravel specimens.

Comparison with Existing Relationships

Excess pore pressure generation upper and lower bound curves for
soil materials ranging from sand (Lee and Albaisa 1974) and sand-
silt mixtures (Porcino and Diano 2016) to gravels (Banerjee et al.
1979; Evans and Seed 1987; Hynes 1988; Haeri and Shakeri 2010)
are shown in Fig. 10 along with data from this study for gravel and
gravel-sand mixtures. Cyclic simple shear data from this study for
uniform gravels and gravel-sand mixtures exhibited a pore pressure
generation response close to the Evans and Seed (1987) data. The
lower bound of excess pore pressure generation from this study is
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approximately the mid-range of Lee and Albaisa (1974) for sands,
while the upper bound from this study falls above the upper bound
of Lee and Albaisa (1974). Excess pore pressure generation data
was used to derive « values in Eq. (1) (Seed et al. 1975) for the
gravel and gravel-sand mixtures. The « values for the lower bound
and upper bound were 0.7 and 2.1, respectively. There was
deviation between the derived « value and the upper bound data
in the N/N; = 0.80-1.0 range, as some specimens exhibited large
pore pressure fluctuations in this range. The data showed that ex-
cess pore pressures were greater than Hynes (1988) and fell near the
Porcino and Diano (2016) upper bound when N/N; was less than
approximately 0.40. Above N/N; = 0.40, the gravels tested were
closer to the Evans and Seed (1987) upper bound. The Banerjee
et al. (1979) and Haeri and Shakeri (2010) data had significantly
higher upper bounds than the gravel and gravel-sand mixtures
tested in this study. The Haeri and Shakeri (2010) lower bound fell
near the upper bound from this study.

Combining this data shows that soil mixtures (both gravel-sand
and silt-sand) can have a wide range of pore pressure generation
responses that can be different from those that were previously rec-
ommended for sands. These differences may be explained by the
gradation characteristics of the materials, as summarized in Table 2.
As shown in Table 2, gravelly soils may have a wide range of co-
efficient of uniformity (C,). The highest C,, reported in Table 2 is for
Oroville gravel (C,, = 47) that was tested by Banerjee et al. (1979),
and the next highest is Tehran alluvium (C,, = 28) that was tested by
Haeri and Shakeri (2010). Folsom gravel, tested by Hynes (1988),
had a C,, of 14, whereas the gravel tested by Evans and Seed (1987)
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had a C, of 1.3. The sand and silt mixtures tested by Porcino and
Diano (2016) had C,, that ranged from 2.8 to 24. The uniform gravels
in this study had C, <2, while the gravel-sand mixtures had C,
values up to 26. Fig. 11 illustrates the relationship between r,
and C, atlow (N/N; = 0.2), intermediate (N/N; = 0.5), and high
(N/N; = 0.8) numbers of cycles prior to liquefaction. It shows that
C,, and by extension, gradation, has a significant effect on pore
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pressure generation. As gravelly soils become more well-graded
(higher C,), their pore pressure generation increases rapidly in
the first few cycles of loading and then flattens after reaching rela-
tively high values of r, in those first few cycles. These materials
generally exhibit cyclic mobility and their pore pressure response
reflects this behavior.

