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A B S T R A C T   

The effect of strain history on monotonic and cyclic response of intact and reconstituted, low and high plasticity silt deposits have been investigated through a series 
of constant-volume, staged, stress- and strain-controlled cyclic direct simple shear tests. In many cases the specimens subjected to stress-controlled loading exhibited 
a progressive increase in cyclic resistance due to beneficial effects of increased density following post-cyclic reconsolidation, apparent pseudo-overconsolidation and 
presumably increased lateral stresses. Such effects outweighed the detrimental effects of fabric destructing as a result of the prior strain history. However, some 
specimens exhibited an inconsistent evolution of cyclic resistance when assessed using different shear strain cyclic failure criteria. Symmetric accumulation of shear 
strains in earlier shearing stages did not consistently result in an increasing trend in the post-cyclic resistance; additionally, increases or decreases in cyclic resistance 
can occur in subsequent shearing stages depending on the amplitude of the maximum shear strain. Staged, strain-controlled tests were used to investigate the cyclic 
soil response to small and large shear strains, the latter of which caused a reduction in the cyclic resistance of overconsolidated (OC) silt specimens in the following 
loading event, confirmed using shear wave velocity, Vs, measurements which indicated substantial fabric disturbance following the large strain event. In contrast, 
normally-consolidated (NC) and OC specimens subjected to multiple stages of small cyclic shear strain exhibited progressive increases in Vs, the magnitude of which 
varied with stress history. The increase in cyclic resistance in the NC specimens was related to increased pseudo-overconsolidation following reconsolidation. The 
monotonic undrained shear strength of all silt specimens subjected to staged cyclic loading increased following post-cyclic reconsolidation; the increase in strength 
and changes in volumetric tendencies are governed by the magnitude of post-cyclic reconsolidation and changes in soil fabric inferred from Vs, respectively.   

1. Introduction 

The effect of pre-shaking on the cyclic resistance of natural soil de
posits in future earthquakes and storm events continues to concern 
practitioners and researchers in view of mainshock-aftershock, multi- 
mainshock earthquake sequences and wave action on offshore gravity 
platforms, respectively. The Canterbury Earthquake Sequence provides 
a recent example of the consequences of such geological phenomena [1, 
2], however, the effect of strain history on the seismic performance of 
soils has been identified some four decades earlier. Observations 
following earthquakes suggest that multiple successive events may or 
may not increase cyclic resistance of a soil deposit in future events. 
Kuribayashi and Tatsuoka [3] reported that a sand deposit at a single site 
re-liquefied during four successive earthquakes in northeast Tokyo, 
Japan, from 1894 to 1931. However, the natural pre-shaken silty sand 
deposit at the Wildlife Site in Imperial Valley, California, exhibited 
higher liquefaction resistance for shaking events subsequent to the 
initial liquefaction episode [4–6]. 

The effect of strain history on the cyclic resistance of granular soils 
has been investigated through systematic laboratory element studies 

[7–12], physical model tests [6,13,14], and numerical simulations [15, 
16]. Researchers have shown that regardless of the specimen prepara
tion method, a single pre-shearing event may improve or degrade cyclic 
resistance for the following events, depending on the shear strain 
amplitude, γ, and the number of loading cycles, N [7,8,10,17]. Finn et al. 
[7] defined a single amplitude threshold shear strain for sand specimens 
(i.e., γSA = 0.5%) below which pre-shearing improves cyclic resistance 
due to increased interlocking of the particles and removal of local in
stabilities at the grain-to-grain contacts. However, large pre-shaking 
resulted in a significant loss in resistance and larger excess pore pres
sures in subsequent shaking events due to the development of micro
structural (i.e., fabric) anisotropy, fabric rearrangement, and the 
destruction of soil fabric that had developed due to aging, cementation, 
and biogeochemical activities, and the corresponding reduction in the 
initial lateral stresses [7,11,18,19]. 

In contrast to the effect of a single pre–shaking event, sand deposits 
subjected to multiple shaking events may exhibit a net progressive in
crease in cyclic resistance over geologic time [6,20,21]. El-Sekelly et al. 
[6] performed a series of centrifuge experiments on a young silty sand 
deposit subjected to 66 shaking events with each relatively strong 
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pre-shaking event followed by ten small pre-shaking events, intended to 
simulate the seismic history of the Wildlife Site. The small pre-shaking 
events that did not generate significant excess pore pressure increased 
the cyclic resistance for the subsequent strong pre-shaking event, 
whereas the strong event resulted in a dramatic reduction in cyclic 
resistance due to the removal of the prior beneficial effects of small 
shakings. Similarly, the effect of episodic loadings and reconsolidation 
on cyclic resistance of clay deposits has been studied using element tests 
[22], physical modeling [23], and numerical simulations [24] for 
geotechnical design of offshore structures. The results indicated that 
preshearing improves the resistance of normally consolidated clays; 
however, it can have a detrimental effect on cyclic resistance of over
consolidated clays. 

Whereas most of these prior studies have comprehensively investi
gated the response of clean or silty sand and fewer have focused on clays, 
very limited laboratory studies and case histories exist for nonplastic 
[25,26] and low plasticity silts [27] and even fewer exist for intact 
natural silts [28]. Price et al. [27] performed a series of staged, 
stress-controlled, cyclic direct simple shear (DSS) tests to examine the 
effect of strain history on cyclic resistance of normally- (NC) and over
consolidated (OC), reconstituted nonplastic silt (crushed silica silt, PI =
0) and low plasticity silt (crushed silica silt mixed with Kaolinite, PI = 6) 
specimens. NC specimens exhibited a progressive increase in cyclic 
resistance for subsequent shaking events, attributed to post–cyclic 
densification, which overshadowed the detrimental effects of soil fabric 
destruction resulting from the prior cyclic straining. However, OC 
specimens exhibited a reduction in cyclic resistance ranging from 18 to 
32% following the first cyclic event despite the higher specimen density. 
The observed cyclic resistance degradation was primarily attributed to 
the destruction in soil fabric and reduction of lateral stresses resulting 
from its prior stress history. Soysa and Wijewickreme [25] conducted a 
series of stress-controlled, cyclic direct simple shear (DSS) tests to 
investigate the effect of pre-shearing on cyclic resistance of NC recon
stituted specimens prepared from Fraser River nonplastic silt. The 
post-cyclic resistance progressively increased for specimens sheared to 
3.75% single amplitude shear strain, γSA, whereas specimens subjected 
to γSA > 10% resulted in a significant reduction in cyclic resistance in the 
following events. Specimens subjected to such large shear strain am
plitudes produced unsymmetrical shear stress-shear strain, τ-γ, hyster
esis in subsequent loading stages which resulted in a smaller N to reach a 
pre-defined maximum excess pore pressure ratio, ru,max, and shear strain 
failure criterion [26,29]. 

The limited previously-reported evolution in the cyclic resistance of 
reconstituted nonplastic [25,26] and low-plasticity [27] silt and intact 
nonplastic silts [28] suggests that further investigation into pre-straining 
is necessary, particularly towards understanding the role of stress his
tory, natural soil fabric and inherent variability, plasticity index, and 
shear strain amplitude. This study presents the results of a systematic 
laboratory test program conducted to evaluate the effect of cyclic 
pre-straining on the response of natural and reconstituted low and me
dium plasticity silt specimens. Specific key questions have been identi
fied with regard to stress-controlled cyclic tests to evaluate the cyclic 
resistance of natural silt due to multiple loading events: (1) does the 
choice of different shear strain-based failure criteria affect the evalua
tion of cyclic resistance? (2) does the cyclic resistance evaluated based 
on shear strain failure criteria and pore pressure response yield a similar 
outcome? (3) do symmetry of shear strain accumulation and amplitude 
of developed maximum shear strain affect the soil response? (4) can the 
shear strain-excess pore pressure relationship be used as an alternative 
to identify the evolution of cyclic resistance? 

For the range in applied CSRs, vertical effective stresses, σ′

vc, and the 
properties of typical silt specimens (e.g., PI, OCR), testing under stress- 
controlled conditions generally necessitates the application of medium 
to large shear strains (i.e., larger than 0.3% [30]) during the first cycle of 
loading, obscuring the role of soil fabric on the cyclic response. 

Therefore, a series of constant-volume, staged, strain-controlled, cyclic 
tests with shear wave velocity measurements was conducted on recon
stituted NC and OC specimens with the goal of capturing the effect of 
stress history, soil fabric, and shear strain amplitude on cyclic response. 
In addition, constant-volume, monotonic DSS tests were conducted on 
pre-strained reconsolidated specimens to investigate evolution of un
drained shear strength of the soil due to multiple cyclic loading and 
reconsolidation events. The findings of this study will help to deepen 
understanding of cyclic response of plastic silts subjected to repeated 
seismic loadings. 

