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ABSTRACT: Liquefaction screening of sands and silty sands using cone penetration resistance is a difficult problem. Presence of silt particles 
among the sand grains in non-plastic silty soils alter the intergrain contact density and affect cyclic resistance, flow and consolidation characteristics, 
and cone resistance of the soil.  Intergranular void ratio concept is briefly summarized. Based on this concept, the effects of silt content on intergrain 
contact density and the relationship between intergrain contact density and cyclic resistance ratio CRR is highlighted using experimental data. Effect 
of silt content on permeability k and coefficient of consolidation cv is also presented. Model cone tests are used to quantify and highlight the 
influence of intergrain contact density and coefficient of consolidation on normalized cone resistance qc1N. A possible rational inter-relationship 
between qc1N, CRR, and T where T=vd/cv, v= cone penetration velocity, and d=cone diameter is presented and compared with current liquefaction 
screening charts based on CRR-qc1N-FC, where FC is the percent silt content. With further research, a rational CRR-qc1N-T based liquefaction 
screening method appears likely.    
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1.0 INTRODUCTION 
 
1.1.  Soil Liquefaction and Screening 
 
Current liquefaction screening techniques rely on knowledge from 
extensive laboratory research conducted on liquefaction resistance 
of clean sands, and extrapolations of observed field performances 
during past earthquakes (NCEER 1997, Youd et al. 2001). Such 
observations have been documented in the form of normalized 
penetration resistances (SPT (N1)60, CPT qc1N) (Seed et al. 1983, 
Robertson and Wride 1998), and shear wave velocity (vs1) (Andrus 
and Stokoe, 2000) versus cyclic stress ratio (CSR) induced by the 
earthquakes, corrected for a standard earthquake magnitude of 7.5, 
for many soil deposits where occurrence or non-occurrence of 
liquefaction were recorded during the earthquakes (Fig.1). For 
liquefaction screening applications, the cyclic resistance ratio 
(CRR) of a soil deposit, applicable for number of cycles and 
frequency content relevant for a standard earthquake magnitude of 
7.5, with a known value of (N1)60, qc1N or vs1 for the site is obtained 
from a demarcation line drawn between the past field-observation-
based data points which correspond to liquefied deposits and those 
that did not liquefy in Fig.1. This is denoted as CRR7.5. This CRR7.5 
value is compared against the anticipated cyclic stress ratio (CSR) 
for that deposit due to a design earthquake of the same magnitude 
to determine whether or not that deposit would liquefy. Factor of 
safety (FS) against liquefaction is defined as FS=CRR7.5/CSR. If a 
different design earthquake magnitude is expected, the CRR7.5 is 
multiplied by a magnitude scaling factor (MSF) to obtain the cyclic 
resistance ratio CRR applicable for the deposit for the relevant 
number of cycles, frequency content, etc. of the design earthquake. 
The factor of safety is FS= MSF*CRR7.5/CSR. 
 
Practitioners and researchers have observed that the CRR7.5 
determined in this manner depends on silt content of the soil for a 
given (N1)60, qc1N or vs1. For the same values of (N1)60, qc1N or vs1, 
silty sands show higher CRR7.5 than for sands (Fig.1). Demarcation 
lines have been developed for silt content less than 5, 15 and 35%, 
respectively. In the case of cone penetration, an equivalent cone 
index Ic which is considered to represent the apparent effects of silt 
content has been introduced to obtain these demarcation lines 
(Fig.1b). These different demarcation lines are used to determine 
most probable CRR7.5 for a deposit, depending on the silt content 
(or Ic) of the soil deposit. While this approach has been routinely 
used in practice, a rational understanding of this procedure has been 
lagging.  
 
As evident in Figs. 1b-d, these silt-content-dependent screening 
demarcation lines in the charts continue to evolve based upon the 
engineers’ experience (e.g. Robertson and Wride 1998, Idriss and 
Boulanger 2008, Boulanger and Idriss 2014). One of the main 
sources of uncertainty is that the effects of presence of silt among 
sand grains on liquefaction resistance (CRR), qc1N, and the 
interrelationship between silt content, silt-soil characteristics (such 
as permeability k, compressibility mv, and coefficient of 
consolidation cv), CRR, and qc1N remain largely unexplored and 
unknown. Successful application of the current screening charts to 
other sites calls for significant judgment on the part of the 
practitioner. A rational approach to liquefaction screening requires 
a fundamental understanding of the above ‘silt-phenomenon’ 
observed in these charts (viz. the interrelationship between silt 
content, k, mv, CRR, qc1N), and development of revised/new charts 
that incorporates this new understanding for it to be applied 
successfully with a high degree of confidence for all sites. 