Effect of Gradation

As described earlier, Fig. 11 illustrates the relationship between the
upper bound, average, and lower bound r, and the coefficient of
uniformity (C,) at varying levels of N/N; . The coefficient of cur-
vature (C,) was also evaluated, but the relationship between C, and
r, was not as strong as that between C,, and r,,. The C,, data used in
Fig. 11 is listed in Table 2 and includes gravel-sand mixtures from
laboratory testing in this study as well from the literature, and sand-
silt mixtures from the literature. Fig. 11 shows upper bound, aver-
age, and lower bound values for r, at N/N; = 0.20, 0.50, and
0.80. These values were chosen as representative of the r, versus
N/N, curves presented in Fig. 10. The results show that at a lower
value of N/N; (i.e., N/N; = 0.20) there is a strong linear increase
in r, as C, increases, and that the effect of increasing C,, diminishes
as N/N; increases. Equations were fitted to the data that estimate
r, based on C,, as shown in Fig. 11. It should be noted that
there were three points that were not consistent with the rest of
the data for the upper bound and average values [as shown on
Figs. 11(a and b) with full symbols] and this data was not included
in the linear fit for upper bound and average values. These points
were from the 60% pea gravel/40% Ottawa sand mixture that was
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Fig. 12. Model Fit for C, = 1, 10, 20, and 30 for (a) upper bound; (b) average; and (c) lower bound.
tested in this study. The 60% pea gravel/40% Ottawa sand mixture 8 ——rm——7— 77717
had a high value of C, (26), but performed similarly to the 100% B Lower Bound
gravel specimen; therefore, it was not included in the relationship ’r " Average Omoq = 1.94% 04017
for C,, and r,. This may be an indication that gap-graded soils with 6 L Siper Bouxd ]
high values of C,, may not fit into the relationship, as these materi- L
als may resemble in response the larger or smaller fraction of the 5 =
gap-graded mixture. This observation is of interest for gap-graded 3 I
materials and requires further evaluation as more data are collected £ & i Umoq = 1.78%g245% 7
for gravelly soils. 3L _
The practical implication of the observation that r, increases as L
C, increases, specifically for N/N; = 0.20, is that well-graded ma- 2 wmu .
terials can generate significant pore pressures in the early stages of me 1
cyclic shear that can have consequences on the induced shear strain 1 i ]
and volumetric strain (i.e., settlement). Pore pressure development ol v v s
can also significantly alter seismic waves and amplification of sites 0 5 10 15 20 25 30 35
during the liquefaction process (Zorapapel and Vucetic 1994). C
u

Proposed C,-Based Excess Pore Pressure
Generation Model

Using the equations introduced in Fig. 11 that relate r, at specific
N/N; values to C,, a pore pressure model was developed to predict
r,. Values of C,, = 1,10, 20, and 30 were used with the equations
from Fig. 11 for the upper bound, average, and lower bound for
N/N; =0.20, 0.50, and 0.80. A new equation that is similar in
form to the Seed et al. (1975) model was found to provide the best
fit to the data. The new equation is:
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Fig. 13. Relationship of «,,,; and C,.

2 N\ /o
ry = —tan((—) I> (3)
T NL

where «,,,, 1S an empirical constant based on material properties
and test conditions. Eq. (3) was used to fit the data points for
N/N; = 0.20, 0.50, and 0.80 for C,, = 1, 10, 20, and 30 in Fig. 12
for the upper bound, average, and lower bound. The «,,,,; value was
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Fig. 14. Comparison of developed model with Seed et al. (1975) model and existing data for gravelly soils from (a) Banerjee et al. (1979); (b) Haeri

and Shakeri (2010); (c) Hynes (1988); and (d) Evans and Seed (1987).

adjusted until a satisfactory fit was provided. These «,,,,; values
for the upper bound, average, and lower bound for each C, value
are shown in Fig. 13, which provides a new method for predicting
Qmoq based on C, for upper bound, average, and lower bound.
The equations for finding «,,,, for the model are:

Upper bound:

Qg = 1.9400401C, (4)
Average:

Qppg = 1.7800245Cu (5)
Lower bound:

Qg = 1.37€00197C. (6)

These equations can be utilized to predict the «,,,, value that
should be used in Eq. (3) and highlight the influence of C, on pore
pressure generation.

