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ABSTRACT 

Penetrometer tests are used widely for offshore in situ site investigations and for soil characterisation in laboratory model 
tests. This paper presents a summary of two PhD dissertations and the work of a Research Fellow on penetrometers in 
layered clays. The continuous penetration responses of the commonly used cone penetrometer; and two increasingly used 
full-flow penetrometers (T-bar and ball) have been explored. Single layer, two-layer (soft-stiff and stiff-soft) and three-
layer (soft-stiff-soft and stiff-soft-stiff) clay deposits have been considered. The investigations have been carried through 
large deformation finite element analyses and centrifuge model tests. Interesting and critical soil failure mechanisms are 
illustrated. Design frameworks are provided for the identification of layer boundaries, and interpretation of undrained 
shear strength of each identified layer. 

1   INTRODUCTION 

Accurate characterisation of seabed sediments is crucial for safe and cost-effective design of offshore foundations and 
anchoring systems. For site investigations, in situ penetrometer (cone/piezocone, T-bar and ball) tests are considered 
along with borehole sampling and subsequent offshore and onshore laboratory testing. This is because, unlike vane shear 
test data and borehole logs, penetrometers generally provide continuous or near-continuous resistance profile and hence 
higher resolution of soil strength profile and layer interfaces. Sites with complex seabed stratigraphy and difficulty in 
obtaining high-quality soil samples, and projects involving deep penetrating foundations/anchors have placed increasing 
reliance on results from in situ penetrometer testing. It is therefore important to improve the interpretation of penetrometer 
data. Ideally, in situ testing methods should be developed to a stage where (i) design parameters may be obtained with 
minimal (or ultimately no) requirement for calibration at each site by means of laboratory test data (Low et al., 2010), (ii) 
design of foundations/anchors can be performed directly from penetrometer data. 

Extensive investigations have been carried out on cone, T-bar and ball penetrometers in stratified clay deposits through 
large deformation finite element (LDFE) analyses and centrifuge model tests. Two PhDs (Ma, 2016; Wang, 2019) have 
been completed. Eight journal articles have been published (Zhou et al., 2013, 2016; Ma et al., 2016, 2017a, 2017b; Wang 
et al., 2020a, 2020b, 2021a) and 1 submitted (Wang et al., 2021b). This paper provides a summary of those articles. 
Mobilised soil failure mechanisms have led to the development of accurate data interpretation frameworks, allowing for 
identification layer boundaries and undrained shear strength of each layer. 

2  CONE PENETROMETER 

Cone penetrometer is the most commonly adopted in situ site investigation tool. The standard cone penetrometer is 
cylindrical in shape with a conical tip that has a base area of Ac = 1000 mm2 (dimeter Dc = 35.7 mm) and a 60 tip-apex 
angle ( = 60), as shown in Figure 1. A piezocone registers (i) tip resistance, qc; (ii) sleeve friction, fs; and (iii) pore 
pressure, u2.Total or gross tip resistance qt can be calculated from measured tip resistance qc as qt = qc + u2 (1 - b); where 
b is the net area ratio. A cone measures qc only. In absence of the pore pressure sensor at the cone shoulder, qt = qc. The 
net tip resistance qnet can be calculated according to 

𝑞 𝑞 𝜎                    (1) 

where v0 is the total overburden stress at the level of cone shoulder, d. This is because the cone shaft diameter Ds is equal 
to the cone base diameter (i.e. Dc = Ds; and hence shaft area ratio, a = As/Ac = 1), meaning the cone does not allow the 
soil to flow back above the penetrometer. Cone penetration tests are carried out at a rate of v = 20 mm/s, which ensures 
undrained conditions in clay. The key design parameter - undrained shear strength, su, of clay is then calculated as 

𝑠                   (2) 



where resistance factor N = Nkt for the cone penetrometer. The research results have been reported in Ma et al. (2016, 
2017a,b). 