 

(a)  

(b)  

(c)  

(d)  
Fig.1 Silt-Content-Dependent Liquefaction Screening Charts 

 
1.2 Recent Research and Key Results 
 
Recent research shows that the silt-phenomenon affecting the 
liquefaction screening relationship (CRR versus qc1N) is as follows 
(Thevanayagam and Martin 2002, Thevanayagam et al. 2006, 2008, 
2015, 2016). 
 Silt particles in a silty sand do not fully contribute to the 

intergranular contacts and associated force chains. Therefore, 
they do not fully contribute to the cyclic strength ratio CRR 
and cone resistance qc1N as much as they contribute to the 
density of the silty sand. For this reason, a silty sand may 
appear dense and can have low void ratio. But it may not be as 
high resistant to liquefaction and as high resistant to cone 
penetration as a clean sand at the same void ratio. 
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 Silt particles in a silty sand matrix contribute to the reduction 
in porosity and pore opening size and therefore contribute to a 
reduction in k and cv. Therefore, a cone penetration process in 
a saturated silty sand produces sizable excess pore pressure 
around the cone that does not dissipate rapidly (due to low k 
and cv) during penetration, and as a result contribute to a 
reduction in qc1N. On contrary, a clean sand is highly 
permeable, and therefore cone penetration produces low 
excess pore pressure, due to rapid dissipation of pore pressures 
around the cone (due to large k and cv) of the sand, leading to 
somewhat higher qc1N. Furthermore, the pore pressure regime 
and its dissipation rates during penetration in sands and clays 
have been shown to depend on cone diameter (d) and 
penetration velocity (v) (Thevanayagam et al. 2006, Schneider 
et al. 2007). Therefore, they also affect the measured qc1N. 

 The above combined effects influence the CRR-qc1N 
relationship to a different degree for silty sand than for a clean 
sand. This phenomenon is not just a function of the amount of 
silt content only, but rather highly depends on k and cv as well, 
if v and d are kept the same. 

 A refined and more rational liquefaction screening method 
could be developed taking into account the effects of cv, which 
can be measured using piezo-cone tests, on qc1N 
(Thevanayagam et al. 2016) and appropriately accounting for 
the effect of silt content on CRR, based on intergranular void 
ratio concept (Thevanayagam et al. 2002).  Progress to date 
(presented below) indicates that it is highly likely there exists 
a rational relationship between CRR-qc1N-T (where T = vd/cv). 

This paper presents a summary of (a) intergranular void ratio 

concept, (b) recent advances on understanding of the influences of 

non-plastic silt content and intergranular contact density on CRR, 

(c) effects of silt content on k and cv, (d) recent findings on the effect 

of intergranular contact density, k, cv, v, and d on qc1N of sand and 

silty soils, and (e) possible relationships between CRR, qc1N, and T. 

Preliminary simplified design charts for liquefaction screening of 

non-plastic silty sands and sands is presented. 
 

2. SILT CONTENT - INTERGRANULAR CONTACTS 
AND MECHANICAL PROPERTIES 

2.1. Intergranular Void Ratio Concept 
 
The equivalent intergranular void ratio concept (Thevanayagam 
1998, Thevanayagam and Mohan 2000, Thevanayagam et al. 2002) 
proposes that mechanical properties such as liquefaction resistance 
(CRR), steady state strength, shear wave velocity, stress-strain 
characteristics, and the likes of soils are influenced by intergrain 
contact density of a soil, among other factors. Silty sand and sand 
at the same global void ratio e are not expected to have the same 
intergrain contact density. Sand-silt mixes and host sand are 
expected to show similar mechanical behavior if compared at a 
same contact density index. To this effect, a soil matrix 
classification system (Fig.2) was developed (Thevanayagam et al. 
2002). Two approximate measures for contact density, namely 
equivalent intergranular void-ratio indices, (ec)eq and (ef)eq, were 
introduced for soils at silt content (FC) less than a threshold silt 
content FCth and more than FCth, respectively. (ec)eq and (ef)eq have 
been defined as:  