Using this framework, comparisons were made with existing
data for gravelly soils as well as the Seed et al. (1975) model in
Fig. 14. For each comparison, Eqs. (4) and (6) were utilized to find
the a,,,4 value for upper bound and lower bound based on the C,
value of the tested gravelly soil. This «,,,,; value was then inserted
into Eq. (3). The «,,,4 values that were found using Eqgs. (4) and (6)
were also used for the Seed et al. (1975) model in place of « for
comparison. Fig. 14(a) compares the model with Banerjee et al.
(1979) data for C,, = 47. The new pore pressure prediction model
shows a satisfactory fit to the data that is improved compared to the
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Seed et al. (1975) model. Fig. 14(b) compares the model with Haeri
and Shakeri (2010) data for C,, = 28. The new pore pressure pre-
diction model again shows a satisfactory fit to the data that is im-
proved compared to the Seed et al. (1975) model. Fig. 14(c)
compares the model with Hynes (1988) data for C, = 14, while
Fig. 14(d) compares the model with Evans and Seed (1987) data
for C, = 1.3. The new pore pressure prediction model fits the data
very well for both Hynes (1988) and Evans and Seed (1987). There-
fore, the new pore pressure prediction model is recommended for
use with gravels and gravelly soils for prediction of excess pore
pressure generation as a function of C,. The Seed et al. (1975)
model is still applicable for sands, which can have lower pore pres-
sure generation than gravels. Predicting pore pressure generation is
very important when assessing liquefaction potential for gravelly
soils. The new pore pressure model provides a method to help fur-
ther calibrate models used in numerical analyses and can also be
used directly when advanced numerical analyses are not an option.

Conclusions

Excess pore pressure generation of uniform gravel and gravel-sand
mixtures was evaluated in this study and it was found that uniform
gravels and gravel-sand mixtures can exhibit different excess pore
pressure generation responses than sands. Comparisons were made
with existing relationships for pore pressure generation for sands.
The effects of particle angularity of gravel, particle size, liquefac-
tion definition, relative density, initial vertical effective stress,
cyclic stress ratio, and gravel percentage for gravel-sand mixtures
on the generation of excess pore water pressure were studied.
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A new pore pressure model for gravelly soils was developed. The

main findings are as follows:

* Liquefaction definition (either strain-based or r,-based) did not
influence the excess pore pressure generation when plotted on a
normalized figure (N/N;) for uniform pea gravel.

* Asrelative density increased, excess pore pressures generated at
a slower pace for uniform gravels and the specimens liquefied at
a greater number of cycles. The pea gravel pore pressure gen-
eration response fell in the same range as the sands tested by Lee
and Albaisa (1974). Pore pressure generation for denser spec-
imens fell near the upper bound for sands. For the CLS materi-
als, no significant change was observed in the pore pressure
generation as density increased, and both the loose and dense
specimens fell along the upper bound for sands from Lee and
Albaisa (1974).

* Increasing initial vertical stress and CSR does not have a
significant effect on pore pressure generation for the uniform
gravel materials, similar to observations for sands (Polito
et al. 2008).

* More angular soils experience greater r, throughout the test.
Specifically, at lower values of N/N; (less than 0.4), the angular
CLS materials generate greater pore pressures than the sub-
rounded pea gravel.

* Changes in D, significantly influence the role that particle
angularity plays in excess pore pressure generation. All pea
gravel/Ottawa sand mixtures fell in a similar range and within
the middle to upper portion of the Lee and Albaisa (1974)
data. An increase in r, was observed as relative density in-
creased. The CLS8/Ottawa sand mixtures all fell along the
upper bound of Lee and Albaisa (1974). As relative density
increased for the CLS8 mixtures, only a small increase in
r, was observed.

e Gradation plays a key role in pore pressure generation, and one
of the parameters that describes this effect is the coefficient of
uniformity C,. The uniform gravels in this study had C, values
below 2, while the sand-gravel mixtures had C,, values up to 26.
Well-graded gravelly soils have a rapid increase in pore pressure
generation in the first few cycles of loading, reaching relatively
high values of r, in the first few cycles compared to more uni-
form gravels. Well-graded soils generally exhibit cyclic mobility
and their pore pressure response reflects this behavior. At low
N/N; (i.e., N/N; = 0.20) there is a strong linear increase in r,,
with increasing C,,, but the role of C,, diminishes as specimens
approach liquefaction (i.e., N/N; increases). Gap-graded soils
may behave more like one of the uniform fractions of the soil
mixture.

* A new pore pressure model was developed that utilizes C,, to
predict r, for gravels and gravelly soils. The influence of gra-
dation is not captured by existing pore pressure generation mod-
els that were developed for sands (with low C,). The Seed et al.
(1975) model is still applicable for sands.
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