2. Laboratory testing program 

2.1. Cyclic direct simple shear (DSS) test apparatus 

The tests described herein were performed using the SSH-100 cyclic 
DSS test apparatus manufactured by GCTS (Tempe, AZ) with loading 
platens retrofitted to accommodate bender element (BE) and piezo
electric disc (PD) transducers (Figs. S1 and S2 which are provided in 
Supplemental Online Appendix S1). The conventional cyclic DSS device 
uses a fixed top loading platen and a sliding base platen mounted on a 
series of linear bearings. Cylindrical specimens with diameter of 70 mm 
and a typical height of 20 mm are confined with a series of stacked rings 
(SGI-type) to prevent horizontal strain. A hydraulic servo-feedback 
controlled normal load actuator facilitates constant-volume conditions 
to simulate undrained response [31]. All constant-volume, monotonic 
and cyclic DSS tests conducted maintained the initial specimen height 
within 0.05% per ASTM D8296-19 [32]. 

The body wave measurement system consists of pairs of BE and PD 
transducers, an arbitrary function generator to excite the transmitting 
transducers, and a digital oscilloscope. Compression wave velocity, Vp, 
measurements were used to compare and judge the degree of saturation 
of natural specimens inferred from gravimetric and volumetric mea
surements. The shear wave velocity, Vs, measurement in the vertical 
direction provided an effective indication of specimen quality (e.g. Refs. 
[33,34]), and changes in the soil fabric of specimens subjected to cyclic 
loading (e.g. Ref. [6]). 

2.2. Characterization of silt specimens 

A systematic laboratory testing program was conducted on intact and 
reconstituted specimens prepared from intact thin-walled tube samples 
retrieved from two test sites. Site B corresponds to the Van Buren Bridge 
crossing the Willamette River in Corvallis, OR; Site D is located at the 
Port of Portland, Portland, OR. Representative soil profiles for each site 
(Site B: Fig. S3; Site D: Fig. S4), are provided in the Supplemental Online 
Appendix S1. The soil deposit at Site B consists of medium stiff to stiff, 
low plasticity alluvial silt (Figs. S5 and S6), which extends to an 
approximate depth of 4 m at borehole B-13, and ranges in depths from 7 
to 10.5 m at borehole B-14, as described by Dadashiserej et al. [35]. The 
average CPT-based Soil Behavior Type Index, Ic, equaled 2.96 for the silt 
deposit measured in close proximity to B-13. The deposit at Site D 
consists of medium stiff, alluvial clayey silt with traces of sand and thin 
partings of sandy silt with an average Ic of 2.99 (Fig. S7) described by 
Jana et al. [36] and Jana and Stuedlein [34,37,38]. Intact soil samples 
were obtained in accordance with ASTM-D1587 [39] using an Osterberg 
piston sampler and specially fabricated, stainless-steel, thin-walled 
tubes having an outer diameter of 76.2 mm, area ratio of 8.4%, wall 
thickness of 1.5 mm, and machine-beveled inside cutting edge similar to 
that described by Soysa and Wijewickreme [40]. To prevent moisture 
loss during transportation and storage, expandable packers, plastic caps, 
and plastic wrap were used to seal the tube. The recovered Shelby tubes 
were transported in an upright condition and stored in 
climate-controlled environment until extrusion and specimen prepara
tion. For each site, the soil sample was collected at or below the 
groundwater table. The groundwater tables vary seasonally and with 
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changes in the water level in the Willamette (Site B) and the Columbia 
Rivers (Site D); local dewatering operations also affected Site D. Ex
plorations conducted at different times encountered the groundwater 
table at depths ranging from 1.0 to 3.5 m at the location of CPT-08 for 
Site B and 3.0–7.3 m for Site D. Effective stresses were calculated using 
the groundwater table depth at the time of each exploration; the 
groundwater table corresponds to depths of 2.4 m for Site B (at the 
location of CPT-08) and 4.2 m for Site D, respectively, at the time of 
sampling. 

Reconstituted specimens were prepared using the slurry-deposition 
method by hydrating crushed soil using a water content, w, of twice 
the liquid limit for a minimum of 24 h following procedures reported by 
Soysa [41] following oven-drying at 85 ◦C and to produce uniform 
specimens that simulate the soil fabric of fluvial depositional environ
ments [29,42]. The method of soil drying (i.e., air-dried versus 
oven-dried) for preparation of reconstituted specimens has a minor ef
fect on the test results as soil samples were classified as silt per the 
Unified Classification System (USCS; Fig. 1a) with less than 20% clay 
sized particles determined using hydrometer analysis in accordance with 
ASTM D7928-17 [43], (Fig. 1b). 

Samples from Site B were retrieved from boreholes B-13 and B-14 
and are classified as low-plasticity silt (ML) per the Unified Soil Classi
fication System (USCS; Fig. 1a) with average natural water contents, wn, 
of 59% for B-13 and 41% for B-14, average liquid limit, LL, of 47 and 
plasticity index, PI, of 15 for B-13 and LL of 41 and PI of 13 for B-14, and 
fines contents, FC, of approximately 94% and 86% for B-13 and B-14, 
respectively (Table 1). Fig. 1b indicates that Site B samples consist of 
14–20% clay-sized particles and about 73% silt-sized particles. Site D 
samples are classified as high-plasticity silt (MH) with average wn =

75%, average LL = 70 and PI = 26, FC = 100%, with 84% silt-sized 
particles (Fig. 1a and b). All laboratory tests were conducted on speci
mens at nearly-saturated and fully-saturated conditions (Sγ ≥ 99.5%). 
The measured Vp (>700 m/s) and gravimetric water contents confirm 
the nearly fully-saturated and saturated conditions of the specimens [44, 
45]. The liquefaction susceptibility and potential for cyclic softening 
failure for specimens tested in this study were evaluated using criteria 
proposed by Boulanger and Idriss ([46]; BI06), Bray and Sancio ([47], 
BS06), and the framework suggested by Armstrong and Malvick ([48], 
AM16). Intact and reconstituted specimens from Sites B and D have been 
identified as moderately susceptible and nonsusceptible to liquefaction, 
respectively (BS06), while BI06 suggests that the fundamental behavior 
of all specimens of both sites should be clay-like, and should be assessed 
using cyclic softening procedures (AM16). Although not the focus of this 
paper, the differences in hysteretic behavior (e.g., sand-like vs. clay-like) 
for the low and high plasticity specimens is notable in view of the sim
ilarity in Ic. 

Representative intact natural specimens were subjected to constant 
rate-of-strain (CRS) consolidation without back-pressure saturation 
following the procedure described by Landon et al. [49] to determine 
the compression (Cc) and swell (Cs) indices, the preconsolidation stress 
(σ′

p), and overconsolidation ratio (OCR). A strain rate of 0.45–0.75%/h 
was selected to avoid exceeding the threshold excess pore pressure ratio 
of 15% measured at the bottom of specimens [50]. Fig. 1c presents the 
representative oedometric compression responses of intact specimens 
from Sites B and D. The higher plasticity Site D specimen exhibited 
greater compressibility with a well-defined σ′

p as compared to the 
rounded oedometric response of the low plasticity Site B specimens 
(B-13 and B-14). The analysis of σ′

p using the strain energy method [51] 
and Casagrande construction [52] produced σ′

p of 95 and 250 kPa for 
Site B Groups B-13 and B-14 specimens, respectively, and 207 kPa for 
Site D. Given the in-situ vertical effective stress, σ’

v0, calculated for each 
specimen and summarized in Table 1, the silts at Sites B and D are 
lightly-overconsolidated with average OCRs of 1.7 and 1.9, respectively. 
Specimen quality was evaluated using the work- and strain energy-based 

criteria proposed by DeJong et al. [53] in which the ratio of the initial 
recompression index to compression index, Cri/Cc, and ratio of strain 
work-based initial recompression index to compression index, Crw/Ccw, 
indicates sample quality. The calculated ratios are Cri/Cc = 0.12 and 
Crw/Ccw = 0.18 for B-13 specimens of Site B, Cri/Cc = 0.19 and Crw/Ccw 
= 0.27 for B-14 specimens of Site B, and Cri/Cc = 0.13 and Crw/Ccw =

0.11 for specimens of Site D, indicating relatively high-quality samples 
[53]. 

