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1 INTRODUCTION 

1.1 Site investigation 
Soft to firm clays are commonly found offshore and 
onshore in marginal areas of construction, particular-
ly coastal regions, lakeshores, and near waterways 
and rivers. As a result, construction concerns arise 
concerning suitable bearing capacity of shallow and 
deep foundations, stability of embankments, earth-
retention walls, and excavations, as well as issues re-
lated to time rate of consolidation and long-term set-
tlements. While laboratory testing programs are nec-
essary, in-situ measurements from piezocone and 
dilatometer soundings allow the fast collection of 
data on these soft soils with immediate applications 
for the evaluation of geoengineering parameters for 
analysis and design.  

1.2 Geoparameters from CPT 
A fairly good number of soil engineering parameters 
have been defined and identified in order to repre-
sent the complexities of soil behavioral characteris-
tics. A set of common-used and necessary geo-
parameters obtained from cone penetration testing 
(CPT) for analyses is listed in Table 1, yet this is far 
from a complete and comprehensive listing of all 
that have been implemented in practice (Lunne et al. 
1997; Mayne 2007).  
 Readings from the CPT can include: cone re-
sistance (qt), sleeve friction (fs), and penetration 
porewater pressure (u2), as well as time to reach 50% 

consolidation during dissipation (t50) and downhole 
shear wave velocity (Vs), thus designated SCPTù.  
The SCPTù is a particularly efficient and expedient 
means for site-specific subsurface investigations, as 
multiple measurements are collected from a single 
sounding as depicted in Figure 1. At a standard rate 
of push of 20 mm/s, the qt, fs, and u2 readings are 
taken every 10 to 50 mm, while the t50 and/or Vs can 
be obtained every one meter.  
   

 
Table 1. Common geoparameters for representing the behavior 
of soft-firm clays from CPT data 
__________________________________________________ 
Symbol  Parameter        Readings                 

SBT  Soil behavior type     Uses CPT index Ic  
Ic   CPT material index     Ic = fctn (Qtn and F) 
γt   Unit weight       from fs reading 
σvo  Overburden stress     σvo = ∫ γt dz 
u0   Hydrostatic pressure    ∆u dissipations 
σvo'  Effective stress      σvo' = σvo - u0 
σp'   Preconsolidation stress    σp'  = fctn (qnet, Ic) 
YSR  Yield stress ratio      YSR = σp'/σvo' 
c'   Effective cohesion intercept  NTH method 
φ'   Effective friction angle   NTH method   
su   Undrained shear strength   Nkt factor 
D'   Constrained modulus    D'  ≈  5∙qnet 
G0   Small-strain modulus    Vs data 
G   Shear modulus      G0 and τ/τmax 
cvh   Coefficient of consolidation  ∆u dissipation 
K0   Lateral stress coefficient   φ' and YSR 
k   Hydraulic conductivity    ∆u dissipations ____________________________________________________________________________________________________ 
Notes: NTH = Norwegian Institute of Technology; τ/τmax = 
mobilized strength; τ = shear stress; τmax = shear strength.  
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ABSTRACT:  Results from piezocone penetration (CPTu) and flat dilatometer tests (DMT) can be used to 
evaluate the stratigraphy, soil types, and a suite of engineering parameters that are needed for geotechnical 
analysis and design, especially for finite element methods (FEM). Of particular interest herein is the utiliza-
tion of in-situ test data for assessing the effective stress strength envelope (c' and φ') in soft to firm clays, as 
well as undrained shear strengths (su), since many FEM codes have built-in constitutive soil models that are 
based on critical-state soil mechanics and require effective stress parameters as input. An existing undrained 
limit plasticity solution for evaluating φ' in clays from CPTu is reviewed and then extended to the DMT via a 
link established thru spherical cavity expansion theory. Laboratory and field results on soft Bothkennar clay at 
the British national test site and additional CPTu data in clays are used to illustrate the methodologies. 



The penetrometer readings provide the net cone re-
sistance (qnet = qt - σvo) and excess porewater pres-
sure (∆u = u2 - u0), as well as the effective cone tip 
resistance (qE = qt - u2). Dimensionless CPT parame-
ters have been developed to give: (a) normalized 
cone tip resistance: Q = qnet/σvo', (b) normalized 
sleeve friction: F = 100∙fs/qnet, and (c) normalized 
porewater pressure parameter: Bq = ∆u/qnet. Later, an 
updated version of Q is detailed and designated Qtn 
that is needed in determining the CPT material index 
(Ic) which finds application in soil behavioral classi-
fication (Robertson 2009), as well as the assessment 
of the yield stress or preconsolidation stress (σp') and 
other geoparameters (Mayne 2015).   

Figure 1. Multiple readings captured by a single sounding using 
seismic piezocone (SCPTù) and seismic dilatometer (SDMTà).  

1.3 Geoparameters from DMT 

A similar suite of geoparameters is found from the 
results of flat plate dilatometer tests (DMT), as ini-
tially identified by Marchetti (1980). In the DMT, 
two pressure readings are taken at each 0.2-m depth 
interval: (a) A-reading corrected to p0 (contact pres-
sure); and (b) B-reading corrected to p1 (expansion 
pressure).  These provide three DMT indices: (1) 
soil material index:  ID = (p1-p0)/(p0-u0); (2) dilatom-
eter modulus: ED = 34.7∙(p1-p0); and (3) horizontal 
stress index: KD = (p0-u0)/σvo'.   
 Additional readings can be taken during the DMT, 
including: (a) dissipation A-readings to get time for 

degree of consolidation (e.g., tflex), (b) P-wave arri-
val to obtain Vp = compression wave velocity; (c) S-
wave arrival to obtain Vs = shear wave velocity 
(Marchetti et al. 2008); (d) C-readings which are the 
membrane position of A-reading but taken during 
deflation, and (e) blade thrust readings.  For the set 
of p0, p1, tflex, Vp, and Vs measurements, the test can 
be designated SDMTà (Figure 1).  
 Details concerning the interpretation of soil engi-
neering parameters from the DMT are provided in 
Marchetti et al. (2001) and Marchetti (2015). Two 
geoparameters which have not been evaluated in soft 
to firm clays using the DMT include: (1) effective 
stress friction angle (φ') and (2) effective cohesion 
intercept (c'). A methodology for their assessment 
from DMT readings in clay is proposed herein.  

2 SOIL CLASSIFICATION BY CPT 

2.1 Soil behavioral type 
During CPT, soil types are usually identified indi-
rectly since samples are not normally taken. The soil 
types can be assessed using one or more different 
approaches that rely on the direct measurements or 
post-processed readings, as indicated in Table 2. An 
alternative means to classify soil types in-situ is via 
the vision cone (VisCPT) whereby a video-cam rec-
ords the images of soil particles passing a sapphire 
window (Ghalib et al. 2000). 