2.1      SINGLE LAYER CLAY 

A number of investigations have been carried out for assessing cone resistance factor in single layer clay. It has been 
found that limiting cone factor Nkt,d; which is associated with mobilisation of a deep cavity expansion type failure; is a 
function of cone surface roughness, , soil rigidity index, Ir = G/su, and in situ stress ratio,  = (v0 – h0)/2su = (1 – K0) 
v0/2su (e.g. Lu et al., 2004; Low et al., 2010). Parametric LDFE analyses were carried out varying , Ir and . Based on 
the results, an expression for assessing Nkt,d can be proposed as (Ma et al., 2017b) 

𝑁 , 3.47 1.56𝑙𝑛𝐼 1.3𝛼 1.85∆       (3) 

2.2      MULTILAYER CLAY 

Cone penetration in (i) soft-stiff-soft, and (ii) stiff-soft-stiff clay deposits have been explored extensively through LDFE 
analyses, and reported in Ma et al. (2016, 2017a, 2017b). 

2.2.1   Soil failure mechanisms 

It can be seen from the mobilised soil failure mechanisms (see Figure 2) that (i) when the cone approaches the soft-stiff 
layer interface, squeezing dominates the soil deformation with minimal or no deformation of the layer interface; (ii) when 
the cone approaches the stiff-soft layer interface, soil deformation largely directs towards the underlying soft layer, 
leading to significant deformation of the layer interface; (iii) regardless of layering, no soil plug is trapped at the base of 
the conical cone from the preceding layer to the underlying layer. 

2.2.2   Identification of layer interface 

The penetration resistance profiles for a range of layer thickness ratio (t/Dc) and strength ratio of adjacent layers have 
been examined. It is evident that for soft-stiff layering, all penetration resistance profiles show a kink above the layer 
interface and then increase sharply sensing the influence of the underlying stiff layer. For stiff-soft layering, the 
penetration resistance profiles display a kink below the interface and then mobilise the response of the soft layer. 
Regardless of the layer thickness ratio and strength ratio, the kinks occur, or layer boundaries can be identified at 

∆
0.8   below the kink for soft-stiff layer interface               (4a) 

∆
3.75𝛼 0.23𝛼 1.3 above the kink for stiff-soft layer interface                (4b) 

where c is the distance from the kink on the penetration resistance to the layer interface. 

2.2.3   Soft-stiff-soft clay 

Interpretation of strength for the 1st (soft) layer: The penetration resistance profiles rise monotonically with depth in 
the first layer with the mobilisation of shallow general shear type failure mechanism. Finally, if the thickness of the first 
layer t1/Dc is sufficient, the ultimate/full penetration resistance of that layer is mobilised at d/Dc ≥ 11 ( 0.4 m) being 
associated with a cavity expansion type failure. From a distance above the soft-stiff layer interface, the profiles start to 
deviate from that for a single 1st layer profile. This deviation depicts the influence of the stiff layer, and the influence 
distance, dinf, from the layer interface can be quantified as 

0.8   for 1 ≤ t1/Dc ≤ 4 

4𝑙𝑛 4.85  for 4 < t1/Dc ≤ 40 

10   for t1/Dc > 40            (5) 

The penetration resistance profiles before the influence distance dinf are used to calculate Nkt. Cone resistance factor 
increases with d/Dc from a value at the surface (Nkt,ss at d/Dc = 0) and attains Nkt,d at deep penetrations with d/Dc ≥ 11. 
The values of Nkt,ss can be obtained from the theoretical solutions tabulated by Houlsby & Martin (2003) as a function of 
 and . For instance, for a smooth cone ( = 0) with tip angle  = 60, Nkt,ss = 4.45. Equation 3 can be used to evaluate 
the values of Nkt,d. For intermediate depths (i.e. 0 < d/Dc < 11), the Nkt values can be expressed as  

𝑁 𝑁 , 0.114
.

3.31
.

  for (t1 - dinf)/Dc < 11 



𝑁 𝑁 ,      for (t1 – dinf)/Dc ≥ 11    (6) 

The undrained shear strength of the 1st layer su1 can be calculated by Equation 2 using N = Nkt. Where Nkt = Nkt,d, Equation 
2 is needed to calculate Nkt,d.    