Constant-volume, monotonic, strain-controlled DSS tests were per
formed on natural, intact specimens retrieved from Sites B and D, and 
reconstituted specimens from Site D following the guidelines presented 
in ASTM D8296-19 [32] (ASTM 2019) with modification to the 

Fig. 1. Characterization of samples retrieved from Sites B and D: (a) plasticity 
chart, (b) particle size distributions, and (c) constant rate-of-strain (CRS) 
consolidation responses. 
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consolidation procedure. The intact specimens were consolidated to 
vertical consolidation stresses, σ′

vc, equal to the in-situ σ’
v0 using the 

recompression technique with the load maintained for at least ten times 
longer than the time for primary consolidation prior to shearing. The 
recompression technique was preferred to the SHANSEP-based me
chanical unloading approach [54] for monotonic and cyclic tests owing 
to the potential for inducing significant reductions in void ratio should 
an uncertain estimate in σ’

p be exceeded (e.g., due to rounded 
compression curves for Site B specimens, Fig. 1c [55–58]). In addition, 
due to the high quality of the prepared specimens, the recompression 
method is expected to replicate the in-situ stress state condition to the 
high degree, confirmed through comparison of bender element- and 
in-situ-based shear wave velocities. The results of an initial sensitivity 
study on intact specimens from Site D indicated that differences in void 
ratio between the SHANSEP and recompression consolidation proced
ures lead to cyclic resistances from SHANSEP-type specimens that were 
10–25% larger than recompression-type (see Fig. S8 in the Supplemental 
Appendix S1). Reconstituted Site D specimens were tested at normally 

consolidated and lightly overconsolidated (OCR = 2; hereafter referred 
as OC) conditions, the latter of which was performed by consolidating 
specimens to σ′

vc = 200 kPa and unloading to 100 kPa. After completion 
of consolidated stage as mentioned above, constant-volume shearing 
commenced with a strain rate of 5%/h. Fig. 2 presents the representative 
normalized shear stress–shear strain responses, (τh /σ′

vc) − γ, and effec
tive stress paths for the intact and reconstituted silt specimens. The Site 
B specimens exhibited a near perfectly-plastic (τh /σ′

vc) − γ response, 
whereas the Site D specimens exhibited strain hardening with undrained 
shear strengths, su,DSS, approximately 25–40% greater than the su,DSS of 
Site B specimens. 

2.3. Cyclic shear test procedures 

Constant-volume, staged, stress-controlled cyclic tests with shear 
wave velocity measurement were performed with 0.1 Hz loading fre
quency to investigate the effect of strain history on cyclic resistance of 
intact and reconstituted specimens from Sites B and D. The specimens 

Table 1 
Details of test sites and material characterization.   

Site B: Willamette River Corvallis, OR Site D: Columbia River Portland, OR 

Borehole B-13 B-14 None 
Sample Depth (m) 2.4–3.2 8.5–9.3 9.1–11.2 
Specific Gravity, Gs 2.67 2.67 2.64 
Range of Natural water Content, wn (%) 55–62 38–44 73–86 
Degree of Saturation, Sr (%) 100.0 99.5–100.0 99.6–100 
Average of Liquid Limit, LL 47 40 70 
Average of Plasticity Index, PI 15 13 26 
Unified Soil Classification (USCS) ML ML MH 
In-situ Vertical Effective Stress, σ′

v0 (kPa) 50 160 98–118 
Overconsolidation Ratio, OCR 1.8–2.0 1.4–1.7 1.6–2.2 
In-situ Shear Wave Velocity, Vs (m/s) NAa NA 119–154 
Laboratory Shear Wave Velocity, Vs (m/s) 85–93 168–175 121 
Laboratory Compression Wave Velocity, Vp (m/s) 935–1105 862–906 1030  

a NA = Not applicable. 

Fig. 2. Monotonic undrained DSS response of intact specimens of Site B: (a) normalized shear stress-shear strain responses, and (b) effective stress paths, and 
monotonic undrained DSS response of intact and reconstituted specimens from Site D: (c) normalized shear stress-shear strain responses, and (d) effective 
stress paths. 
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were subjected to constant CSR in successive shearing stages to isolate 
the coupled effects of densification resulting from post-cyclic reconso
lidation and fabric destruction. Inconsistences in the evaluation of cyclic 
resistance were assessed based on different cyclic failure criteria 
including N necessary to achieve single or double-amplitude shear 
strains of 3, 3.75, and 5% (i.e., NγSA=3%, NγSA=3.75%, NγSA=5%, and NγDA=5%) 
and various excess pore pressure, ru,max, responses (i.e., Nru,max=60% and 
Nru,max=85%). 

Owing to the inability of stress-controlled cyclic tests to capture the 
effect of soil fabric due to application of medium to large strains in the 
first cycle of loading and biased accumulation of shear strain during 
stress-controlled conditions, a number of constant-volume, staged, 
strain controlled, cyclic tests with shear wave velocity measurement 
were conducted with 0.1 Hz loading frequency on reconstituted NC and 
OC specimens from Site D. The goal of these strain-controlled tests was 
to capture the effects of soil fabric and a wide range of shear strain 
amplitudes on the cyclic response. Reconstituted Site D specimens were 
used to compare the response of soil subjected to stress-controlled and 
strain-controlled tests. The effects of variation in soil properties (i.e., PI, 
OCR, and FC) on cyclic response during strain-controlled tests are not 

considered in this study. 

2.3.1. Constant-volume, staged, stress-controlled cyclic tests 
Fig. 3a through 3d present schematics illustrating the staged loading 

protocols for the stress-controlled DSS tests consisting of multiple cyclic 
loading and reconsolidation phases. Following the completion of pri
mary consolidation to σ’

vc = σ′

v0, the cyclic loading phase commenced 
under a specified cyclic stress ratio, CSR. Cyclic loading continued until 
a predefined single-amplitude shear strain, 5< γSA < 20%, was achieved 
to identify the influence of the maximum shear strain amplitude, γmax, 
on the cyclic resistance of soil for subsequent events. Following 
completion of the cyclic loading phase, specimens were re-centered in 
the DSS device and reconsolidated to σ’

vc = σ′

v0. The next cyclic phase 
commenced following dissipation of excess pore pressures and mea
surement of Vs, and the CSR applied in the subsequent shearing phase 
was maintained or increased depending on the evolution of cyclic 
resistance as a result of the previous loading. 

2.3.2. Constant-volume, staged, strain-controlled cyclic test 
Fig. 3e and f illustrate two loading protocols for the constant-volume, 

Fig. 3. Schematic loading protocols of staged cyclic DSS tests (a) stress-controlled loading and corresponding (b) shear strain (c) vertical effective stress and (d) 
volumetric strain time histories; (e) and (f) strain-controlled loading. 
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staged, strain-controlled cyclic tests which consist of three identical and 
repeated loading sequences at four shear strain amplitudes (12 distinct 
stages in total). Each sequence includes N = 30 cycles at each of four 
uniform amplitudes of shear strain: γ1 = 0.04% < γ2 = 0.08% < γ3 =

0.5% < γ4 = 1% or 3%. Specimens were subjected to a reconsolidation 
stage following each cyclic shearing stage. The final cyclic shear stage in 
a given sequence corresponds to the largest shear strain amplitude 
where γ4 = 1% is designated as small shaking (denoted S) and 3% is 
designated as large shaking (denoted L). The summary of the investi
gated factors that possibly control the cyclic response of soil for future 
shaking events and the corresponding metrics used to study these factors 
for stress-controlled and strain controlled cyclic tests are presented in 
Table 2. 