 
(ec)eq=[e+(1-b)fc]/(1-(1-b)fc)]                          (1a) 
 
(ef)eq=[e/(fc+(1-fc)/Rd

m)]                                   (1b) 
 
where fc = fines content by weight, Rd= ratio of the d50’s of the host 
sand and silt in the soil mix; b and m are soil parameters depending 

on gradation and grain size characteristics of the soil such as 
uniformity coefficient of coarse grain soil (Cus) and fine-grained 
soil (Cuf) in the soil mix (Kanagalingam and Thevanayagam 2006, 
Thevanayagam 2007a, b). In order to broaden the application of 
intergranular concept, an equivalent intergranular relative density 
(Drc)eq has been defined as:  
(Drc)eq = ((emax)HS - (ec)eq)/((emax)HS- (emin)HS)           (2) 
where HS=host sand.  
 

 
Fig. 2 Intergranular Void Ratio Concept 

 
A preliminary analysis of the dependence of b-parameter in Eq.1a 
on grain size and gradation characteristics indicate an approximate 
relationship for b in terms of Rd, Cus and Cuf as shown in Fig.3, based 
on database for more than 30 soils obtained from the literature 
(Veluchamy 2012). It may be more appropriate to consider Rd = 
D85/d15. The literature does contain other correlations as well for b 
with soil gradation, including silt content (e.g. Ni et al. 2004, 
Kanagaingam and Thevanayagam 2006, Rahman et al. 2008). 
 
A review of the literature indicates that the intergranular void ratio 
concept appears to broadly capture the essence of the effects of silt 
content on mechanical properties of soils, including cyclic strength, 
for practical purposes (Thevanayagam 1998, Thevanayagm et al. 
2002, Thevanayagam 2007b, Veluchamy 2012). This is illustrated 
below, for cyclic strength of soils, using a few example data sets. 
 

 
Figure 3. Parameter b vs Soil Grain and Gradation Characteristics 

2.2. Cyclic Resistance (CRR) versus (Drc)eq 
 
Effect of non-plastic silt content on cyclic resistance has been the 
subject of research and much controversy in the early 80’s until 
recently. A large data base (Veluchamy 2012) has been recently 
compiled based on available data in the literature on the effects of 
non-plastic silt content on undrained cyclic resistance of silty soils. 
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Fig.4 shows the number of cycles (NL) required to reach 
liquefaction versus e for Ottawa sand/silt mix obtained from 
undrained cyclic triaxial tests conducted at a constant stress ratio 
(CSR) of 0.2 and initial confining stress of 100 kPa. The specimens 
were prepared by mixing Ottawa sand (D50=0.25mm) with a non-
plastic silt (d50=0.01mm) at different silt contents (0 to 100% by 
weight). OS-15 in this figure refers to sand-silt mix at 15% silt 
content. At the same e, liquefaction resistance of silty sand 
decreases with an increase in silt content. Beyond a transition silt 
content of about 20 to 30%, the trend reverses and liquefaction 
resistance increases with further increase in silt content. Similar 
observations have been widely reported in the literature (e.g. 
Zlatovic and Ishihara 1997, Koester 1994, Vaid 2004, Polito and 
Martin 2002, Carraro et al. 2003, Cubrinovski and Rees 2008). 
However, for the reasons described earlier in Sec.2.1, it is not 
appropriate to compare the liquefaction resistance of silty soil with 
that of clean sand using e as depicted in Fig.4.  
 

 
e versus NL  

Figure 4. Effect of silt content on liquefaction resistance vs e 

 
(a) (ec)eq versus NL 

 
(b) (ef)eq  versus NL 

Figure 5. Effect of silt content on liquefaction resistance vs (e)eq 

  
To examine the utility of the intergranular void ratio concept 
(Fig.2), the data set shown in Fig.4 was reorganized into two 
groups, one for silt content (FC) less than a threshold value (FCth) 
and the other for silt content exceeding FCth, and replotted against 
(ec)eq and (ef)eq, instead of e in the x-axis. Figs.5a and 5b show these 
two subset data, respectively. The cyclic strength data falls in a 
narrow band in each case, indicating the unifying influence of (ec)eq 
and (ef)eq, respectively, compared to the data set in Fig.4. This idea 
was tested for more than 30 silty sands and found to hold well 
(Veluchamy 2012). Such examination included data sets reported 
by Thevanayagam et al. (2002), Thevanayagam (2007a-b), Carraro 
et al. (2003), Cubrinovski and Rees (2008), and numerous others.  