Table 2.  Methods for Soil Type Identification by CPT 

Method Procedure Reference 
"Rules of 
Thumb" 

1. Clean sands: qt > 50 σatm
    u2 ≈ u0 

2. Clays:  qt < 50 σatm 
2.1  Intact:  u2 > u0 

   2.2  Fissured:     u2 < 0 

Mayne, et al. 
(2002) 

Soil behav-
ioral charts 

Non-normalized: 
1. qt vs fs
2. (qt - u2) vs. fs

Fellenius & 
Eslami (2000) 

Soil behav-
ioral charts 

Normalized charts: 
1. Q vs F
2. Q vs Bq

Lunne et al. 
(1997) 

Soil behav-
ior type 
(SBT) 

CPT material index. Ic 
where Ic = fctn(Qtn, F) 

Robertson 
(2009) 

Probability 
based rela-
tionships 

Statistical estimates of 
sand, silt, and clay contents 

Tümay, et al. 
(2011) 

One of the most popular methods in use today utiliz-
es soil behavioral type (SBT) charts based on Q, F, 
and Bq, termed SBTn since the three piezocone read-
ings are normalized. This system classifies soils into 
9 distinct zones that are presented in either log Q vs. 
log F charts or log Q vs Bq charts, or both (Lunne et 
al. 1997). The general layout for the Q-F chart is 
shown in Figure 2.    
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Figure 2. Chart for 9-zonal soil behavioral types from CPTu Q 
versus F (after Robertson 2009)   
 

Figure 3. Definition of CPT material index Ic for Q versus F 
chart (after Robertson 2009)   
 

2.2 CPT material index, Ic 
The CPT material index Ic represents a family of the 
radii of a sets of circles which separate soil behav-
ioral zones 2 through 7 in the log Q vs. log F chart, 
as shown by Figure 3.  The index is given by: 
 

22 )log22.1()log47.3( FQIc ++−=        (1) 

using the initial values of Q and F described previ-
ously.  Then, a revised value of normalized cone re-
sistance is defined: 

n
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/)(
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where the exponent "n" is determined from (Robert-
son 2009): 
 
n = 0.381∙Ic  +  0.05∙(σvo'/σatm) - 0.05  ≤  1.0         (3) 
 
and the index Ic is recalculated.  Iteration converges 
quickly and generally only 3 cycles are needed to se-
cure the operational Ic at each depth.    
 Algorithms are available to cull the CPTu data for 
zone 1 (soft sensitive clays) and zones 8 and 9 (stiff 
overconsolidated clays and sands). Once these three 
zones are identified, the material index Ic is used to 
separate zones 2 through 7, so all easily implement-
ed on a spreadsheet or programmable software code. 
 Sensitive clays of Zone 1 are identified when: 
 
Qtn < 12∙exp(-1.4∙F)               (4) 
 
Overconsolidated soils of Zone 8 (1.5 < F < 4.5%) 
and Zone 9 (F ≥ 4.5%) are found when: 
 
Qtn ≥ [0.006(F-0.9) -0.0004(F-0.9)2 - 0.002]-1       (5) 
 
Then, the remaining soil types are identified by the 
CPT material index: Zone 2 (organic soils: Ic ≥ 
3.60); Zone 3 (clays: 2.95 ≤ Ic < 3.60); Zone 4 (silt 
mixtures: 2.60 ≤ Ic < 2.95); Zone 5 (sand mixtures: 
2.05 ≤ Ic < 2.60); Zone 6 (sands: 1.31 ≤ Ic < 2.05); 
and Zone 7 (gravelly to dense sands: Ic ≤ 1.31).  The 
red dashed line at Ic = 2.60 represents an approxi-
mate boundary separating drained (Ic < 2.60) from 
undrained behavior (Ic > 2.60).  
 A similar CPTu material index has been devel-
oped for the 9 SBTn zones to represent the log Q vs. 
Bq diagrams, designated IQ-Bq by Torrez-Cruz (2015).  
 An alternate means to normalize the porewater 
pressures readings is through the parameter ∆u/σvo' 
that is used by Schneider et al. (2008) where the 
graph of log Q vs ∆u/σvo' provides various soil be-
havioral type zones. Schneider et al. (2012) derive 
corresponding equations that delineate the SBTs for 
both the Q-F and Q-∆u/σvo' plots.  They also provide 
data from a variety of field sites to populate the 
graphs and show the regions of drained, partially 
drained, and undrained behavior.  
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Figure 4. Soil unit weight from CPT sleeve friction reading 
 

Figure 5.  Soil unit weight of soft-firm clays from cone re-
sistance (qt) and resistance-depth ratio (mq). 
 
2.3 Soil unit weight 
 
The use of normalized piezocone parameters re-
quires the evaluation of total and effective overbur-
den stresses (σvo' = σvo - u0), where σvo = ∫ γt dz and 
u0 = hydrostatic porewater pressure. Therefore, an 
indirect assessment of unit weight (γt) is needed.  
 A general assessment of soil unit weight from 
CPT for a variety of soil types has been found relat-
ed to the sleeve friction, as shown by Figure 4 
(Mayne 2014): 
 
γt/γw = 1.22 + 0.15 ∙ ln (100*fs/σatm+0.01)      (6) 
 
 For soft-firm clays, the cone resistance exhibits a 
linear trend with depth that can be represented by the 

parameter mq = ∆qt/∆z, termed the resistance-depth 
ratio. Two sets of regressions on qt data both with 
and without an intercept (b = 0) giving similar slope 
values mq are indicative of normally-consolidated 
(NC) to lightly-overconsolidated (LOC) clays 
(Mayne & Peuchen 2012). In contrast, different mq 
slope values from the two regressions are character-
istic of overconsolidated soils and thus the method is 
not applicable.  It has been observed that the range 
of mq in soft-firm clays generally occurs when the 
ratio mq < 80 kN/m3 (Mayne 2014).  
 For soft to firm clays, the resistance-depth ratio 
mq gives an estimate of the average soil total unit 
weight over the depth of the deposit: 
 
γt/γw  =  1  +  0.125 mq/γw          (7) 
 
It is interesting to note that the resistance-depth ratio 
has the same units as unit weight, thus can be em-
ployed as a normalizing parameter in the same man-
ner that atmospheric pressure (σatm) is used for 
stress. 
 To capture variations in the unit weight with 
depth, a more elaborate trend is shown in Figure 5 in 
terms of qt and mq (Mayne & Peuchen 2012). This 
can be expressed in dimensionless form: 
 
γt/γw  = 0.886∙(qt/σatm)0.072 [1+ 0.125∙mq/γw]   (8) 
 
 
2.4  Unit weights at Bothkennar 
 
The estimating of soil unit weights from CPTu in 
soft clay are illustrated with a case study. For the 
Bothkennar site in Scotland, two sets of piezocone 
data were utilized from field testing by Nash et al. 
(1992a) and Powell & Lunne (2005), as presented in 
Figure 6. The agreement between the early sounding 
and later series is quite evident.   
 The evaluation of the mq parameter is shown in 
Figure 7a, giving a value of the resistance-depth ra-
tio: mq = 54 kN/m3.  This can be input into equation 
(7) to give an estimated γt = 16.7 kN/m3 which 
agrees well as an overall value when compared with 
lab unit weights obtained from Delft and piston type 
samples taken at the site that are shown in Figure 7b 
(Hight et al. 2003).  
 A slightly improved profile of estimated unit 
weight with depth is obtained using both the cone 
resistance qt together with the mq parameter, as seen 
by Figure 7b, per equation (8). Here, the profile of 
unit weight decreases slightly in the crust and then 
increases slightly with depth in the soft clay.  
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Figure 6.  Results from two sets of piezocone sounding series at 
Bothkennar clay test site, UK (data from Nash et al. 1992 and 
Powell & Lunne 2005). 
 

Figure 7.  Bothkennar clay profiles showing: (a) evaluation of 
mq ratio; (b) measured and estimated soil unit weights. 
 
 

3 EFFECTIVE STRESS FRICTION ANGLE OF 
CLAY FROM PIEZOCONE 
 
The prevailing shear strength of soils depends upon 
the frictional characteristics of soils, stress path, ini-
tial anisotropic state of stress, degree of drainage, di-
rection of loading, and many other factors. Com-

monly, two extreme cases are sought for saturated 
geomaterials: (1) drained strength (∆u = 0) with cor-
responding effective stress friction angle (φ') and ef-
fective cohesion intercept (c'); and (2) undrained 
shear strength (su = cu) corresponding to constant 
volume (∆V/V0 = 0).  
 