3. Experimental test results and discussion 

3.1. Constant-volume stress-controlled tests on low plasticity (Site B) silts 

The results of the staged, cyclic loading of four intact, lightly- 
overconsolidated specimens (i.e., BU1, BU2, BU3, and BU4) and two 
lightly-OC reconstituted specimens (i.e., BR1 and BR2) are summarized 
in Table 3. The specific loading stage is denoted by the stage number (e. 
g., S1, S2, S3, and S4). Fig. 4 presents the multiple shearing stages for 
Specimen BU1 in terms of normalized shear stress-shear strain CSR-γ 
hysteresis, effective stress paths, and accumulation of ru and γ with N for 
three cyclic loading stages. Following reconsolidation to σ′

vc = σ′

v0 = 160 
kPa, Specimen BU1 was initially subjected to CSR = 0.26 (BU1–S1) 
which terminated at a maximum shear strain, γmax = 8.5% after N =
25.5, followed by reconsolidation and shearing in subsequent stages (i. 
e., BU1–S2 and BU1–S3). Fig. 4a, e, and 4i illustrate the CSR-γ hysteresis 
for BU1–S1, BU1–S2, and BU1–S3 and demonstrate the progressive in
crease in cyclic resistance with each loading stage, to result in NγSA=3.75% 

= 10.7, 47.8, and NγSA=3.75% >136, respectively. The effective stress 
paths for all three stages indicate cyclic mobility with an initial 
contractive tendency followed by alternating dilation and contraction in 
loading and unloading, respectively (Fig. 4b, f, and 4j). The initial 
contractive tendency of the specimen decreased and gradually transi
tioned to a dilative tendency in the first cycle of loading as the number of 
loading stages increased (Fig. 4b, f, and 4j) which resulted in the gen
eration of lower ru in subsequent loading stages (Fig. 4c, g, and 4k). Note 
that at constant CSR, the NγSA=3% and NγSA=3.75% become large (N > 100) 

following reconsolidation and densification, a consistent observation in 
the current investigation (Tables 3 and 4). The power laws describing 
CRR-N for specimens from B-13 and B-14 are characterized with an 
exponent, b, of approximately 0.11 and 0.08 (Dadashiserej et al. [35]), 
respectively. Boulanger and Idriss [59] report the mean N for Mw = 7.5 
in the range of about 70–200 for b = 0.08 to 0.11, with ground motions 
exceeding N = 400 in the former case. Thus, the N observed towards the 
latter stages of loading may be considered appropriate for large 
earthquakes. 

Fig. 4d, h, and 4l indicate a reduction in the rate of shear strain 
accumulation with N at a constant CSR as the number of loading stages 
increased. The reduction of the specimen void ratio, ec, because of post- 
cyclic volumetric strain, εvpc following reconsolidation (Table 3) and 
presumably increases in lateral stress [9] are responsible for the 
improvement in cyclic resistance. Apparently, the reduction in ec and 
possible increase in lateral stress overshadowed the detrimental effects 
associated with the soil fabric destruction due to the prior strain history 
with γmax = 8.5, 5.3, and 3% for BU1–S1, BU1–S2, and BU1–S3, 
respectively. Characterized by higher OCR and void ratio, and lower 
σ’vc, intact Specimens BU2 and BU3 exhibited the same trends in cyclic 
resistance for similar multiple cyclic loading events (Table 3). 

In contrast with Specimens BU1, BU2, and BU3, which exhibited 
progressive increases in cyclic resistance, Specimen BU-4 exhibited an 
inconsistent trend in the evolution of cyclic resistance (Fig. 5a, e, 5i, and 
5 m). For example, the cyclic resistance of the more dense Specimen 
BU4–S3 with ec = 0.93, and NγSA=3% = 1.2 and NγSA=3.75% = 13.3 was 
smaller than Specimen BU4–S2 (ec = 0.96, NγSA=3% = 4.7 and NγSA=3.75% 

= 13.8). Such an observation stems in part from the selected cyclic 
failure criteria; Specimen BU4 exhibited a consistent increase in cyclic 
resistance when considering γSA = 5% as the cyclic failure criterion 
(Table 3). Similarly based on the number of cycles required to achieve a 
particular ru,max, Specimen BU4 exhibited a consistent increase in cyclic 
resistance, where Nru,max=60% increased from 10.5 for S2 to 25.5 for S3. 
Conclusions drawn from the ru-based cyclic resistance differ from those 
using strain-based cyclic failure criteria (e.g., γSA = 3% or 3.75%), as 
revealed by inspection of the first quarter cycle of loading in the stress 
paths and γ−N for S2 and S3; S3 produced greater γ and ru compared to 
S2 which resulted in lower N to reach γSA = 3% or 3.75%, whereas the 
overall cyclic resistance of the specimen improved due to the four 
shearing stages. 

The difference in cyclic response of Specimens BU4 and BU2 was 
compared in terms of symmetry of γ accumulation in the early stages of 
loading (Table 3; considering that γmax < 5.9%). Although Specimen 
BU4 developed symmetric shear strains during S1 and S2, it exhibited a 
reduction in cyclic resistance for S3 (NγSA=3.75%). On the contrary Spec
imen BU2 exhibited consistent increase in cyclic resistance (NγSA=3.75%), 
despite the development of biased CSR-γ hysteresis in S2 and S3. It is 
inferred that symmetric strain accumulation with comparable γmax in 
earlier shearing stages cannot guarantee a consistent trend in shearing 
response in subsequent loading phases, in contrast with the observations 
reported by Sanin [28] and Wijewickreme et al. [26]. 

The observed differences in cyclic response of intact specimens 
subjected to staged loading suggested that the inherent variability in soil 
properties from specimen to specimen may serve to obscure the gov
erning physical mechanisms; reconstituted specimens can therefore 
serve to address the effect of specimen variability. Reconstituted Spec
imen BR1-S1 was subjected to CSR = 0.20 and terminated after N = 33 
corresponding to γmax = 10.6%, followed by BR1-S2, BR1-S3, and BR1- 
S4 (Fig. 6). Fig. 6a, e, 6j, and 6 m demonstrate an increasing trend in 
cyclic resistance with increased loading stages at constant CSR with 
NγSA=3.75% = 18, 44, and >51 for BR1-S1, BR1-S2, and BR1-S3, respec
tively. Specimen BR1-S4 was subjected to a larger CSR = 0.25 but did 
not achieve γmax = 3.75% after N = 720. The evolution of cyclic resis
tance in Specimen BR1 is similar to the intact Specimens BU1, BU2, and 
BU3, illustrating progressive increases in cyclic resistance for 

Table 2 
Summary of investigated parameters and corresponding metrics on cyclic 
resistance of soil.  

Investigated Parameter Corresponding Metric 

Constant-volume, Staged, Stress-controlled Test 

Plasticity Index, PI Site B, PI = 14 
Site D, PI = 26 

Overconsolidation Ratio, OCR Site B, OCR = 1.4 to 2.0 
Site D, OCR = 1.6 to 2.2 

Natural Soil Fabric Intact and reconstituted specimens tested 
from Sites B and D 

Density Post-cyclic volumetric strain 
Post-cyclic undrained shear strength 

Shear Strain Failure Criterion NγSA=3%, NγSA=3.75%, and NγSA=5%, 
Excess Pore Pressure Response Nru,max=60%, and Nru,max =85% 

ru,max versus γmax for N = 1, 10, and 20. 
Constant-volume, Staged, Strain-controlled Test 

Overconsolidation Ratio, OCR Reconstituted specimen from Site D with 
OCR = 1 and 2. 

Soil Fabric Shear wave velocity, Vs 

Density Post-cyclic volumetric strain 
Post-cyclic undrained shear strength 

Excess Pore Pressure Response ru,max versus γmax for N = 1 to 30 
Amplitude of Previously Experienced 

Shear Strain 
γmax = 0.04, 0.08, 0.5, 1, and 3%  
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Table 3 
Test parameters and summary of results from constant-volume, staged, stress–controlled DSS tests on Site B specimens.  

Test ID Shear 
Stage 
No. 

OCR Vertical Effective 
Consolidation Stress 
σ’vc (kPa) 

Cyclic 
Stress 
Ratio 
CSR 

Void 
Ratio 
ec 

Maximum 
Positive Shear 
Strain γ+

max (%) 

Absolute 
Maximum 
Negative Shear 
Strain γ -max (%) 

Nmax Maximum excess 
pore pressure 
ratio ru,

max (%) 

Post-cyclic 
volumetric 
strain εvpc (%) 

NγSA=3% NγSA=3.75% NγSA=5% Nru,max 

= 60% 

Nru,max 

= 85% 

BU1 (B-14)a S1 1.5 160 0.26 0.89 8.5 8.1 25.5 92 2.5 6.8 10.7 15.8 6.0 16.0  
S2 0.26 0.84 3.9 5.3 114.5 81 1.2 23.8 47.8 102.8 22.0 114.5c  

S3 0.26 0.82 2.1 3.0 136.6 55 0.5 130.8 136.6b 136.6b 137.0c 137.0 
BU2 (B-13) S1 1.9 50 0.33 1.50 5.7 5.0 36.7 92 1.6 17.8 24.8 33.3 6.0 23.1  

S2 0.33 1.46 5.2 2.6 112.2 85 1.2 25.3 54.3 104.3 14.0 112.2b  

S3 0.33 1.43 3.2 2.5 247.4 75 NAd 196.3 247.7a 247.7b 53.0 247.7c 

BU3 (B-13) S1 2.0 48 0.31 1.47 5.2 4.6 86.7 88 1.8 49.3 65.3 84.3 17.5 70.1  
S2 0.31 1.42 5.1 1.9 213.0 81 1.2 51.3 113.3 205.3 34.0 213.0c  