 

 
(CRR)tx  at 15 cycles versus (Drc)eq 

Figure 6. Effect of silt content on CRR vs (Drc)eq 
 
Fig.6 shows a relationship between CRR (at 15 cycles to 
liquefaction, obtained from cyclic triaxial tests) versus (Drc)eq, for 
many different sands and sand-silt mixes. The data points for all 
soil mixes fall in a narrow band, further illustrating that the effects 
of silt content on CRR can also be characterized using the inter-
grain contact density (Drc)eq of the soil. While the intergranular 
concept, implemented through a simple parameter b, does unify and 
narrow-down the spread of influence of silt particles on cyclic 
resistance, it does not completely capture the influence of other 
grain size/gradation characteristics. However, in general, measures 
of liquefaction resistance such as CRR, energy EL (per unit volume 
of soil) required to cause liquefaction, shear modulus, and shear 
wave velocity correlate well with (ec)eq or (ef)eq and (Drc)eq 
(Thevanayagam 1999, Thevanayagam and Liang 2001, 
Kanafalingam and Thevanayagam 2006, Thevanayagam 2007 a-b). 
 
2.3. Effect of Silt content and Pore Size on k and cv 

 
For the same Ottawa sand-silt soil mixes discussed above in Fig.4, 
laboratory tests were also conducted to measure k and cv, based on 
stress and volume measurements made during consolidation of soil 
specimens prepared for monotonic and/or cyclic triaxial tests 
(Shenthan 2001, Thevanayagam et al. 2001).  
 
Fig.7 shows the variation of k against silt content. k decreases 
steadily with an increase in silt content up to a threshold value of 
FC of about 25 to 30%. Beyond that FC, k did vary somewhat and 
was found to primarily depend on the inter-fine void ratio. The 
initial reduction is considered to be due to the significant reduction 
in pore size with increase in silt content until the voids are fully 
filled by silt. Subsequent to the threshold FC, flow is primarily 
contained within the pores between the silt particles. In this regime, 
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k did vary somewhat and was found to primarily depend on the 
inter-fine void ratio. 
 
Fig.8 shows the normalized (cvo/cv) values at nearly the same (e)eq 
versus silt content, where cv and cvo are the coefficient of 
consolidation of Ottawa sand-silt mix and clean Ottawa sand, 
respectively. The direct and significant influence of silt content on 
k is reflected on cv. (cvo/cv) increases (viz. cv decreases) steadily 
with an increase in silt content up to a threshold value of silt content 
(FCth) and it is little affected with further increase in silt content.  
 

     
Figure7. k vs Silt Content       Figure 8. cvo/cv vs Silt Content 

 
2.3. Summary 
 
The above combined observations from 2.1 and 2.2 indicate that a 
sand and sand-silt mix show similar liquefaction resistance as the 
host sand or silt, when compared at the same contact density indices 
(ec)eq or (ef)eq, or (Drc)eq respectively. Unlike the undrained cyclic 
resistance CRR which is primarily influenced by (e)eq or (Drc)eq, cv 
is primarily influenced by the significant effect of silt content on k. 
cv has significant implication on consolidation behavior of a silty 
sand compared to that of a host sand at the same (ec)eq. This 
difference in cv has a paramount influence on any potential 
correlation between cyclic resistance (which is primarily influenced 
by intergranular contact density) and cone resistance (which is 
influenced by intergranular contact density and cv as well). This is 
discussed in detail in Sec.3.0. 
 
3. Effect of (Drc)eq and cv on qc1N 

3.1. Model Cone Tests 
 
Penetration of a CPT probe into a saturated soil causes highly non-
uniform stresses, shear strains, and excess pore pressures in the soil 
around the probe. The rate of penetration, geometry of the 
penetrating probe, stress-strain characteristics of the soil, and its 
consolidation characteristics are expected to influence the rate of 
dissipation of the excess pore pressures and therefore the effective 
stress regime around the cone.  
 