3.1  Effective stress friction angle 
 
Since the piezocone takes measures of both total 
stress changes (qt) and porewater pressures (u2) dur-
ing penetration into soil, the principle of effective 
stress can be realized (Sandven 1990). In the case of 
soft to firm clays, it can be taken that c' = 0 and the 
effective friction angle (φ') can be evaluated using 
the NTH (Norwegian Institute of Technology) solu-
tion detailed by Senneset et al. (1989) and Sandven 
& Watn (1995).   
 For the general case, undrained penetration is rep-
resented by: 
 
qnet  = (Nq - 1)∙(σvo' + a') - Nu ∙∆u2           (9) 
 
where the attraction a' = c'∙cotφ' and Nq = bearing 
capacity factor for end bearing or tip resistance is 
given by: 
 
Nq  = tan2(45°+φ'/2)∙exp[(π−2β)∙tanφ']     (10) 
 
and β = angle of plastification which dictates the 
size of the failure zone. The term Nu is the bearing 
factor for porewater pressure (Senneset & Janbu 
1985): 
 
Nu = 6∙tanφ'∙(1+tanφ')            (11) 
 
Additional details are given by Sandven (1990) re-
garding the terms of attraction (a') and angle of plas-
tification (β). The cone resistance number (Nm) is 
defined as: 

qu

q

vo

vot
m BN

N
c

q
N

⋅+

−
=

⋅+
−

=
1

1
'cot'' φσ

σ
      (12) 

 
A discussion of evaluating the effective cohesion in-
tercept c' is provided in a later section of this paper. 
 For the case when c' = 0, the parameter Nm is 
identical to the normalized cone resistance (Q) and 
the relationship becomes: 
 

'1
1

vo

vot

qu

q q
BN

N
Q

σ
σ−

=
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−
=         (13) 
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Figure 8. NTH graphical solution for φ' in terms of Q and Bq 
for simple case when c' = and β = 0. 
 
 
Therefore, for the simplified case when β = 0 and c' 
= 0, the undrained limit plasticity solution relates Q 
to effective stress friction angle φ' and parameter Bq: 
 

qB
Q

⋅+⋅⋅+
−⋅⋅+°

=
)'tan1('tan61

1)'tanexp()2/'45(tan2

φφ
φπφ    (14) 

  
as presented graphically in Figure 8.  
 An approximate inversion of the NTH solution 
has been developed for individual values of Q and 
Bq for the case when c' = 0 and β = 0 (Mayne 2007): 
 
φ'  = 29.5°∙Bq

0.121∙[0.256 + 0.336∙Bq + logQ]  (15) 
 
This is applicable for the specific ranges of porewa-
ter pressure parameter (0.1 < Bq < 1) and effective 
stress friction angles (20° < φ' < 45°). 
 
3.2  NTH application to Bothkennar CPTu data 
 
The NTH method is applied to the piezocone data 
from Bothkennar, Scotland (reported earlier in Fig-
ure 6). Figure 9 presents a plot of ∆u2 vs. qnet and 
gives regression best fit line slopes Bq = 0.62 and 
0.65, respectively, for the 1992 and 2005 data sets.  
 Similarly, plots of qnet vs. σvo' are shown in Figure 
10 and regression lines indicate Nm = Q = 5.22 and 
5.17, respectively. The regressions were completed 
using best fit line options with forced intercepts of 
zero, as the assumption here is that c' = 0. Using the 
paired values of Q and Bq input into Figure 8 give 
NTH-evaluated φ' = 32.9° and 33.3°, respectively.   
 Extensive laboratory programs and in-situ field 
tests of Bothkennar clay have been accomplished 

over the past three decades (Hight et al. 2003). These 
include many series of laboratory triaxials tests on 
both undisturbed and remolded samples taken by a 
variety of high quality samplers and different labora-
tories.   
 Results from a particular set produced by Allman 
& Atkinson (1992) are shown in Figure 11. These 
include several modes of shearing: triaxial compres-
sion (CK0UC, CK0DC) and extension (CK0UE, 
CK0DE) tests from both undrained and drained 
stress paths, all confirming that the characteristic φ' 
= 34° for Bothkennar clay.   
 Using the approximate expression for φ' = fctn (Q, 
Bq), Figure 12 presents the derived profiles of φ' with 
depth at Bothkennar using the two sets of CPTu da-
ta. These show good agreement with the summary φ' 
= 34° from the laboratory triaxial data, with slightly 
conservative evaluations by the CPTu approach.  
 

 
 

Figure 9. Plot of excess porewater pressure vs. net cone re-
sistance from Bothkennar CPTu data. 

Figure 10. Plot of net cone resistance vs. effective overburden 
stress from Bothkennar CPTu data. 
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Figure 11.  Results from triaxial tests on Bothkennar soft clay 
reported by Allman & Atkinson (1992).  

Figure 12. Profile of φ' at Bothkennar clay using CPTu Q and 
Bq and approximate NTH solution. 
  
 
4  UNDRAINED STRENGTH PARAMETERS 
FROM PIEZOCONE 

Undrained shear strength (su) is a total stress pa-
rameter measured at constant volume. The mode of 
shearing affects the magnitude of undrained shear 
strength in soft to firm clays. For instance, the Both-
kennar clay has a family of su profiles that have been 
obtained from a variety of different lab and field 
tests.  Figure 13 shows a relative sampling that show 
the hierarchy of su from highest to lowest: field vane 
tests (FVT), triaxial compression (TC), simple shear 
(SS), and triaxial extension (TE).   

 

Figure 13.  Family of su profiles for Bothkennar soft clay (data 
from Hight et al. 2003).   

4.1  Undrained shear strength from piezocone 

For CPT results, the undrained shear strength (su) is 
most often interpreted in terms of the net cone tip re-
sistance. If the triaxial compression mode is taken as 
the relevant type of undrained shear strength (suc), 
then: 

kt

net
uc N

qs =               (16) 

where Nkt = bearing factor for net tip resistance.  
 For CPTu in soft to firm clays, Lunne et al. (2005) 
recommend a value Nkt = 12 for suc.  A study of pie-
zocone data on 3 onshore and 11 offshore clays by 
Low et al. (2010) found the range: 8.6 ≤ Nkt ≤ 15.3, 
with a mean value of Nkt = 11.9 for triaxial compres-
sion mode. Similarly, a larger study of 51 soft to 
firm intact clays found a mean value of Nkt = 11.8 
for suc corresponding to the CAUC triaxial mode 
(Mayne et al. 2015).   
 For other shearing modes, other operational values 
of Nkt must be used. For instance, Low et al. (2010) 
found a mean Nkt = 13.6 for the lab average strength 
(suAVE) from triaxial compression, simple shear, and 
triaxial extension (range: 10.6 ≤ Nkt ≤ 17.4), which 
is close to a simple shear mode (suSS). For calibration 
with the field vane (suv), they determined Nkt averag-
es 13.3 with a range: 10.8 ≤ Nkt ≤ 19.9.   
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Similarly, the undrained shear strength can be ex-
pressed in terms of the excess porewater pressures 
during penetration (∆u = u2 - u0): 

u
uc N

us
∆

∆
=               (17) 

where N∆u = bearing factor for excess porewater 
pressures.  For the triaxial compression mode, Lunne 
(2010) recommends a value of N∆u = 6 for prelimi-
nary work or initial estimates until calibrated with 
laboratory tests on undisturbed samples. From their 
study, Low et al. (2010) indicate a mean value of 
N∆u = 5.88, while the study by Mayne, Peuchen, & 
Baltoukas (2015) found a representative N∆u = 6.5. 
 