Interpretation of strength for the interbedded (2nd) layer: The thickness of the interbedded layer (t2/Dc) may or may 
not be sufficient for allowing mobilisation of the ultimate resistance of that layer. As such, it is necessary to adjust the 
measured resistance before it is used for assessing the shear strength. It is found that the mobilisation of lower resistance 
compared to the full resistance is dictated by the strength ratio, su2/su1, and Ir of the adjacent layers along with t2/Dc. 
Following Robertson & Fear’s (1995) suggestion, correction factor k is expressed as the ratio of the full net resistance, 
qnet2,f, to the measured peak net resistance, qnet2,m, according to 

𝑘 ,

,
             (7)  

Best fitting through the computed data provides 

𝑘 0.91 0.31𝑥 0.016𝑥    for x ≥ 0.35 

k = 1      for x < 0.35    (8) 

where x = (Ir1)0.2 (Ir2/Ir1)0.3 (su2/su1)0.5 / (t2/Dc) 

Once k is known, qnet = qnet2,f  can be used to calculate the undrained shear strength of 2nd layer su2 by Equation 2. Where 
Nkt = Nkt,d, Equation 2 is needed to calculate Nkt,d. 

Interpretation of strength for the 3rd layer: The strength of the third layer can be interpreted using the measured stable 
resistance in that layer after the kink. 

Interpretation framework: The interpretation framework is shown in Figure 3. After the identification of layer interfaces 
(and hence t1/Dc and t2/Dc), the strength of the 1st and 3rd layers, su1 and su3, can be obtained relatively directly. However, 
since the interpretation of the strength of the 2nd layer su2 is a function of strength ratio su2/su3, an iteration is necessary 
until the suggested (i.e. initial) and calculated (i.e. updated) strengths match with a difference < 3%. 

2.2.4   Stiff-soft-stiff clay 

Interpretation of strength for the 1st (stiff) layer: The normalised penetration resistance (qnet/su1) profiles in the first 
layer are found to merge together and follow the response of single layer clay of strength = strength of the 1st layer prior 
to deviation (decreasing) sensing the influence of the underlying soft layer. The depth of deviation is identified as dp. 
Without the influence of the underlying layer, the full penetration resistance of the first layer is found to mobilise at a 
depth, hd, which can be calculated as 

2.76 𝐼 .            (9) 

The resistance factor profiles for d/Dc < hd/Dc rise monotonically with depth. They can be expressed as 

𝑁 𝑁 , 𝑁 , 𝑁 ,

. .

               (10) 

The depth of the curve deviation point, dp/Dc, should be identified based on the cone-resistance profile. If dp/Dc > hd/Dc, 
the limiting bearing factor in Equation 3 can be used (for d/Dc > hd/Dc) to calculate the undrained shear strength of the 
first layer using Equation 2. If dp/Dc < hd/Dc, then the penetration resistance profile prior to the peak (d/Dc < dp/Dc), 
Equation 2 and the shallow resistance factor shown in Equation 10 can be used. 

Interpretation of strength for the interbedded (2nd) layer: Similar to soft-stiff-soft clay, factor k is proposed to adjust 
the measured resistance of the interbedded layer. The values of k can be approximated according to 

𝑘 1.064 0.193𝑥 0.016𝑥    for x ≥ 0.35 

k = 1      for x < 0.35              (11) 

where x = (Ir2)0.2 (Ir1/Ir2)0.3 (su1/su2)0.5 (su3/su1)0.3 (21 - t1/Dc)0.1 / (t2/Dc) 

Interpretation of strength for the 3rd layer: It is evident that the penetration depth required to remobilise the full 
resistance in the third layer, drem, is about 10Dc regardless of strength ratio, thickness ratio, or rigidity index ratio. Hence, 
the ultimate resistance (for penetration in the third layer > 10Dc) and Equations 2 and 3 should be used for calculating the 
undrained shear strength of the third layer. 



Interpretation framework: On the basis of formulas proposed and discussed previously, a framework is established 
(Figure 4) for interpreting soil-layer boundaries and the undrained shear strength of each identified layer. After the 
identification of layer interfaces (and hence t1/Dc and t2/Dc), the strength of the first layer, su1, can be obtained relatively 
directly. However, because the interpretation of the strength of the second layer, su2, is a function of strength ratio su1/su2, 
an iteration is necessary until the suggested (i.e., initial) and calculated (i.e., updated) strengths match with a difference 
of less than 3%. The strength of the 3rd layer su3 should be calculated using the measured resistance after drem = 10Dc in 
the 3rd layer and using Equations 2 and 3. Non-dimensional forms of the expressions will ensure their applicability for 
any cone diameter in addition to the recently introduced one with Dc of 44 mm. 