If the stress-strain characteristics of a sand and silty sand are the 
same, and the probe geometry is the same, one could expect the 
same penetration resistance if the penetration rate is so slow that it 
is essentially a drained penetration with no excess pore pressures. 
Likewise, if the penetration is extremely fast, essentially making it 
a full undrained penetration, one could expect the same penetration 
resistance for both soils. At any other rates of penetration, one 
would expect different pore pressure responses for sand and silty 
sand due to differences in consolidation characteristics. Therefore, 
different penetration resistances would be expected in sand and silty 
sand, even if they have the same stress-strain characteristics. 
 
To test this hypothesis, a series of exploratory model cone tests 
were performed on clean Ottawa sand and silty sand mix at 25% silt 
content. Cone penetration tests were done on each soil mix while 
they were dry and again while they were fully saturated. The test 
hypotheses were that: 

 (a) in the absence of excess pore pressures, cone resistance is 
affected by primarily intergranular contact density. Therefore, 
the cone resistances must be very similar for both soils at the 
same (Drc)eq, when they are dry, and 

 (b) when the soil is saturated, cone resistance is influenced by 
intergranular contact density and k and cv. Therefore, cone 
resistance of saturated sand and saturated silty sand must be 
different even when the intergranular contact density (Drc)eq is 
the same. 

 
The tests were conducted using a scaled-model CPT probe of 1.27 
cm diameter (d) pushed into soils contained in a cylindrical 
chamber (internally 50.8 cm dia, 49 cm high, Fig.9). Dry specimens 
were prepared by dry pluviation and gentle compaction. Saturated 
specimens were prepared by dry pluviation followed by percolation 
of carbon dioxide and water saturation using back-pressure 
technique. Soil dry weight, initial moisture content (typically 
ranging in 0 to 0.3%), volume of the container when the soil is 
filled, soil volume changes during saturation and consolidation, the 
volume of water introduced to the specimen, and compliance of the 
chamber were recorded. They were used to estimate the final void 
ratio of the specimen after consolidation, prior to cone penetration. 
 

 
Figure 9a. CPT Chamber 

 

 
Figure 9b.  CPT Chamber Test System 

 
Two different methods were used to estimate the final void ratio e: 
(a) based on test chamber volume after correcting for settlement in 
soil height during consolidation, and small chamber expansion due 
to pressure, and (b) based on dry weight of sand and total volume 
of water in the saturated specimen, which does account for volume 
changes during saturation. The measured void ratio was used to 
calculate (Drc)eq. Where applicable, this is shown by a band in 
Fig.9a, introduced later.  
 
The effective vertical stress in the soil prior to cone penetration was 
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typically about 50 kPa.  Sidewall soil friction in the chamber was 
addressed using a lubricated thin film placed between the soil and 
the side wall of the chamber. A needle-tip piezometer was planted 
at a vertical distance  below the cone tip (Fig.9a) to monitor how 
pore pressure develops as cone is penetrated. Porewater pressure at 
the piezometer needle-tip and the distance  were continuously 
monitored during cone penetration until the cone tip reached the 
needle-piezometer-tip (viz. until =0). The measured cone 
resistance data was normalized for 100 kPa of confining stress to 
obtain qc1N. 

3.2. Model Cone Test Results 
 
Fig.10a shows measured qc1N versus (Drc)eq data from the above 
tests. OS-00 refers to Ottawa sand without any silt content. OS-25 
refers to Ottawa sand with 25% silt content. The soil mix is the same 
Ottawa sand –silt soil mix indicated in data sets shown in Figs.4-8. 
The following observations can be made. 
 When the sand (open triangle) and silty sand (solid blue 

triangle) were dry, the qc1N versus (Drc)eq data for sand and silty 
sand follow a similar trend, not indicating any significant effect 
of silt content on qc1N. This is because the cone resistance in 
dry soils is influenced by the intergranular contact density, and 
not (air) permeability or (air) coefficient of consolidation. The 
tests were fully drained for both soils. The measured qc1N is a 
predominantly mechanical response of the soil without any 
influence by permeability k, coefficient of consolidation cv or 
pore pressures around the cone. 