4.2  Spherical cavity expansion 
 

For undrained shear, the spherical cavity expan-
sion (SCE) solutions formulated by Vesic (1972, 
1977) are interesting because they relate su to both 
qnet and excess porewater pressures (∆u): 

Nkt  =  4/3 ∙ [ln(IR) + 1]  + π/2 + 1     (18) 

N∆u  = 4/3 ∙ ln(IR)            (19) 

where IR = G/su  = rigidity index and G = shear 
modulus. The rigidity index can also be considered 
as the reciprocal of a reference shear strain (γref), 
thus IR = 1/γref. Adopting a characteristic shear strain 
at peak strength or failure of 1%, or γref = 0.01, cor-
responds to an assumed default value of IR = 100.   

In truth, the shoulder position of excess porewater 
pressure measurements by piezocone (∆u2) is com-
prised of two components: octahedral and shear-
induced. For young to aged normally-consolidated 
clays with OCRs < 2, the shear induced portion is ra-
ther small compared to the octahedral portion 
(Baligh 1980; Burns & Mayne 2002). Therefore, as a 
first approximation to ∆u in clays, SCE provides the 
octahedral component alone.  
 Since the undrained strength is given by: 
 

ukt

net
uc N

u
N
qs

∆

∆
==            (20) 

 
It is noted that the parameter Bq interrelates the two 
bearing factors (Lunne 2010): 

N∆u  =   Bq ∙ Nkt              (21) 

Therefore, spherical cavity expansion allows for a 
direct interrelationship between ∆u2 and qnet ex-
pressed simply as a function of rigidity index, as 

shown in Figure 14. In support of this notion, piezo-
cone data from 34 soft-firm clay sites (Mayne & 
Peuchen 2012) are shown to validate the SCE rela-
tionships and the operational values of rigidity index 
are seen to fall within the range:  10 < IR < 1000. 
The data are separated into two groups comprised of 
19 offshore clays and 15 onshore clay deposits.  

Figure 14.  SCE relationship between ∆u2 and qnet with piezo-
cone data from 15 onshore clays (yellow dots) and 19 offshore 
clays (blue dots).  

 
Combining equations (18), (19), and (21), we find 
that rigidity index is simply a function of the 
porewater pressure parameter Bq: 
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For the data ranges shown in Figure 14, the opera-
tional range of Bq  = ∆u/qnet  varies from 0.45 to 0.75 
with a central value of Bq of around 0.60. Statistical 
regression analyses on the onshore and offshore data 
gave mean Bq values of 0.62 and 0.69, respectively.   

 
4.3  SCE evaluated su from CPTu 

 
Substituting the SCE backfigured IR back into the 
expressions for bearing factor terms, we obtain the 
following: 

q
kt B

N
−

=
1

90.3             (23) 



0

5

10

15

20

0.0 0.2 0.4 0.6 0.8 1.0

Fa
ct

or
s N

kt
an

d 
N

∆u

Porewater Parameter BqAVE

SCE
Nkt

SCE
N∆u

Backfigured
from 17 clays
Nkt = qnet/suc

Backfigured
N∆u = ∆u/suc

0
2
4
6
8

10
12
14
16
18
20
22

0 10 20 30 40 50 60 70 80 90 100

De
pt

h 
(m

et
er

s)

Undrained Shear Strength, su (kPa)

SCE qnet (2005)

SCE ∆u2 (2005)

Lab CK0UC

0

2

4

6

8

10

12

14

16

18

20

22

0 10 20 30 40 50 60 70 80 90 100

De
pt

h 
(m

et
er

s)

Undrained Shear Strength, su (kPa)

FV
CKoUC
1992 Continuous SCE
2005 Continuous SCE

Bothkennar, UK

1)/1(
90.3

−
=∆

q
u B

N           (24) 

The SCE relationships between the bearing fac-
tors Nkt and N∆u with Bq are shown in Figure 15.  
Superimposed over these lines are the backfigured 
values from the study reported by Mayne, et al. 
(2015), with considerable scatter evident in the data. 

Figure 15.  SCE relationships between cone bearing factors Nkt 
and N∆u with porewater parameter Bq. Data from piezocone 
tests and CAUC triaxial compression mode, suc.  

In this endeavor, constant values of the bearing 
factors for any given clay are found using the aver-
age BqAVE from the ∆u vs. qnet plot. The SCE expres-
sions can then be stated: 

)1(
90.3 qAVE
net

uc Bqs −⋅=           (25) 

]1)/1[(
90.3

−⋅
∆

= qAVEuc Bus         (26) 

 
The application of the mean BqAVE = 0.65 from the 

2005 CPTu series of data for Bothkennar clay is 
used to provide assessments of suc profiles at the site 
based from both qnet and ∆u, as shown in Figure 16.  
These are seen to be comparable, perhaps slightly 
high, when compared to the laboratory series of 
CAUC triaxial data from the site.   

An alternative to the above approach is to utilize 
the specific Bq value at each elevation to drive the 
SCE solutions for the Nkt and N∆u factors, thus both 
variables with depth.  In this case, both the qnet and 
∆u readings give the same exact profile of suc. In 
fact, the direct solution for su is given simply as: 

[13]    
90.3

'2 vot
uc

uqs σ−−
=        (27) 

Using this approach, the derived profiles of suc for 
both the 1992 and 2005 soundings are shown in Fig-
ure 17. The 1992 sounding was digitized in more de-
tail at approximate 0.1-m intervals, while the 2005 
sounding was digitized at coarser 1-m intervals as a 
check to verify the quality of the earlier CPTu data.  
Thus, while this approach also gives relatively rea-
sonable agreement with both the lab triaxial com-
pression results and field vane data, the resulting 
profiles shows more variability and skittishness at 
any given elevation, specifically the finer data from 
1992 vintage. 

Figure 16.  Profiles of suc at Bothkennar using SCE solutions 
for qnet and ∆u with the average value of Bq. 

Figure 17.  Profiles of undrained shear strength at Bothkennar 
using continuous Bq data. 
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4.4.  Strength from effective cone resistance 

Another option for assessing su in clays is via the ef-
fective cone resistance (Lunne et al. 1997): 

ke

t
u N

uqs 2−
=               (28) 

where Nke is a bearing factor averaging about 8.0 in 
soft-firm clays (Mayne et al. 2015).  Yet in consider-
ation of SCE theory alone per equation (27), this re-
lationship cannot be expressed in this form. 
 In the case of a hybrid SCE model with critical 
state soil mechanics (CSSM), however, it can be ex-
pressed in terms of effective cone resistance where 
the bearing term for CIUC triaxial is found as (Chen 
& Mayne 1993): 

Nke  = 2/Mc + 3.90                (29) 

where Mc = q-p' frictional parameter for triaxial 
compression as shown in Figure 11.   
 