3 FULL-FLOW PENETROMETERS: T-BAR AND BALL 

The T-bar and ball penetrometers (see Figure 1) are commonly referred to as full-flow penetrometers (Randolph et al., 
1998; Newson et al., 1999; Kelleher & Randolph, 2005; Peuchen et al., 2005). This is because, unlike the cone 
penetrometer, they allow soil to flow around the bar or ball. These penetrometers are increasingly being included in soil 
characterisation program (e.g. Erbrich & Hefer, 2002; Low et al., 2010) mainly due to (a) relatively large projected area 
(an order of magnitude larger than the cone penetrometer), giving high resolution of penetration resistance profile, and 
(b) negligible influence of overburden and pore pressure to the total resistance i.e. measured resistance = total resistance 
= net resistance qnet. In addition, the miniature T-bar and ball penetrometers are now commonly used for characterising 
soil samples in both centrifuge and 1g tests (e.g. Hossain et al., 2010, 2011; Hossain, 2014). Therefore, accurate 
interpretation of the resistance profiles from T-bar and ball tests is of great importance to the geotechnical community. 

4 T-BAR PENETROMETER 

T-bar penetrometer was first implemented by Stewart & Randolph (1994). The standard field T-bar is 40 mm diameter 
(Dt) and 250 mm long (Lt), as shown in Figure 1. The corresponding projected area is At = 10000 mm2. The T-bar shaft 
has a diameter of Ds = 36 mm (~identical to the cone). However, the shaft to T-bar area ratio (a = As/At = 0.1) is an order 
of magnitude lower. T-bar penetration tests are conducted at a rate of v = 20 mm/s (identical to that for the cone), which 
ensures undrained conditions in clay. As such, undrained shear strength of clay can be calculated using Equation 2, taking 
N = Nt. The research results have been reported in Wang et al. (2020a,b; 2021a,b). 

4.1      SINGLE LAYER CLAY 

Measured penetration resistance profiles in single layer soil generally increase with depth and gradually attain the ultimate 
resistance. To calculate su using Equation 2, shallow penetration resistance should be used with shallow Nt factors (at 
corresponding penetration depths), and the ultimate resistance with deep factor, Nt,d.    

Deep bearing factor: For deep resistance factor, Nt,d, with fully embedded T-bar and fully localised flow-round failure 
mechanism, Martin & Randolph’s (2006) lower bound solutions are commonly adopted. They reported Nt,d factor as a 
function of  (0 to 1), which can be presented as 

𝑁 , 9.14 4.12𝛼 1.31𝛼                    (12) 

Shallow bearing factors: For shallow penetrations, White et al. (2010) identified two failure mechanisms: (i) shallow 
failure mechanism with an open cavity above the bar (scenario I), and (ii) sudden closure of the cavity and deep fully 
localised flow-round failure mechanism (scenario III), as shown in Figure 5. The depth of attaining the latter mechanism 
was shown to increase with increasing normalised undrained shear strength, su/γDt. A soil strength interpretation 
framework has been proposed based on the identified mechanisms.  

However, this study (along with Tho et al., 2011) has identified the presence of a trapped cavity mechanism, with the 
cavity being closed at a distance above the T-bar rather than just above the T-bar, in between the shallow and deep 
mechanisms (scenario II; Figures 5 and 6). The depth of forming the trapped cavity is labelled as ht and that of closing 
the cavity as hf. Over the range of su/γDt = 0.1~1, the trapped cavity mechanism can be ignored as ht  hf. For su/γDt > 1, 
best fitting through the computed data provides 

2.58


.
0.24



.
  for su/γDt ≤ 16.8 

9.7      for su/γDt > 16.8               (13) 

and 

3.51


.
    or su/γDt ≤ 8.3               (14) 



For su/γDt > 8.3 the cavity did not close i.e. the depth of hf has not reached within d/Dt = 25. 

At shallow penetration depth, the penetration resistance of the T-bar is affected by two factors: the variation in resistance 
from soil strength as the failure pattern changes; and the variation in resistance from soil buoyancy as the failure 
mechanism involves different degrees of soil heave, and thus work done against soil self-weight, at different depths. As 
such, to calculate Nt, the T-bar buoyancy force needs to be deducted from the measured resistance to obtain the net T-bar 
resistance. For submerged area Ats with penetration depth (d) up to 0.5Dt    

𝐴 𝑠𝑖𝑛 2 1   for d/Dt ≤ 0.5              (15) 

After 0.5Dt, the submerged area gradually increases with the progress of backflow. Ats increases to 82% of the maximum 
area (At = πDt

2/4) at 1.5Dt, 99% at 4.4Dt (~ht) and 100% at 10.5Dt (~hf). The buoyancy force (Fb) can be calculated as 

𝐹 1.3𝛾𝐴       for d ≤ 0.5Dt 

𝐹
.  . 