 When the qc1N versus (Drc)eq data for dry sand (open triangle) 
is compared with saturated sand (open red square), again, no 
difference is observed in the qc1N versus (Drc)eq trend. 
Moreover, no excess pore pressures were observed for 
saturated sand as shown in Fig.10b (blue line). This qc1N versus 
(Drc)eq trend is because, for all practical purposes, the cone 
penetration is almost fully drained response in saturated sand, 
and hence does not noticeably differ from qc1N for dry sand at 
the same (Drc)eq. 

 Saturated silty sand (solid red square) shows significantly low 
qc1N compared to qc1N for saturated sand (open square) at the 
same (Drc)eq. This reduction in qc1N for saturated silty sand is 
because, the presence of silt reduces the k and cv in saturated 
silty sand, and therefore induces noticeable pore pressures 
(Fig.10b, red dash line), and makes the penetration process in 
saturated silty sand partially or fully undrained response, 
whereas the penetration in sand is fully or nearly fully drained 
response. Therefore, they have different qc1N response at the 
same (Drc)eq. 

 Likewise, saturated silty sand (solid red squares) exhibits a low 
qc1N compared to dry silty sand (solid triangle), at the same 
(Drc)eq, for the same reasons as above. 

 
Fig.10b shows the pore pressure at a normalized distance /d below 
the cone tip as the cone was continuously pushed into the soil in 
saturated silty sand (25% silt, red dash line) compared to saturated 
sand (blue line). A decreasing /d means the cone tip was 
approaching the piezometer location. /d = 0 means that the cone 
tip has reached the piezometer-needle-tip location and the test was 
terminated at that point.  
 
There was no noticeable change in pore water pressure for saturated 
sand for the entire penetration process, indicating mostly fully 
drained cone penetration. In silty sand, no pore pressures were felt 
at the piezometer location, when the piezometer tip was far below 
the cone tip until the cone tip reached a normalized distance /d of 
about 4. From then on, there was noticeable change in porewater 
pressure increasing as the cone tip approached the piezometer 

location. This observation indicates that pore pressures are 
generated around the cone in a saturated sity sand and it is not fully 
dissipated immediately, unlike in saturated sand. Only a partial 
drainage occurs around the cone tip in saturated silty sands. These 
tests were performed using a small diameter cone (1.27 cm) and 
penetrated at a slow rate of 0.4 cm/s. A standard cone diameter is 
4.37 cm penetrated at 2 cm/s. It would be expected that the 
porewater dissipation rates around the large standard cone would be 
much slower by about an order of magnitude compared to the 
laboratory model cone used in the above experiments, and therefore 
larger porewater pressures would remain around such a standard 
cone in saturated silty sands and influence the qc1N compared to 
saturated sand. 

 

(a)  

(b)  
Figure 10. Effect of silt (k and cv) on qc1N and porewater pressure (Δu) 
 
These model cone tests are preliminary and the interpretations 
reported herein are subject to further research, and analysis, with 
several series of new data sets to be generated on this soil mix and 
other soil mixes, including tests involving larger size cones and 
faster penetration rates before definitive conclusions can be made. 
 
3.3. Summary 
 
Despite limitations of the data sets involved, when compared at the 
same (Drc)eq, it is noted that the presence of silt, which influences 
cv, qc1N of saturated silty sand is lower than that of clean sand 
(Fig.10a), whereas the cyclic resistances are nearly the same (Fig.6) 
for saturated sand and silty sand. This points to a three-way CRR-
qc1N-T relationship. Such a rational relationship could lead to use of 
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in situ qc1N and in situ cv to determine CRR to perform an improved 
liquefaction screening analysis in sands and non-plastic silty soils. 

 
4. CRR-qc1N-T FOR LIQUEFACTION SCREENING 

 
The observations in Sec. 2 and Sec. 3 indicate that (a) CRR is 
related to (Drc)eq. and (b) qc1N ia related to (Drc)eq and cv. When the 

size of cone d and penetration velocity v are included, further 
analysis showed that qc1N ia related to (Drc)eq and T.  This indicates 

the fines-content-dependent liquefaction screening chart shown in 
Fig.1 could be further refined to develop a more rational T-
dependent CRR-qc1N-T relationship (Thevanayagam et al. 2016).  