5 EFFECTIVE STRESS STRENGTH PARA-
METERS OF CLAY FROM DMT 
 
5.1  Equivalent porewater pressures from DMT 
 
The contact pressures (p0) from DMT readings in 
clays appear to be dominated by the porewater pres-
sures induced during blade insertion (Mayne 2006).  
For soft to firm intact clays, the assertion can be 
made that: 

∆u  =  p0 - u0               (30) 

which allows for the net contact pressure to be ex-
pressed in terms of SCE: 

p0 - u0  =  4/3 ∙ su ∙ ln(IR)           (31) 

 
5.2   Cavity expansion link for DMT 
 
Spherical cavity expansion also expresses the magni-
tude of change in horizontal stress for probes pushed 
into clay: 
 
∆σh  = 4/3∙su∙(lnIR + 1)           (32) 
 
As a first approximation, the net expansion pressure 
from the flat dilatometer can be considered as a 
measure of this horizontal stress change: 
 
∆σh  = p1 - u0                (33) 

 
From (16) and (18), the net cone resistance is ex-
pressed directly from SCE as: 
 
qnet  =  4/3∙su∙(lnIR + 1) + π/2 + 1       (34) 
 
and by combining equations (31) through (34), an 
equivalent net cone resistance can be found in terms 
of the dilatometer pressures: 
 
qnet  =  2.93∙p1 - 1.93∙p0 - u0         (35) 
 

Figure 18. Measured CPTu ∆u2 versus DMT-equivalent excess 
porewater pressure: ∆u = p0 - u0. 
  
5.3  CPTu-DMT database in clays 
 
An in-situ database of 12 clays that were subjected 
to both piezocone and flat dilatometer tests was 
compiled to validate the CPTu-DMT interrelation-
ships. Figure 18 shows the measured excess porewa-
ter pressures (∆u2) from piezocone tests vs. the 
equivalent ∆u calculated from flat plate dilatometer 
tests according to equation (31).  These are seen to 
be quite comparable and the results are consistent 
with the earlier observations by Mayne & Bachus 
(1989) for a variety of clays.  
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 Similarly, Figure 19 shows the net cone resistance 
(qnet = qt - σvo) from CPTu soundings at the same el-
evations in the same clays are plotted vs. the equiva-
lent qnet obtained from DMT readings per equation 
(35).  Again, the results are comparable.   
 
5.4   Equivalent NTH method for DMT 
 
These findings allow for the application of the NTH 
undrained limit plasticity solution to flat dilatometer 
tests in clays in assessing the effective stress friction 
angle (φ'). In particular, the tentative use would be 
restricted to soft-firm NC-LOC clays where c' = 0 is 
a common assumption. As noted previously for the 
CPTu, two options are available for obtaining φ' us-
ing the NTH solution: (1) individual plots of qnetDMT 
vs. σvo' to obtain Nm and ∆uDMT vs. qnetDMT to obtain 
BqDMT; and (2) approximate φ' expression using 
equivalent QDMT and BqDMT which are given by: 
 

'
93.193.2 001

vo
DMT

uppQ
σ

−⋅−⋅
=        (34) 

 

001

00

93.193.2 upp
up

Bq −⋅−⋅
−

=        (35) 

 

 
Figure 19. Measured CPTu qnet versus DMT-equivalent net 
cone resistance: qnet.  

5.5   Application to Bothkennar DMT data 
 
The results of a representative DMT sounding at the 
Bothkennar soft clay site are reported by Hight et al. 
(2003) and shown in Figure 20 with the associated 
DMT material index (ID) profile. The p0 and p1 read-
ings are seen to increase approximately linearly with 
depth with the contact pressures ranging from 137 to 
500 kPa and the expansion pressures varying from 
175 to 600 kPa in the depth range from 2 m to 16 m. 
Groundwater is approximately 1 m deep.  

Figure 20.  Representative DMT sounding at Bothkennar clay 
site (data from Hight et al. 2003). 
 
 The post-processing of equivalent ∆u vs qnet is 
presented in Figure 21, giving an equivalent BqDMT = 
0.54. Similarly, the plotting of equivalent qnetDMT vs. 
effective overburden stress in Figure 22 gives a 
slope where Nm = Q = 5.64.  Using either Figure 8 or 
equation (14) with these values gives an operational 
friction angle φ' = 32.6°. Referring once more to 
Figure 11 that hosts the effective stress strength en-
velope for undrained and drained triaxial compres-
sion and extension test results on Bothkennar clay 
(Allman & Atkinson 1992), the characteristic φ' = 
34° from the laboratory series is seen to be in gen-
eral agreement with the in-situ evaluations.   
 Alternatively, the approximate NTH solution us-
ing derived profiles of QDMT and BqDMT per equa-
tions (34) and (35) are presented in Figure 23a.  
These can be processed at all elevations using equa-
tion (15) to produce a profile of φ' with depth, indi-
cating a range 32° < φ' < 35° in the depth range of 4 
to 16 m. 
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Figure 21.  Post-processing DMT data to obtain equivalent Bq 
parameter at Bothkennar. 

Figure 22.  Post-processing to obtain DMT-equivalent Q in 
Bothkennar soft clay. 
 

     (a)           (b) 
 
Figure 23. Profiles at Bothkennar: (a) φ' from approximate 
NTH solution using QDMT and BqDMT; (b) shear strength in tri-
axial compression (suc) using qnetDMT and ∆uDMT 
 

Of additional note, the equivalent profiles of qnetDMT 
and ∆uDMT can be used with the classical Nkt = 12 
and N∆u = 6 approach given by equations (16) and 
(17) to evaluate the undrained shear strengths, as 
presented in Figure 23b. These are seen to be some-
what comparable with lab TC tests on undisturbed 
samples for depths < 12 m but do appear to overpre-
dict suc at greater depths.   
 
 
6  EFFECTIVE STRESS COHESION INTERCEPT 
 
6.1  NTH Solution for c' 
 
The NTH solution can also provide an evaluation of 
both Mohr-Coulomb parameters: c' and φ'.  In the 
general case, the cone resistance number given by 
equation (12) is expressed: 
 

)36(
)'tan1('tan61

1]'tan)2exp[()'45(tan 2
12

q
m B

N
⋅+⋅⋅+

−⋅−⋅+°
=

φφ
φβπφ

  
When plotting qnet vs. σvo' to obtain the slope Nm, a 
negative intercept on the σvo' axis is the value of at-
traction a' = c'∙cotφ'. An approximate inversion of 
(36) to give φ' directly from Nm, β, and Bq can be 
formulated as: 
 
φ' ≈30°∙100.0035β∙Bq

0.121∙[0.256+0.336∙Bq+logNm]  (37) 
 
which is valid for the following parametric ranges: 
20° ≤ φ' ≤ 40°, -30° ≤ β ≤ +20°, and 0.1 ≤ Bq ≤ 1.0.  
The evaluation of c' from CPTu data in clays is best 
illustrated by an example, as provided subsequently. 
 
6.2  Effective cohesion intercept of Bothkennar clay  
 
The critical state line (CSL) for Bothkennar clay was 
shown in Figure 11 as adequately represented by φ' = 
34° and c' = 0. These values correspond to triaxial 
tests performed on reconstituted specimens of the 
clay, as well as to triaxial compression tests on un-
disturbed clay when evaluated at qmax. For a failure 
envelope taken at larger strains, or for overconsoli-
dated states, it is possible to assign an apparent co-
hesion intercept value.   
 Post-processing the two sets of CPTu results from 
Bothkennar (1992 series and 2005 series) are shown 
in Figure 24, in this case allowing a general linear 
expression with both slope (m) and intercept (b).  
This is in contrast to the same data presented earlier 
in Figure 10 where the linear trend was forced 
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through the origin. The slope of qnet versus σvo' plot-
ting averages Nm = 4.68. The ratio of the slope (m) 
to the ordinate axis intercept (b) gives the attraction 
(a') which is the negative intercept on the abscissa 
axis:  a' = m/b. For Bothkennar, the average a' = 10.3 
kPa. The corresponding Bq parameter remains un-
changed, as per Figure 9, and averages Bq = 0.64. 
Adopting β = 0°, the inverted NTH solution gives 
the following Mohr-Coulomb effective stress 
strength parameters: φ' = 31.7° and c' = 6.4 kPa.   
 