ℎ 𝑑    for 0.5Dt < d < 0.5ht 

𝐹


       for d ≥ ht              (16) 

For d/Dt < ht/Dt, the bearing factor is referred to as Nt,s and can be expressed as 

𝑁 , 0.6


𝑁 , 0.6


   for su/γDt < 1 

𝑁 , 0.6


𝑁 , 0.6


   for 1 ≤ su/γDt < 8.3 

𝑁 , 4.7 𝑁 , 4.7
.

    for su/γDt > 8.3              (17) 

where p = 0.33(su/γDt)-0.43. 

Nt,c is the factor with the existence of the trapped cavity, which increases from Nt,c = Nt,t at the formation of the trapped 
cavity (d/Dt = ht/Dt) to Nt,c = Nt,d at the depth of diminishing the trapped cavity and mobilising the fully localised flow-
round mechanism (d/Dt = hf/Dt); and can be expressed according to 

𝑁 , 𝑁 ,
, , 𝑑 ℎ     for su/γDt ≤ 8.3 

Nt,c = 9.75      for su/γDt > 8.3              (18) 

Interpretation framework: A suggested procedure for estimating undrained shear strength from T-bar penetration 
resistance in single layer clay is outlined in Figure 7, covering all three scenarios revealed in this paper. The procedure is 
based on a more typical (for both field and centrifuge) T-bar roughness of  = 0.3, though can be modified for other 
values of  using corresponding values of Nt,t, ht, hf. 

4.2      SOFT-STIFF CLAY 

All the resistance profiles in the 1st (soft) layer, regardless of strength ratio (su1/su2) and thickness ratio (t1/Dt), follow the 
response in a single layer clay just discussed. All the profiles deviate slightly from the single layer profile about ~1.2Dt 
above the soft-stiff layer interface and increase sharply forming a kink at 0.15Dt above the interface (see Figure 8), being 
influenced by the underlying stiff clay layer. A squeezing mechanism dominates the behaviour close to the interface 
(Figure 9). The increasing of resistance continues in the 2nd layer. The profiles attain the ultimate resistance in the 2nd 
layer at a distance of 12Dt below the layer interface (see Figure 8). No soil plug is found to trap at the base of the T-bar 
and descend in the 2nd layer (see Figure 9).  

Interpretation framework: The layer interface can be identified at a distance 0.15Dt below the kink in penetration 
resistance in the 1st layer. The shear strength of the 1st (soft) layer can be interpreted following the interpretation 
framework developed for single layer clay in Figure 7. The strength of the 2nd (stiff) layer can be interpreted using the 
stabilised resistance in that layer after 12Dt penetration in that layer. 

4.3      STIFF-SOFT CLAY 

In the 1st layer, the profiles deviate from the single layer profile at a significantly larger distance ( 4.8Dt) from the 
interface compared to that in soft-stiff clays (~0.15Dt) (see Figure 10). A local peak of the T-bar resistance is formed 
when the T-bar starts to sense the bottom soft layer. After the peak, the T-bar resistance drops rapidly due to the influence 



of the 2nd (soft) layer. The distance of the peak resistance in the 1st layer to the layer interface (or the influence distance 
of the 2nd layer) increases from 4.8Dt to 7.5Dt as t1/Dt increases from 8Dt to 25Dt. The profiles only for t1/Dt ≥ 25 attain 
the stabilised response of the 1st layer. As such, for interpreting shear strength, the stabilised resistance and limiting factor 
Nt,d can be used for t1/Dt  25. For t1/Dt < 25, the resistance profile prior to the peak and shallow bearing capacity factors 
should be used for interpretation according to the framework proposed in Figure 7.   