 
In an attempt to develop such a relationship, first the measured 
(CRR)tx vs (Drc)eq relationship, obtained from triaxial tests, shown 

in Fig. 6, was corrected for multi-shaking effects (Seed et. al 1978) 
to obtain an equivalent (CRR)field versus (Drc)eq. Secondly, the 
model cone data shown in Fig.10 and additional model cone data 
collected at different penetration rates (Sivaratnarajah 2016) were 

organized into a qc1N-(Drc)eq-T relationship. Based on these two sets 

of relationships, by matching the dat for the same (Drc)eq, a CRR- 

qc1N -T relationship was obtained as shown in Fig. 11. 

 

 
Fig. 11. Liquefaction Screening: CRR - qc1N-T  

 
Fig.11 shows the CRR-qc1N-T relationship corresponding to each 
cone test, and the associated T values.  
 The dashed blue line (T<0.1) in Fig.11 shows the relationship 

for saturated sand. The red line (T>3) shows the relationship 
for saturated silty sand at 25% silt content.  

 The T values for saturated sand (blue dash line) are less than 
0.1 whereas the T values for the saturated silty sand (red line) 
are greater than 3. As T increases the CRR-qc1N curve shifts to 
the left, for the same CRR, due to excess pore pressures 
developed around the cone in silty sands. For the same CRR, 
saturated silty sand (red line) shows a smaller qc1N than 
saturated sand.  

 
Fig.12 shows the CRR-qc1N-T relationship (in Fig.11) superimposed 
on the current CRR-qc1N-FC liquefaction screening chart from 
Boulanger-Idriss-2014 (black lines for FC of 5, 15, 30 and 70%). 

 
 The dash-blue line (T<0.1) which corresponds to saturated 

sand follows the of B-I-2014 curve trend for sand. 
 The red line (T>3) that corresponds to saturated sand-silt mix 

(prepared at FC=25%) follows the B-I-2014 trend for high silt 

content.  
 This indicates that the different screening curves for different 

silt contents in screening charts (Fig.1) are indeed 
manifestations of the effect of k and cv (reflected in T), not just 
the gross amount of silt content.  

 As the silt content increases, typically k and cv decreases and 
T increases and hence qc1N decreases for the same CRR. The 
reduction in qc1N for silty sand is due to lack of rapid pore 
pressure dissipation around the cone in silty sand compared to 
the case for a clean sand at the same CRR. 

 

 
Fig.12 Comparison: CRR- qc1N-T and Current Screening Methods 

 
5. CONCLUSIONS  
 
Non-plastic silt content in silty sands affects intergrain contact 
density, liquefaction resistance CRR, permeability k, coefficient of 
consolidation cv, and normalized cone penetration resistance qc1N. 
Silt content affects the intergrain contact density of the silty sand.  
 
When the effect of silt content on intergrain contact density is 
(approximately) accounted for, a sand and silty sand show similar 
CRR at the same equivalent void ratio (Drc)eq.  
 
Silt content also significantly affect k and cv in silty soils compared 
to sand. Cone resistance is sensitive to (Drc)eq as well as cv, cone 
diameter d and penetration velocity v. qc1N of a silty sand is smaller 
than that of a sand at the same (Drc)eq when v and d are the same. 
This difference is apparently caused by different rates of drainage 
conditions that prevail around a cone tip in silty sand compared to 
that of sand. When velocity v, cone diameter d, and cv are taken 
into account, there appears to exist a relationship between qc1N, 
(Drc)eq, and T. 

 
Combining CRR versus (Drc)eq and qc1N-(Drc)eq-T relationships, as 

evident from Fig.11, there exists a relationship between CRR-qc1N-
T. It appears what separates the CRR-qc1N relationship (Fig.1) for 
silty sands from sand are the effects of silt content on CRR, and the 
additional effects of silt content (namely permeability and 
consolidation characteristics) on qc1N. 
 
A rational liquefaction screening relationship between CRR-qc1N-T 
is likely. Such a screening method could be implemented in the field 
measurements qc1N and piezocone measurements of cv by stopping 
the cone penetration for just a few seconds when the cone tip reads 
notably high excess pore pressures indicating presence of silty 
sands. excluding clayey zones. Such a rational CRR-qc1N-T 
liquefaction screening method could help reduce the level of 
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uncertainty in the current screening methods and advance the state 
of practice in liquefaction triggering analysis. 
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