 
Figure 24. Evaluation of Nm and attraction a' in Bothkennar 
clay (alternate CPTu post-processing to that in Figure 10).  
 
 

Figure 25. Triaxial stress paths for undisturbed Bothkennar 
clay (data from Hight et al. 1992) and superimposed c'-φ' de-
rived parameters from NTH CPTu analyses.  
 
 These c'-φ' parameters are compared to CAUC tri-
axial tests on undisturbed specimens of Bothkennar 
clay in Figure 25. The CAUC tests include three 
separate series from high-quality sampling at the na-
tional test site using Laval, piston, and Sherbrooke 
type samplers (Hight et al. 1992). The CSL frictional 
characteristics represented by c' = 0 and φ' = 34° are 
shown for reference (Allman & Atkinson 1992). On 

the t-s' plot, these correspond to a slope angle α = 
29.2° and intercept a* = c'∙cosφ' = 0. Superimposed 
over the individual stress paths are the NTH CPTu-
derived parameters (φ' = 31.7° and c' = 6.4 kPa). 
Here, the corresponding t-s' parameters are given as: 
angle α = 27.7° and intercept a* = c'∙cosφ' = 5.4 kPa.   
Overall, the agreement between the Mohr-Coulomb 
envelope and laboratory triaxial data is reasonable.    
   
6.3  Alternative relationships for c' 
 
Notably, c' = 0 is a common assumption for soft to 
firm clays with OCRs < 2.  Nevertheless, some sta-
bility analyses involving natural slopes, excavations, 
and soil nail walls require an assessment of c' for 
limit equilibrium and/or finite element studies. Also, 
overconsolidated soils may show an apparent cohe-
sion intercept and friction angle. 
 Guidance on the selection and magnitude of c' can 
be found in a few other sources. Mayne & Stewart 
(1988) review data from CIUC and CAUC triaxial 
data on 16 different NC to OC clays and conclude 
that the effective cohesion intercept relates to the ef-
fective preconsolidation stress, expressed as the ratio 
c'/σp':   
 
 0.03  <  c'/σp'   <  0.06          (38) 
 
Mesri & Abdel-Ghaffar (1993) review 60 slope fail-
ures in clays and backfigure strength parameters 
from stability analyses finding that: 
 
   0.003  <  c'/σp'   <  0.11          (39) 
 
Sorensen & Okkel (2013) report that a common 
guideline in Scandinavia is that: 
 
   c'  ≈  0.1 su               (40) 
 
A simplified approach to undrained strength assess-
ment for embankment stability analyses on soft clays 
is well documented (Jamiolkowski et al. 1985) and 
more recently confirmed for offshore applications 
(DeGroot et al. 2011): 
 
 DSS:  su = 0.23 σp'                 (41a) 
 
     TC:   su = 0.29 σp'              (41b) 
 
Thus combining (40) with (41b) indicates: 
 
     c'   ≈   0.03 σp'              (42) 
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which is consistent with the aforementioned triaxial 
trends given by equation (38) and backfigured slope 
stability strength parameters given by (39).   
 In fact, for uncemented clays and silts, especially 
those that are NC-LOC, the effective cohesion inter-
cept (c') is a pseudo-parameter as it appears to be an 
extrapolated value from the yield surface when 
force-fitting a linear expression for strength (i.e., 
Mohr-Coulomb envelope:  tmax = c' + σ'∙tanφ'). A 
generalized yield surface is shown in Figure 26 in 
terms of Cambridge q-p' space with the CSL. That 
portion of the curved yield surface that extends 
above the CSL in the OC region can be extended 
back to an intercept on the ordinate axis, giving an 
apparent effective intercept:  qc' = 2c'∙cotφ'∙Mc.   
 For the Bothkennar clay, Hight et al. (2003) pre-
sent the results of the interpreted yield surface from 
stress path testing, as shown on Figure 27.  Here, the 
axes are normalized to the corresponding preconsol-
idation stress (σp') to account for the various sam-
pling depths and the fact that σp' generally increases 
with depth.  

Figure 26.  Generalized yield surface in q-p' space with pro-
jected intercept giving an apparent effective cohesion intercept. 

Figure 27.  Yield surface for Bothkennar clay in t-s' space.  
 

Thus, one outstanding question relates to the appli-
cable value of σp' for normalization of the derived c' 
from the NTH solution on CPTu and/or DMT 
soundings, since the analysis of data is performed 
over the entire depth of the sounding.  One possibil-
ity is to use the value of σp' at an effective stress 
equal to one atmosphere: σvo' = σatm, while another 
might consider use of the overconsolidation differ-
ence: OCD = (σp' - σvo')/σatm. However, the OCD re-
ally pertains to soils that are mechanically pre-
stressed, such as removal of overburden by erosion, 
glaciation, or excavation (Locat et al. 2003). For 
some NC-LOC clays, there has been erosion but 
perhaps most of the observed preconsolidation has 
been due to other mechanisms such as secondary 
compression and ageing, groundwater fluctuations, 
diagenesis, and/or other factors.        
   
 
7   STRESS HISTORY  
 
In-situ tests are often used to give an initial first look 
at the stress history of clay deposits, as well as to 
supplement the more definitive results of one-
dimensional consolidation tests on high-quality 
specimens. The CPT and DMT are particularly ad-
vantageous in this regard because they collect data at 
frequent depth intervals of 20 and 200 mm, respec-
tively, whereas other tests (e.g., VST, PMT) provide 
readings on the order of 1 to 1.5 m intervals.  
 The CPT and DMT data in clays can be interpret-
ed using empirical methods (e.g., Larsson & 
Åhnberg 2005), analytical approaches (e.g., Konrad 
& Law 1987; Mayne 2001, 2007), and/or numerical 
solutions (Yu & Mitchell 1998; Finno 1993).  Here-
in, the simple SCE solutions will be applied to soft 
to firm NC-LOC clays. 
 
7.1  SCE solution for OCR from CPTu 
 
Critical state soil mechanics (CSSM) provides a link 
between undrained shear strength and stress history 
in terms of overconsolidation ratio: OCR = σp'/σvo', 
where σp' = preconsolidation stress or effective yield 
stress.  For the case of triaxial shearing of isotropi-
cally consolidated specimens (CIUC): 
 

'
22 vo

c
uc

OCRM
s σ

Λ














=            (43) 

 
where Λ = 1 - Cs/Cc = plastic volumetric strain ratio, 
Cs = swelling index, and Cc = virgin compression 
index. For most clays and silts, the value of Λ is 
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about 0.8 to 0.9 (Jamiolkowski et al. 1985; Larson & 
Åhnberg 2005). Combining (16), (18), and (43) 
yields an expression for OCR in terms of normalized 
cone resistance: Q = qnet/svo' (Mayne 1991): 
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Similarly, an expression can be found in terms of 
normalized excess porewater pressure: 
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As a first approximation, the power law formats can 
be removed by assuming that Λ = 1.  Then, the ex-
pression in (44) can be reduced to provide a direct 
evaluation of the preconsolidation stress in terms of 
net cone resistance: 
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Similarly, equation (45) is reduced to relate the yield 
stress in terms of excess porewater pressure: 
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Figure 28.  SCE-CPTu estimated and laboratory measured pro-
files of σp' at Bothkennar soft clay site.  
 