When the T-bar penetrates in the 2nd layer, the rapid reduction in resistance continues. Eventually, all the profiles attain a 
kink consistently at a depth of ~4.2Dt below the interface, regardless of t1/Dt and su1/su2, indicating that the interface can 
be identified at ~4.2Dt above the kink in the 2nd layer (see Figure 10). The ultimate resistances are found to be higher than 
the resistance for the corresponding single layer clay (see Figure 10). This is because the T-bar penetrates in the 2nd layer 
with a trapped stiff soil plug at the base. The volume of the trapped soil plug remains somewhat constant regardless of 
t1/Dt, but increases with su1/su2 (see Figures 11 and 12). The difference of the deep factor with (Nt,dt) and without (Nt,d) the 
effect of the trapped soil plug is denoted as Fin = (Nt,dt – Nt,d)/Nt,d. su2 can then be calculated using the resistance after 
~4.2Dt according to  

𝑠
,

                  (19) 

𝑁 , 𝑁 , 1 𝐹                  (20) 

𝐹 0.02%
.

                 (21) 

Interpretation framework: The influence depth below the interface is constantly ~4.2Dt regardless of su1/su2 or t1/Dt, 
and therefore the stiff-soft layer interface can be identified as ~4.2Dt above the kink point on the resistance profile in the 
bottom layer (Equation 22). For the 1st layer, if t1/Dt  25, the ultimate/full resistance after t1/Dt = 25 and Nt,d should be 
used in Equation 2 to calculate su1. For t1/Dt < 25, the resistance profile prior to the peak and shallow bearing capacity 
factors should be used for interpretation according to the framework proposed in Figure 7. In the 2nd layer, the stabilised 
resistance in the layered soils are higher than that of the corresponding single layer clay, with the difference independent 
of t1/Dt, but affected by su1/su2, and Equations 19~21 can be used to obtain su2. Based on the above findings, the full 
procedure for interpreting the undrained shear strength profile of stiff-soft clay sediments is proposed and illustrated in 
Figure 13.  

∆
0.15  below the kink for soft-stiff layer interface            (22a) 

∆
4.2  above the kink for stiff-soft layer interface             (22b) 

where t is the distance from the kink on the penetration resistance to the layer interface. 

5 BALL PENETROMETER 

A ball penetrometer was suggested some years ago (Vallejo, 1982), but appears to have been taken up again only recently 
(Watson et al., 1998; Newson et al., 1999; Boylan et al., 2007). The standard ball penetrometer used in practice is spherical 
in shape, having a diameter of 113 mm (area of Ab = 10000 mm2) with a lightly sand blasted surface. It is capable of 
measuring pore pressure at any location of the sphere and just behind the ball. The penetration tests are carried out at a 
rate of 20 mm/s, which ensures undrained conditions in clay. Equation 2 can be used to calculate su, taking N = Nb. The 
research results have been reported in Zhou et al. (2013, 2016) and Wang et al. (2020b). 

5.1      SINGLE LAYER CLAY 

Deep bearing factor: The projected area and shaft area ratio (a = As/Ab = 0.1; Ds = 36 mm) of the ball penetrometer are 
identical to the T-bar penetrometer. However, the effect of the shaft is minimal for the T-bar as it forces the soil to flow 
around the plane strain bar (where the 36 mm shaft occupies only 14% of the length of 250 mm). In contrast, for the 
spherical ball, the soil flows around the axisymmetric sphere (see Figure 14) where the shaft occludes 32%, which needs 
to be accounted for. This effect is investigated extensively (along with Zhou & Randolph, 2011) for a deeply buried ball 
with fully localised flow-round mechanism, and the deep factors for a = 0.1 and  = 0~1 can be approximated as 

𝑁 , 10.65 4.08𝛼 2.15𝛼 2.42𝛼                 (23) 

Shallow bearing factors: It can be seen in Figure 15 that during initial penetration the failure mechanism extends upward 
to the surface, leading to surface heave and the formation of a cavity above the ball. With further penetration, soil begins 
to flow back gradually onto the top of the ball, and the cavity is stabilised. When a deep penetration depth is reached, the 
soil flow becomes fully localised around the ball, and flow-round or a deep localised failure mechanism occurs. A 



combination of vertically downward flow, cavity expansion type flow and rotation flow dominated the ball behaviour. 
Unlike the T-bar penetrometer, no trapped cavity was formed above the ball.  