S3 0.31 1.40 2.7 1.7 351.6 66 NAd 351.6 351.6a 351.6b 351.6c 351.6c 

BU4 (B-14) S1 1.5 160 0.27 0.99 5.9 5.6 8.1 80 2.0 2.3 13.77 
13.29 
226* 

6.3 3.5 8.1c 

S2 0.28 0.96 5.1 5.3 30.6 79 1.6 4.7 13.8 27.8 10.5 30.6c 

S3 0.28 0.93 5.0 3.1 74.1 73 1.1 1.2 13.3 74.1 25.5 74.1c 

S4 0.28 0.91 3.0 3.0 225.9 61 NAd 205.3 225.9b 225.9b 202.5 225.9c 

BR1 (B-14) S1 1.5 160 0.20 0.81 10.6 9.8 33.0 91 4.0 18.2 20.3 23.3 12.0 25.0 
S2 0.20 0.73 6.1 4.1 100.6 86 2.0 44.3 59.3 81.3 20.0 93.0 
S3 0.20 0.70 1.8 1.5 51.2 46 0.5 51.0 51.2b 51.2b 51.2c 51.2c 

S4 0.25 0.69 3.3 2.6 720.0 70 0.9 579.3 720.0b 720.0b 370.0 720.0c 

BR2 (B-14) S1 1.5 160 0.22 0.84 13.1 13.8 22.5 88 4.0 7.7 9.7 12.7 5.5 14.0 
S2 0.22 0.76 6.2 12.3 90.6 86 2.4 16.8 25.8 40.8 11.5 73.5 
S3 0.22 0.72 4.8 6.2 200.0 86 NAd 3.8 14.8 86.8 11.5 179.1  

a Borehole Designation. 
b These specimens did not reach the target shear strain amplitude (i.e., γSA = 3.75%) for the stated number of loading cycles. 
c These specimens did not reach the target maximum excess pore pressure ratio (i.e., ru,max = 60%) for the stated number of loading cycles. 
d NA = Not available. 
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subsequent loading events where the reduction of void ratio as a result of 
post-cyclic reconsolidation and possible improvements in lateral stress 
represent the primary cause of the increased cyclic resistance. In 
contrast to Specimen BR1, Specimen BR2 exhibited degradation in cyclic 
resistance when assessed using strain failure criteria; however, it 
showed improvement in cyclic resistance evaluated based on excess pore 
pressure generation. The observed contrast could be attributed to the 
large asymmetric accumulation of shear strain in BR2-S2 (γmax = 12.3%) 
which likely resulted in a spatially-variable distribution of density and 
development of local instabilities within the specimen [27,60]. The 
CSRs applied to the denser reconstituted specimens were considerably 
smaller than those of the intact specimens due to the weakness of their 
younger, less-developed soil fabric. Likewise, the post-cyclic volumetric 
strains were larger, consistent with observations by others [34,61–65]. 

In summary, the amplitude of maximum shear strain, γmax, which can 
adversely affect the soil fabric and result in the degradation of cyclic 
resistance (γ-based), may be different for intact (γmax = 5.9%; BU4) and 
reconstituted specimens (γmax = 13%; BR2). However, both intact and 
reconstituted specimens exhibited consistent increase in the cyclic 
resistance assessed based on ru response (Nru,max ). This observation is not 
well-aligned with the results reported by Soysa and Wijewickreme [25] 
and Wijewickreme et al. [26] for normally consolidated nonplastic 
reconstituted Fraser River Silt, which exhibited a consistent trend in 
evolution of cyclic resistance assessed based on shear strain failure 
criteria and excess pore pressure response. The implied inconsistency 
with the results of prior studies [25,26] is likely attributable to differ
ences in the material properties of the soils (e.g., PI, OCR, FC, and soil 
fabric). Further research to elucidate the role of γmax on the cyclic 
response of silts is warranted. 

3.2. Constant-volume stress-controlled tests on high plasticity (Site D) silts 

Table 4 summarizes the cyclic response of intact (i.e., DU1, DU2, 
DU3, and DU4) and reconstituted specimens (i.e., DR1, DR2, and DR3) 

derived from Site D. Fig. 7a–d presents the progressive increase in cyclic 
resistance of Specimen DU1 subjected to CSR = 0.31 for the three stages 
of cyclic loading, where NγSA=3.75% = 6.8, 42.8, and >255 for S1, S2, and 
S3, respectively. Fig. 7e–h illustrate the two cyclic loading stages of 
Specimen DU2 subjected to constant CSR = 0.36. The first quarter cycle 
of loading of S1 achieved γ = 2.9% with continued loading to γmax =

18.5% and corresponding to N = 19.2 (Fig. 7e). However, in the 
following stage Specimen DU2 produced γ = 9.1% during first quarter 
cycle of loading, resulting in the significantly lower NγSA=3.75% as 
compared to S1. The observed reduction in cyclic resistance occurred 
despite the symmetric accumulation of γ and considerable densification 
following S1 (i.e., εvpc = 4.9%; Table 3). Destruction of the soil fabric, 
reduction in lateral stress, and possible shear induced anisotropy due to 
the large γmax = 18.5% are the primary reasons for the degradation in 
cyclic resistance [27]. 

The constant-volume, staged, cyclic test on Specimen DU3 was spe
cifically conducted to investigate the effect of γmax on cyclic resistance 
for the subsequent loading events. Specimen DU3-S1 was subjected to 
CSR = 0.21 which developed γmax = 1.2% after N = 304, whereas in the 
second stage, DU3 was sheared under the same CSR as Specimen DU2 
(CSR = 0.36), which generated γmax = 24% corresponding to N = 26.2. 
Although Specimens DU2-S2 and DU3-S2 have comparable void ratios 
(Table 4), DU3-S2 exhibited greater cyclic resistance (NγSA=3.75% = 6.3) 
than DU2-S2 (NγSA=3.75% = 0.2) for the same CSR, and exhibited a dila
tive tendency, in contrast to the contractive tendency of DU2-S2, for 
their first quarter cycles (Fig. 7f and j). The larger amplitude of γmax for 
DU2-S1 (γmax = 18.5%) caused detrimental effects to soil fabric and 
resulted in a lower cyclic resistance [28] relative to DU3-S1 (γmax =

1.2%). 
The evolution of cyclic resistance in the reconstituted NC specimens 

from Site D (DR1, DR2, and DR3) with σ′

vc = 200 kPa was investigated 
using staged loadings with constant CSR (with the exception of DR2-S3; 
Table 4). Fig. 8 presents the cyclic response of Specimen DR1, with γmax 

Fig. 4. Cyclic response of intact specimen BU1 subjected to staged, stress-controlled cyclic DSS test indicating cyclic shear stress-shear strain hysteresis (a, e, i), 
effective stress paths (b, f, j), generation of excess pore pressure with N (c, g, k), and accumulation of shear strain with N (d, h, l): (a–d) Stage 1, (e–h) Stage 2, and 
(i–l) Stage 3. 
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= 8% and corresponding to N = 10.5 for the first loading stage. Spec
imen DR1 exhibited improvement in cyclic resistance following each 
stage with NγSA=3.75% = 4.7, NγSA=3.75% = 23.8, and NγSA=3.75% = 109.7 for 
S1, S2 and S3, respectively, due to the sequential reduction in void ratio 
and possible increase in lateral stress. The variation in cyclic resistance 
of NC Specimens DR1, DR2, and DR3 can be interpreted in terms of the 
pseudo-overconsolidation, OCRe concept [66,67] as a result of sequen
tial reduction in void ratio under identical σ′

vc. The OCRe was calculated 
for NC specimens by assuming that the compression and recompression 
indices (i.e., Cc and Cr) remain constant between loading stages. For 
example, the apparent OCRe for NC Specimen DR1 after two reconsoli
dation stages is interpreted equal to 2.7 (Table S1). Similar increases in 
cyclic resistance and corresponding OCRe were observed for Specimens 
DR2 and DR3 as summarized in Tables 4 and S1, respectively. The ev
idence for the detrimental effect of large shear strains on the subsequent 
cyclic response is also provided in Table 4. For example, under constant 
CSR = 0.3, DR2-S3 and DR3-S3 with ec = 1.13 and 1.14, exhibited 
NγSA=3.75% = 50 and 2.8 with developed γmax = 2.4 and 8.3%, respec
tively, during the second stage. 