 

7.2  Application of SCE-CPTu-OCR to Bothkennar 
 
The SCE solutions for stress history evaluation can 
be applied to the Bothkennar CPTu data.  All param-
eters are found from the post-processing of the 
sounding results. The value of Mc = 1.37 is found 
from the CSL φ' = 34° using the NTH effective pene-
tration theory, as detailed earlier in Section 3.2. An 
operational value of rigidity index (IR) is determined 
from the average Bq using equation (22). The overall 
Bq = 0.619 provides IR = 116 for the CPTu reported 
by Nash et al. (1992a).  
 Consequently, for the Bothkennar clay, the SCE 
expressions become simply: σp' = 0.28 qnet and σp' = 
0.46 ∆u2. In Figure 28, these two CPT profiles are 
compared with three series of consolidation tests 
available from an extensive laboratory testing pro-
gram conducted for the site (Nash et al. 1992b). 
One-dimensional consolidation tests included: (a) 
incremental-load type by Bristol University; (b) con-
stant-rate-of-strain (CRS) types by Bristol Polytech-
nic; and (c) restricted flow (RF) tests at Oxford Uni-
versity. It can be seen that the piezocone profiles 
derived from qnet and ∆u readings give very good 
agreement with the laboratory reference values.   
 
7.3  SCE solution for OCR from DMT 
 
Using the SCE link established in Section 5, a com-
panion set of analytical solutions can be established 
for the flat dilatometer test in clays. For the net re-
sistance relationships given by (44) and (46), the 
equivalent simplified expression for the DMT be-
comes: 
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For the second case where p0 ≈ u2, then equations 
(45) and (47) provide the relationship: 
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7.4  Application of SCE-DMT-OCR to Bothkennar 
 
The SCE solutions for stress history from DMT 
readings can be applied to the Bothkennar data set. 
Again, the Mc = 1.37 is found from the CSL φ' = 34° 
characteristic value. The post-processing of the 
∆uDMT vs. qnetDMT in Figure 21 gives an equivalent 
BqDMT = 0.54.  From equation (22), the backfigured 
IR = 31 which seems a bit lower than the CPTu-



0

2

4

6

8

10

12

14

16

18

20

0 100 200 300 400 500

D
ep

th
 (m

et
er

s)

Preconsolidation Stress, σp' (kPa)

CRS
IL Oed
RF
SCE qnetDMT
SCE DMT Du2
Marchetti (1980)

σvo'

   

15

20

25

30

35

40

15 20 25 30 35 40

La
b 

M
ea

su
re

d 
Tr

ai
ax

ia
l φ

' (
de

g)

NTH Evaluated φ' from CPTu (deg)

 Bothkennar Partille clay Gault Clay

Speswhite 1 Speswhite 2 Cornell clay

K-50 mix Speswhite 3 K-18 mix

K-33 mix K-100 kaolin K-25 mix

Regression
n = 12;  r2 = 0.823
φ'TX = 0.964φ'CPTu

estimated value of 116.  Luckily, the results are not 
highly sensitive the value of IR.   
 A comparison of the two DMT profiles for σp' are 
presented with the three series of laboratory con-
solidometer tests in Figure 29. It is evident that the 
DMT estimates are on the high side of the results, 
perhaps because of the underestimation of the opera-
tional IR value. Also shown for comparison is the 
conventional interpretation of OCR from the KD pa-
rameter given by Marchetti (1980).  This too match-
es toward the high side when compared with the lab 
benchmark values.  

Figure 29.  SCE-DMT estimated and laboratory measured pro-
files of σp' at Bothkennar soft clay site.  
 

8  CALIBRATION OF NTH METHOD FOR CPTU 

8.1  Effective friction angles of clays 

A good number of natural clays have effective stress 
friction angles that are around 30°, as measured by 
triaxial compression tests. A review of effective fric-
tional envelopes and yield surfaces of 50 worldwide 
deposits by Diaz-Rodriguez, et al. (1992) showed 
the full range: 17.5° < φ' < 43° for natural clays. A 
recent statistical review of measured φ' from 453 dif-
ferent clays (Mayne 2012, 2013) found that the mean 
and standard deviations averages φ' = 28.61° ± 5.05° 
when determined using triaxial compression tests 
(CAUC and CIUC).  
 For several natural Norwegian clays, Sandven 
(1990) calibrated the NTH CPTu solution with ef-
fective friction angles measured by triaxial compres-
sion tests on undisturbed samples, with values of φ' 
in the general ranges as noted above.  
 

8.2. Clay chamber tests 

 A study of data from mini-piezocone penetrome-
ters in calibration chamber tests found that the NTH 
gave good predictions for prepared deposits of clays, 
mostly having used kaolin and/or kaolinite-sand 
mixtures in the testing programs (Ouyang et al. 
2016). Chamber test results from mini-CPTu series 
performed at one research group (Swedish Geotech-
nical Institute) and 8 universities were compiled for 
review (Cornell, Cambridge, LSU, Purdue, Oxford, 
Sheffield, Sangmyung, University of Western Aus-
tralia). An interesting aspect of kaolinitic clays is 
that the clay mineral has a rather low friction angle 
(20° < φ' < 23°), whereas when mixed with sands 
and/or fine silica, a higher frictional characteristic is 
observed: 30° < φ' < 33°, similar to natural clays, as 
discussed by Rossato et al. (1992).  
 A comparison of triaxial-measured versus CPTu-
calculated φ' using the NTH solution is presented in 
Figure 30.  Kaolinite and kaolin-mixtures predomi-
nate here and are shown by circles. Results from 
Bothkennar clay (Section 3.2), are also shown, albeit 
its mineralogy is primarily illite with additional con-
stituents of quartz, feldspar, mica, chlorite, and kao-
linite. Overall, very good agreement is noted for this 
dataset. Note also that an improved estimate (close 
to 1:1 line) is made if the assumed β = - 5°. 
 

Figure 30.  Calibration of NTH CPTu solution using data from 
clay calibration chamber tests (data from Ouyang et al. 2016).  



0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

10.0

0.01 0.1 1 10 100 1000

Q
 =

 (q
t
-σ

vo
)/σ

vo
'

Normalized Velocity, V = v∙d/cv

fully
drained

fully
undrained

partially
drained

    

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.01 0.1 1 10 100 1000

B
q

= 
∆

u 2
/(q

t
-σ

vo
)

Normalized Velocity, V = v∙d/cv

partially
drained

fully
undrained

fully
drained

9  DRAINAGE CONSIDERATIONS 
 
9.1  Drained versus undrained 
 
The concepts of drained vs. undrained behavior have 
been clarified through the framework of critical state 
soil mechanics and indicate that an infinite number 
of stress paths may lie in between these two extreme 
condidtions (Schofield & Wroth, 1968; Wood 1990; 
Mayne et al. 2009; Holtz et al. 2011). These notions 
have recently been examined experimentally by the 
introduction of in-situ twitch testing, whereby the 
rate of the test is varied to assess drainage character-
istics and/or strain rate effects (Randolph 2004).  
Twitch testing has been accomplished using CPT 
and CPTu, T-bar, ball penetrometers, and vanes.   
 
9.2  Centrifuge CPT twitch tests in kaolin 
 
A series of CPTu twitch tests in centrifuge deposits 
of normally-consolidated kaolin clay are reported by 
Schneider et al. (2007).  A mini-piezocone of diame-
ter d = 10 mm was used in tests at accelerations of 
160 g. The CPT velocity (v) was varied from 3 mm/s 
to 0.0004 mm/s and the recorded responses in meas-
ured qt and u2 were used to prepare Figures 31 and 
32. A normalized velocity is defined as: 
 
V  =  v∙d/cv                    (50) 
 
where v = probe velocity, d = probe diameter, and cv 
= coefficient of consolidation. For the NC kaolin, 
the reported values:  0.060 < cv < 0.076 mm2/s.  
 DeJong et al. (2013) have reported that essentially 
undrained behavior occurs when V > 30, while 
drained behavior with low porewater pressure re-
sponse (Bq < 0.1) is observed when V < 0.3.  These 
thresholds generally appear valid for the kaolin 
CPTu tests shown, albeit perhaps a slightly higher V 
limit for the undrained domain. The intermediate 
values of V correspond to partially drained or partly 
undrained conditions.  
 The changes in cone tip resistance with penetra-
tion rate can be represented in terms of normalized 
cone resistance (Q) and an algorithm suggested by 
DeJong et al. (2013): 
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where Q = qnet/σvo', Qdrained is the normalized cone 
resistance for fully drained penetration (i.e., when Bq 
= 0), Qref = reference value of normalized cone re-

sistance, often taken at undrained conditions, 
Qundrained which normally occurs at maximum Bq.   
The value of normalized velocity when excess 
porewater pressures are half their maximum values 
is designated as a reference value, V50. Finally, the 
exponent c is a fitting parameter.   
 Following a similar representation for ∆u2, a mod-
ified version of the algorithm for normalized 
porewater pressures given by DeJong et al. (2013) 
can be expressed by: 
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The fitting parameters for the centrifuge CPTs in ka-
olin shown as red dashed lines in Figures 31 and 32 
are: Qdrained = 7; Qref = Qundrained = 3.2, V50 = 6, c = 1, 
and Bq-ref = 0.55.    
 

Figure 31. Centrifuge CPT cone resistance versus normalized 
velocity in kaolin (data from Schneider et al. 2007) 

Figure 32. Centrifuge CPT porewater pressure response versus 
normalized velocity in kaolin (data from Schneider et al. 2007) 
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9.2  Soil behavioral charts in Q-Bq space 
 
As noted earlier in Sections 2.1 and 2.2, results from 
piezocone tests can be plotted in Q-Bq space to as-
certain soil behavioral type (SBT).  As noted by 
Schneider (2009) and DeJong et al. (2013), these 
empirical charts are based on CPT data taken at the 
standard rate of 20 mm/s.  Changes in CPT results 
due to rate effects will not be recognized by these 
SBT charts. Thus, the only valid points from the 
centrifuge tests for soil identification are the paired 
Q and Bq values from the undrained range, as shown 
in Figure 33. As the rate is decreased, the data ap-
pear to shift up and to the left into the silt mixture 
zone.   

Figure 33. Centrifuge CPT data from twitch testing in kaolin 
plotted in SBT Q-Bq space.  
 

9.3  NTH solution presented in Q-Bq space 
 
For the case where c' = 0, the NTH solution is simp-
ly expressed in terms of normalized cone resistance 
and porewater pressure parameter. Thus, an alternate 
means of presenting the NTH solution of Figure 8 is 
in the format of the soil behavioral chart of Q versus 
Bq, as suggested by Ouyang et al. (2016) and illus-
trated in Figure 34.  
 The twitch test data from the CPT centrifuge ex-
periments in kaolin are also shown and interestingly 
they more or less follow the same trends as the indi-
vidual lines for specific φ' values. Since effective 
stress friction angle is a soil property, this should 
logically be expected with the same φ' realized in 
both the undrained and drained regions, as well as 
for intermediate partially drained cases.  

Figure 34. NTH solution for effective friction angle presented 
in Q-Bq space.  Data from CPT twitch testing in centrifuge kao-
lin deposits also shown.  
 
The specific kaolin used in the centrifuge CPTu 
twitch testing program has an apparent effective 
stress friction angle φ' = 28°, as determined from the 
τ-σv' plots from undrained simple shear tests report-
ed by Schneider (2009).  For the undrained Q and Bq 
values, this gives rather good agreement, as evident 
in Figure 34. Then, as the CPTu penetration rates are 
decreased, the resulting increase in Q and corre-
sponding decrease in Bq show an apparent reduction 
in friction angle towards a value φ' = 23°.  This value 
is more in line with the well-known values for kao-
linite and mineral version of kaolin, as discussed by 
Rossato et al. (1992) and Section 8.2.  
 The reasons behind this trend are not clearly un-
derstood at this time, but perhaps relate to a change 
in the angle of plasticification (β) as the relative size 
of the failure region around the cone tip morphs 
from undrained to partially drained to drained condi-
tions. Certainly additional research is needed to clar-
ify this issue.  
 
10  DISCUSSION 

Several alternate theoretical solutions to represent 
cone penetration in clays have been documented 
(Konrad & Law 1987; Yu & Mitchell 1998; Low 
2009).  The choice of the Vesić (1977) cavity expan-
sion solution was selected herein because a cone 
bearing factor Nkt ≈ 12 ± 1 associates with character-
istic values of the porewater pressure parameter in 
soft clays: Bq ≈ 0.6 ± 0.1. Other solutions may prove 
more compatible in matching with available data in 
future studies (e.g., Lu et al. 2004; Low 2009; 



Schneider et al. 2012). Certainly, more complex al-
gorithms are necessary to represent the porewater 
pressure response of sensitive clays (Bq > 0.8) and 
overconsolidated clays (Bq < 0.4), as well as fissured 
fine-grained geomaterials (Bq < 0). For instance, one 
approach is a hybrid SCE-CSSM approach (Burns & 
Mayne 2002). 
 With regard to undrained effective stress penetra-
tion, the NTH solution appears to be a unique analyt-
ical approach for CPTu in clays for assessing φ'. An 
empirical approach has been proposed by Keaveny 
& Mitchell (1986), however received less attention. 
 Finally, it is perhaps necessary to utilize numerical 
finite element or finite difference schemes (e.g., 
Abu-Farsakh et al. 2003) in a means to advance 
CPTu interpretations forward in an effective stress 
framework in order to detail a universal approach for 
evaluating φ' in overconsolidated clays, as well as 
the full range of soil materials encountered in ge-
otechnics.  These numerical solutions should be well 
calibrated with extensive series of penetration tests 
at various rates and include dissipatory porewater 
pressure versus time measurements for a compre-
hensive set of data, e.g. CPTu and piezoball data re-
ported by Mahmoodzadeh  Randolph (2014).   
 
11  CONCLUSIONS 
 
Results from in-situ piezocone (CPTu) and flat dila-
tometer tests (DMT) in clays have traditionally been 
utilized for assessing total strength parameters, 
namely the undrained shear strength (su), often em-
ployed in limit equilibrium analyses and closed-form 
plasticity solutions for bearing capacity. Yet, modern 
geotechnical capabilities include finite element and 
finite difference modeling that require effective 
stress parameters (c' and φ'), thus giving the ability to 
predict field induced porewater pressure responses 
during construction.  
 As a consequence, it is of interest to review an ex-
isting NTH undrained effective stress limit plasticity 
solution for CPTu penetration in clays. This offers a 
means for evaluating φ' in soft clays (c' = 0), or al-
ternatively a paired set of c' and φ' strength parame-
ters. The NTH solution is extended to the DMT do-
main via links established from spherical cavity 
expansion (SCE) theory. Furthermore, interpretative 
procedures for clay stress history from CPTu read-
ings can also be applied to DMT soundings. Labora-
tory and in-situ test results from the Bothkennar soft 
clay test site in the UK and data from other testing 
programs on clays are employed to illustrate the 
methodologies.   
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