3.3. Synthesis of observations from stress-controlled tests 

Fig. 9 presents the variation of CSR with NγSA=3% and NγSA=3.75% for 
intact (Fig. 9a and b) and reconstituted (Fig. 9c and d) specimens from 
Sites B and D to illustrate the role of the selected cyclic failure criterion 
on the interpreted effect of pre-straining. For example, Specimens DR1 
and DR3 exhibited progressive increases in NγSA=3.75% (Fig. 9d) 
compared to the inconsistent changes in cyclic resistance using NγSA=3% 

(Fig. 9c), since for the latter stages of loading the dilative tendency 
decreases the rate of shear strain accumulation per number of cycles as a 
result of post-cyclic densification and pseudo-overconsolidation, where 
the required number of cycles to reach some predefined γ is highly 
dependent on amplitude of γ in first cycle of loading. Therefore, cyclic 
resistance is sensitive to the shear strain failure criterion selected [27]. 

Excess pore pressure generation potential can serve to clarify some of 
the inconsistent observations in cyclic response assessed based on failure 
strain criteria. Fig. 10 presents the variation of ru,max with γmax as a 
function of N and indicates that ru,max is more sensitive to γmax than N as 
observed by Dahl et al. [68] and Jana and Stuedlein [34]. Reductions in 
ru,max for a given N and γmax as the number of loading stages increases 
may be interpreted as an improvement in cyclic resistance. For γmax =

3.6% and N = 10, the intact specimens from Site B exhibited ru,max =

72% in Stage 1 and reduced to 60% and 48% in Stages 2 and 3, 
respectively. The observed reduction in pore pressure generation in
dicates improvement in cyclic resistance due to increases in dilatancy 
resulting from post-cyclic densification, apparent 
pseudo-overconsolidation, and the presumable increase in lateral stress. Ta
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Table 5 
Summary of specimen properties and loading type for staged, strain-controlled 
cyclic tests.  

Test 
No. 

Loading 
Type 

Void 
Ratio, 
ec 

Vertical 
Effective 
Consolidation 
Stress, σ′

vc 
(kPa) 

OCR Shear 
Wave 
Velocity, 
Vs at σ′

vc 
(m/s) 

Shear 
Wave 
Velocity 
at σ′

vc =

150 kPa, 
Vs,150 (m/ 
s) 

NC- 
S 

S 1.07 200 1.0 NA NA 

NC- 
L 

L 1.10 200 1.0 154 NA 

OC- 
S 

S 1.12 100 2.0 151 138 

OC- 
L 

L 1.11 100 2.0 149 135 

1 NA = Not available. 
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The cyclic response of intact Specimens BU3 and DU1, subjected to 
similar CSR = 0.31, exhibited consistent increases in cyclic resistance 
(based on NγSA=3.75% and Nru,max ) for the subsequent stages (BU3: Table 3 
and Fig. S9; DU1: Table 4 and Fig. 7a–d). Specimen BU3 (PI = 14, OCR 
= 2, ec = 1.47) exhibited greater cyclic resistance than Specimen DU1 
(PI = 26, OCR = 1.8, ec = 1.89) in terms of NγSA=3.75% due to its greater 
density and OCR. However, Specimen BU3 exhibited smaller cyclic 
resistance than Specimen DU1 in terms of Nru,max due to its lower plas
ticity (Table 4; Fig. S11). Similarly, the comparison of the cyclic 
response of reconstituted Specimens BR1 and DR2 subjected to CSR =
0.20 indicated a consistent increase in cyclic resistance in the subse
quent stages (BR1: Table 3 and Fig. 6; DR2: Table 4 and Fig. S10). 
Although Specimen DR2 (PI = 26, OCR = 1, ec = 1.24) has lower OCR 
and density compared to Specimen BR1 (PI = 14, OCR = 1.4, ec = 0.81), 
it exhibited higher cyclic resistance (based on NγSA=3.75% and Nru,max ) 
because of its higher plasticity. In general, intact and reconstituted 
specimens subjected to at least two shearing-reconsolidation stages 
exhibited overall increases in cyclic resistance. However, intact speci
mens of Site B (i.e., BU1 and BU4) experienced smaller γmax and re
ductions in e compared to their reconstituted counterparts with similar 
σ’vc and OCR, and gained greater cyclic resistance in terms of Nγ = 3.75. 
The differences noted between the various intact and reconstituted 
specimens indicate that the effect of various contributing factors (i.e., 
natural soil fabric, PI, OCR, and density) on the cyclic resistance of 

plastic soils is difficult to isolate. 
The use of a strain-based cyclic failure criterion is convenient for the 

assessment of cyclic resistance for use in the simplified method (e.g. 
Ref. [69]) of cyclic softening assessments; however, there is no funda
mental basis for the selection of an arbitrary strain amplitude [70]. The 
results of this investigation clearly show how the selection of a 
strain-based failure criterion may impact the assessment of cyclic 
resistance of soil subjected to repeated cyclic loading, especially as the 
specimen densifies following multiple loadings or generates the inevi
table asymmetrical CSR-γ hysteresis [27]. The alternative ru-based 
interpretation may serve to improve the assessment of repeated loading 
on the cyclic resistance of plastic soils. 

3.4. Constant-volume strain-controlled tests for Site D reconstituted 
specimens 

In this testing procedure NC and OC Site D specimens were subjected 
to the small and large loading protocols designated S and L, respectively, 
as illustrated in Fig. 3e and f. Table 5 summarizes the properties of test 
specimens and loading program. To further understand the effect of 
overconsolidation on soil fabric, the shear wave velocity for Specimens 
OC-S and OC-L were measured at different loading steps before reaching 
the preconsolidation pressure of 200 kPa. For example, the measured Vs 

at σ′

vc = 150 kPa during the loading path to OCR = 1 is reported in 

Fig. 5. Cyclic response of intact specimen BU4 subjected to staged, stress-controlled cyclic DSS test indicating cyclic shear stress-shear strain hysteresis (a, e, i, and 
m), effective stress path (b, f, j, and n), generation of excess pore pressure with N (c, g, k, and o), and accumulation of shear strain with N (d, h, l, and p): (a–d) Stage 
1, (e–h) Stage 2, (i–l) Stage 3, and (m–p) Stage 4. 
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Table 5. Specimens OC-S and OC-L exhibit higher Vs at σ′

vc = 100 kPa (i. 
e., OCR = 2) than when they are subjected to σ′

vc = 150 kPa due to the 
dominance of stress history on soil fabric and Vs overshadowing the 
effect of effective stress amplitude. 

3.4.1. Typical excess pore pressure response of NC and OC specimens 
Fig. 11 presents the variation of ru with N for NC and OC specimens 

subjected to S and L loadings. The NC and OC specimens exhibited a net 
reduction in excess pore pressure generation as the number of cyclic 
loading and reconsolidation stages increases. For example, all specimens 
exhibited lower ru in Stage 12 (i.e., S12, Fig. 11c, f, 11j, and 11l) 
compared to Stage 4 (Fig. 11a, d, 11g, and 11j) at a constant shear strain 
amplitude, which is attributed to the dilative tendency resulting from 
pseudo-overconsolidation and post-cyclic densification. Specimen NC-L 
exhibited positive ru at N = 1 of S4 (Fig. 11d), whereas S12 produced 
negative (i.e., dilative) ru (Fig. 11f) due to the increased density and 
OCRe (i.e., from 1.1 at S4 to 1.7 at S12; Table S1). OC specimens 
developed significant negative ru at N = 1 in S4 (Fig. 11g and j) due to 
the stress history of the specimen, since the insignificant ru generated 
prior to S4 resulted in negligible densification (εvpc < 0.01%) as 
described below. 

3.4.2. Effect of small and large shaking on cyclic resistance 
Fig. 12 presents the staged, cyclic response of OC and NC specimens 

subjected to small (Fig. 12a) and large (Fig. 12b) shakings. The variation 

in residual excess pore pressure ratio, ru,r, for NC and OC specimens 
subjected to S loading indicated that ru,r progressively decreased be
tween the first and last stages for both smaller (S1, 2, 3, 5, 6, 7, 9, 10, and 
11) and larger shear strain amplitudes (S4, 8, and 12). For example, 
Specimen OC-S subjected to constant γ = 1% in S4, 8, and 12 exhibited 
reduction in ru,r from 8.5% at S4 to 5.3% and 3.9% in S8 and S12, 
respectively. The 54% reduction in ru,r from S4 to S12 is interpreted as 
an improvement in cyclic resistance in spite of the near-constant void 
ratio and minor increase in Vs (i.e., 0.1%; Fig. 12f) over these loading 
stages. These trends may also be observed for stages characterized with 
smaller shear strain amplitudes. Although the small shaking did not 
result in significant changes in density, a stronger soil fabric was 
developed as indicated by the change in Vs, inferred to have developed 
through the removal of local instabilities, increase in lateral stress, and 
rearrangement of soil particles [7,20], consistent with the effect of 
pre-shaking on a young, reconstituted silty sand reported by El-Sekelly 
et al. [6] and NC Drammen Clay (PI = 27) reported by Andersen et al. 
[22]. 

Fig. 12d illustrates the effect of large shaking (i.e., L loading) on the 
generation of ru,r in NC and OC specimens. Specimen NC-L exhibited a 
reduction in ru,r for stages with smaller (S1, 2, 3, 5, 6, 7, 9, 10, and 11) 
and larger amplitudes of shear strain similar to Specimens OC-S and NC- 
S. For instance, under a constant γ = 0.5% Specimen NC-L produced ru,r 
= 9.75% at the end of S3, which reduced to 3.75% at the end of S11. The 
61% reduction in ru,r from S3 to S11 was associated with 6.4% reduction 
in ec (Fig. 12e), the increase in OCRe from 1.0 to 1.7 (Table S1), and 4% 

Fig. 6. Cyclic response of reconstituted specimen BR1 subjected to staged, stress-controlled cyclic DSS test indicating cyclic shear stress-shear strain hysteresis (a, e, i, 
and m), effective stress path (b, f, j, and n), generation of excess pore pressure with N (c, g, k, and o), and accumulation of shear strain with N (d, h, l, and p): (a–d) 
Stage 1, (e–h) Stage 2, (i–l) Stage 3, and (m–p) Stage 4. 
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increase in Vs (Fig. 12f). The trend in the reduction of ru,r is similar for S4 
and S8 associated with larger shear strain amplitudes. Although the S4 
loading with γ = 3% may have destroyed the soil fabric and partially or 
totally removed the beneficial effect of prior low amplitude cyclic shear 
strains (i.e., S1 through S3), post-cyclic densification and possible in
crease in lateral stress produced a more dilative response. 

Specimen OC-L exhibited significantly different cyclic behavior than 
that of NC-L. Fig. 12d shows that subjecting the specimen to S4 loading 
with large shear strain amplitude (γ = 3%) resulted in a significant 
generation of ru,r for the following small-strain loading stage: the con
stant γ = 0.04% generated zero ru,r at S1 compared to ru,r = 8% as a result 
of S5. The reduction in Vs from 149 m/s at S1 to 141 m/s at S5 (Fig. 12f) 
indicates some degree of fabric destruction, removal of the beneficial 
effects of low amplitude cyclic straining, presumably a reduction in 
lateral stress, and confirms the observed changes in excess pore pressure 
response. The observed reduction in resistance occurred despite the 
reduction in void ratio from S1 to S4 (i.e., from ec = 1.11 to 1.09; 
Fig. 12e). A similar trend is noted when comparing ru,r for S7 and S6 with 
S3 and S2, respectively. These observations generally agree with the 
findings developed for reconstituted, overconsolidated silt (PI = 0 and 
PI = 6) reported by Price et al. [27], and the results of triaxial and simple 
shear tests conducted by Andersen et al. [22] on overconsolidated intact 
Drammen clay (PI = 27) for application to offshore geotechnics. Spec
imen OC-L was able to recover some of its original cyclic resistance (ru, 

r-based) following S8 (Fig. 12d). For example, the ru,r for Specimen OC-L 
was 6.7% (Fig. 12d) at the end of S11, which was smaller than that of S7 
(ru,r = 7.9%), but still greater than that of S3 (ru,r = 1.9%); changes in the 
magnitude of ru,r were well-captured by the variation in the corre
sponding Vs (Fig. 12f). 

In summary, NC-S and OC-S specimens subjected to small shaking 

exhibited consistent trends in the reduction of excess pore pressure 
generation during cyclic loading as the specimen experiences progres
sively greater cyclic-reconsolidation stages. However, during large 
shaking stress history plays a critical role in the reduction in cyclic 
resistance (ru,r-based) following the first large strain amplitude stage, 
with the possibility of a substantial and detrimental change in the soil 
fabric. In the following stages during large shaking, Specimen OC-L 
recovered some of its resistance and followed a similar reduction in 
excess pore pressure generation as that of the NC-L specimen (Fig. 12f). 
Although Specimens NC-L and OC-L have experienced considerable 
reduction in e following large strain (Stage 4) loading, associated with 
significant excess pore pressure generation, Vs decreased notably. 
Furthermore, the variation in Vs with stage in Specimens OC-S, NC-L, 
and OC-L (Figs. 12f and S12) appears more sensitive to the changes in 
soil fabric than the variation in density. 

3.5. Effect of strain history on monotonic undrained response 

Following completion of the last cyclic loading stage in the stress and 
strain-controlled tests, selected specimens were re-centered in the DSS 
device and reconsolidated to σ′

vc followed by constant-volume, mono
tonic shearing at a strain rate of 5%/h. The primary objective was to 
investigate the evolution of undrained shear strength, su,DSS, due to 
multiple cyclic loading and reconsolidation events. The methodology is 
similar to the use of cone penetration tests (CPT) following physical 
model laboratory tests [21,71] to capture changes in soil strength sub
jected to prior seismic events. Fig. 13 presents the comparison of 
stress-strain responses and effective stress paths of specimens with and 
without cyclic loading history. Table 6 summarizes the results of tests on 
specimens from Site D that were previously subjected to staged, 

Fig. 7. Cyclic response of intact specimens DU1, DU2, and DU3 subjected to staged, stress-controlled cyclic DSS tests indicating shear stress-shear strain hysteresis (a, 
e, and i), effective stress paths (b, f, and j), generation of excess pore pressure with N (c, g, and k), and accumulation of shear strain with N (d, h, and l): (a–d) 
specimen DU1, (e–h) specimen DU2, and (i–l) specimen DU3. 
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Fig. 8. Cyclic response of reconstituted specimen DR1 subjected to staged, stress-controlled cyclic DSS test indicating shear stress-shear strain hysteresis (a, e, and i), 
effective stress path (b, f, and j), generation of excess pore pressure with N (c, g, and k), and accumulation of shear strain with N (d, h, and l): (a–d) Stage 1, (e–h) 
Stage 2, and (i–l) Stage 3. 

Fig. 9. Variation of CSR with N for: (a) γSA = 3% and (b) γSA = 3.75% for intact specimens, (c) γSA = 3% and (d) γ SA = 3.75% for reconstituted specimens.  
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stress-controlled (i.e., DR1, DR2, and DR3; Table 4) or strain-controlled 
tests (i.e., NC-S, NC-L, OC-S, and OC-L; Table 5) along with the speci
mens without cyclic loading history (i.e., DR0, NC-0, and OC-0). The su, 

DSS was selected equal to the shear stress corresponding γ = 15% [68] for 
those specimens exhibiting a strain hardening response. 

The effective stress path of the virgin NC specimen, DR0, exhibited a 
contractive response (Fig. 13b), whereas the pre-strained and pseudo- 
overconsolidated NC specimens (i.e., DR1, DR2, and DR3) initially 
exhibited a dilative tendency to develop an su,DSS that was significantly 
greater than the virgin specimen (Fig. 13a). The dilative tendency of the 
pre-strained specimens is attributed to the magnitude of the apparent 
OCRe prior to monotonic shear (DR1: OCRe = 3.6; DR2: OCRe = 3.6; and 
DR3: OCRe = 3.4; Table S1). Although Specimens DR1, DR2, and DR3 
experienced comparable γmax (8, 8.3, and 8.3%) during the prior cyclic 
loading (Table 3), Specimens DR1 and DR2 exhibited greater su,DSS than 
DR3 due to their larger OCRe. The su,DSS of these three pre-strained 
specimens was approximately 120% greater than Specimen DR0 
(Table 6), indicating that post-cyclic densification and accompanying 
increase in OCRe and presumably an increase in lateral stress, are the 
primary reasons for the improvement in su,DSS. This observation is 
consistent with the reported increase in cone penetration resistance on 
reconstituted sand subjected to multiple loading events [21,71]. The su, 

DSS of the pre-strained soil could be useful for the prediction of the cyclic 
resistance ratio, CRRM = 7.5 for N = 30, moment magnitude, Mw = 7.5 
earthquake, and level ground within the simplified method proposed by 
Boulanger and Idriss [72] provided that the CRR-N curve can be quan
tified by a power law with exponent equal to 0.135. For an average 
undrained shear strength ratio, su,DSS/σ’v0 = 0.65 for the pre-strained NC 
specimens, CRRM = 7.5 would be 0.52, significantly higher than CRRM =

7.5 = 0.24 corresponding to su,DSS/σ’v0 = 0.3 for virgin specimens. 
Fig. 13c and d compares the τh/σ’vc -γ and effective stress paths of 

virgin NC and OC specimens to that of the pre-strained specimens. The 
effective stress path of virgin Specimen NC-0 exhibited a highly- 

contractive response, whereas virgin Specimen OC-0 initially dilated 
followed by contraction (Fig. 13d). In contrast, the pre-strained speci
mens exhibited notable differences in volumetric tendency that varied 
with small or large shaking history. For example, Fig. 13d illustrates that 
the initial contractive tendency in Specimen NC-S was smaller than 
Specimen NC-0, whereas Specimen NC-L exhibited a slight, initial 
dilative response. These observations are consistent with the larger 
apparent OCRe for Specimen NC-L (OCRe = 1.9) than that of NC-S (OCRe 
= 1.2). The su,DSS of Specimens NC-S and NC-L increased by 30% and 
64% relative to Specimen NC-0, respectively, due to the post-cyclic 
densification and accompanying increase in apparent OCRe, which 
serve to improve the soil fabric (Fig. 12e and f). 

Pre-strained Specimen OC-S (ec = 1.11) exhibited a lower initial 
dilative tendency compared to virgin Specimen OC-0 (ec = 1.13; 
Table 6). However, Specimen OC-L (ec = 1.06; Table 6) exhibited an 
initial contractive response despite the lower void ratio. The reduction 
in the initial dilative tendencies of Specimens OC-S and OC-L relative to 
virgin Specimen OC-0 suggests that changes to the soil fabric inferred 
from Vs measurements (Fig. 12f) can only partially explain the observed 
initial monotonic shear behavior. However, the increased dilation at 
large shear strains can be attributed to the significantly higher density in 
Specimen OC-L (Fig. 12e). The su,DSS of pre-strained Specimens OC-S and 
OC-L increased 16 and 50% compared to Specimen OC-0, respectively, 
the amount of which is commensurate with the degree of post-cyclic 
densification. 

4. Concluding remarks 

A series of constant-volume, monotonic and staged stress- and strain- 
controlled cyclic direct simple shear tests were conducted on intact and 
reconstituted, low and high plasticity silts to investigate evolution of 
cyclic resistance due to multiple dynamic loading events. The role of 
governing factors such as post-cyclic densification, apparent pseudo- 

Fig. 10. Variation of maximum excess pore pressure ratio with number of cycles and maximum shear strain during staged, stress-controlled cyclic DSS tests: (a) 
intact specimens for Site B, (b) reconstituted specimens for Site B, (c) intact specimens for Site D, and (d) reconstituted specimens for Site D. 
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overconsolidation, soil fabric, shear strain amplitude, potential bias in 
shear strain accumulation, and choice of failure criterion on the evolu
tion of cyclic resistance have been investigated. The following conclu
sions may be drawn from the stress-controlled cyclic DSS tests:  

• All specimens subjected to constant CSR throughout at least two 
shearing and reconsolidation stages exhibited a net increase in cyclic 
resistance (NγSA=3.75%) which is mainly attributed to the effect of 
increased dilation resulting from post-cyclic densification, increased 
pseudo-overconsolidation, rearrangement of soil particles resulting 
in improved particle interlocking, and a likely increase in lateral 
stress.  

• Comparison of the cyclic resistance evaluated based on shear strain 
and excess pore pressure generation indicated notable in
consistencies. The evaluation of cyclic resistance is sensitive to the 
choice of failure strain criteria in subsequent stages of loading where 
specimens exhibit progressively increased density owing to the 
slower rate of shear strain accumulation.  

• The symmetric accumulation of γ in the earlier loading stages does 
not guarantee a progressive increase in cyclic resistance based on a 
shear strain failure criterion, while the amplitude of γmax developed 
can improve or degrade the cyclic resistance in subsequent stages, 
depending on its amplitude.  

• Under constant CSR, intact specimens experienced smaller γmax and 
reductions in void ratio compared to reconstituted specimens 

consolidated to similar effective stresses and OCRs, and gained 
greater cyclic resistance in terms of Nγ = 3.75. 

The effect of pre-straining in terms of small and large shakings on the 
response of high plasticity reconstituted NC and OC silts was investi
gated using staged, strain-controlled, cyclic and post-cyclic monotonic 
tests on reconsolidated specimens to clarify the observations following 
stress-controlled testing. The following may be concluded:  

• NC and OC specimens experiencing small and large shaking over 
multiple stages exhibited an overall increase in cyclic resistance 
indicated by generation of lower ru,r. This observation implies that 
the detrimental effect of larger cyclic shearing was overridden by 
beneficial effects resulting from subsequent densification and cyclic 
stages with smaller shear strain amplitudes.  

• Although the small pre-shaking did not change the density of the 
specimens significantly, it resulted in stronger soil fabric by 
removing local instabilities, increasing lateral stress, and adjustment 
in the arrangement of soil particles based on observed increases in Vs.  

• The NC and OC specimens subjected to large shaking responded 
dramatically different than those under small shaking. The OC 
specimen exhibited reductions in cyclic resistance following the 
stage with the largest γ due to the presumable reduction of lateral 
stress and fabric destruction, followed by recovery in resistance in 
subsequent stages of small γ, until the next stage of large γ. The NC 
specimen exhibited progressive increases in cyclic resistance as a 

Fig. 11. Variation of excess pore pressure with N in staged, strain-controlled, cyclic DSS tests: (a–c) specimen NC-S, (d–f) specimen NC-L, (g–i) specimen OC-S, and 
(j–l) specimen OC-L. 
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Fig. 12. Effect of magnitude of pre-shakings on 
excess pore pressure response and soil fabric of 
reconstituted NC and OC specimens of Site D: (a) 
and (b) schematic loading protocol for small and 
large pre-shakings, variation of: (c) and (d) re
sidual excess pore pressure ratio for small and 
large shakings, respectively, (e) void ratio, and 
(f) shear wave velocity with stage numbers; 
variation of residual excess pore pressure ratio 
with shear strain for N = 30: (g) Stages 1–4 and 
5 to 8 (small shakings), and (h) Stages 1–4 and 9 
to 12 (large shakings).   

Fig. 13. Comparison of post-cyclic and virgin undrained DSS responses of reconstituted specimens including normalized shear stress-shear strain and effective stress 
paths: (a) and (b) staged, stress-controlled cyclic DSS tests, (c) and (d) staged strain-controlled cyclic DSS tests. 
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result of densification, increasing pseudo-overconsolidation, and 
possible increase in lateral stress. It can be inferred that Vs is more 
sensitive to changes in fabric than changes in density for the speci
mens tested.  

• The undrained shear strength of pre-strained specimens improved 
compared to virgin specimens due to post-cyclic densification, 
increased pseudo-overconsolidation (for NC specimens), and 
possible increases in lateral stress resulting from prior loading. Pre- 
strained specimens exhibited changes in volumetric tendencies 
relative to virgin specimens which varied with the strain amplitude 
during the cyclic stages. Changes in soil fabric following prestraining 
as inferred from shear wave velocity could not fully explain the 
changes in initial volumetric tendency under shear; however, the 
large strain monotonic behavior appeared to be controlled by post- 
cyclic densification. 
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Table 6 
Summary of undrained DSS tests results of specimens with and without cyclic loading history.  

Test ID Vertical Effective  
Consolidation Stress,  
σ′

vc (kPa) 

Initial OCR Void Ratio, ec Cumulative Post-cyclic  
Volumetric Strain in Previous  
Cyclic Loading, εvpc (%) 

Maximum Shear Strain in  
Previous Cyclic Loading,  
γmax (%) 

Undrained Shear  
Strength Ratio,  
su,DSS/ σ′

vc 

DR0 200 1.0 1.22 NA1 NA1 0.30 
DR1 200 1.0 1.03 7.7 8.0 0.67 
DR2 200 1.0 1.06 7.4 8.3 0.67 
DR3 200 1.0 1.08 7.0 8.3 0.62 
NC-0 200 1.0 1.12 NA1 NA1 0.33 
NC-S 200 1.0 1.04 1.2 1.0 0.43 
NC-L 200 1.0 1.01 4.2 3.0 0.54 
OC-0 100 2.0 1.13 NA1 NA1 0.57 
OC-S 100 2.0 1.11 0.2 1.0 0.66 
OC-L 100 2.0 1.06 2.1 3.0 0.85  

1 NA = Not available. 
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