The depth of the onset of soil backflow is found to be equal to the limiting cavity depth (hc/Db) above the advancing ball 
penetrometer. The depth of attaining fully localised flow is referred to as hf/Db. All the corresponding data show a unique 
trend and can be expressed as 

2.68


.
0.1



.
                 (24) 

3.1


.
0.1



.
                 (25) 

Similar to the T-bar, accounting for the variation in resistance from soil strength and from soil buoyancy, the undrained 
penetration resistance of the ball penetrometer, qnet, can be expressed as 

𝑞 𝑁 , 𝑠 𝑁 , 𝛾𝑑                  (26) 

where shallow bearing factor Nb,s can be presented as a proportion of the deep one (Nb,d) according to 

𝑁 , 3 𝑁 , 3
. 

.

 𝑁 ,                 (27) 

where din is the penetration depth of the ball invert. The buoyancy factor Nb,b can be simply calculated as 

𝑁 , 𝑓                   (28) 

where Ve is the volume of the embedded ball below the mudline level, which can be calculated as 

𝑉 3 ℎ                  (29) 

For din/Db > (hc/Db + 1), the volume of the embedded shaft may be included. fb is a factor to account for the effect of local 
heave, which exceeds unity if the embedment of an object creates heave, altering the geometry of the soil surface. This 
can be expressed as  

𝑓 Max 1,1 2 1                   (30)  

Finally, for the operative penetration depth d, the following expression can be proposed 

                  (31) 

The interpretation framework is illustrated in Figure 16. 

5.2      SOFT-STIFF CLAY 

Consistent to the T-bar response, all the resistance profiles in the 1st (soft) layer, regardless of strength ratio (su1/su2) and 
thickness ratio (t1/Db), follow the single layer response prior to increasing rapidly forming a kink at 0.15Db above the 
layer interface, being dominated by a squeezing behaviour. However, in the 2nd layer, a significantly lower distance of 
~2Db below the layer interface is required to reach the limiting resistance of that layer (see Figure 17). No soil plug is 
found to trap at the base of the ball and descend in the 2nd layer (Figure 18).  

Interpretation framework: The layer interface can be identified at a distance 0.15Db below the kink in penetration 
resistance in the 1st layer. The shear strength of the 1st (soft) layer can be interpreted following the interpretation 
framework developed for single layer clay in Figure 16. The strength of the 2nd (stiff) layer can be interpreted using the 
stabilised resistance in that layer after 2Db penetration in that layer. 

5.3      STIFF-SOFT CLAY 

In the 1st layer, the profiles deviate from the single layer profile at a distance of ~4Db (vs  4.8Dt for the T-bar) from the 
interface. A minimum 1st layer thickness of t1/Db = 6~8 depending on  (compared to t1/Dt  25 for the T-bar) is required 
to mobilise the ultimate resistance of the layer (see Figure 19). As such, for interpreting shear strength, the stabilised 
resistance and limiting factor Nb,d can be used for t1/Db  ~8. For t1/Db < ~8, the resistance profile prior to the peak and 
shallow bearing capacity factors should be used for interpretation according to the framework proposed in Figure 16.   



In the 2nd layer, it takes around 2Db (compared to ~4.2Dt for the T-bar) below the interface to stabilise the resistance 
profiles (see Figure 17). The ultimate resistances are higher than the resistance for the corresponding single layer clay 
because of the trapped stiff soil plug at the base of the ball. The rougher the ball (higher ) and relatively stronger the 
stiff clay (higher su1/su2), the greater the volume of the trapped soil plug (e.g. see Figure 20). Similar to the T-bar, su2 can 
then be calculated using the resistance after ~2Db according to 

s
,

                  (32) 

N , N , 1 F                  (33) 

F 0.95exp 4                 (34) 

Interpretation framework: The interfaces can be identified according to Equation 35. Suggested procedures for 
interpreting the undrained shear strength profile from ball penetration data, qnet, are outlined in Figure 21. The calculation 
is first completed using the single-layer method in Figure 16. For the bottom layer, an adjustment for the trapped stronger 
soil is then carried out, following the method presented in Figure 21, and taking the initial input (su1, su2, Nb,d) from the 
previous calculation. 

∆
0.15  below the kink for soft-stiff layer interface            (35a) 

∆
4   above the kink for stiff-soft layer interface             (35b) 

where b is the distance from the kink on the penetration resistance to the layer interface. 

6 CONCLUDING REMARKS 

The continuous penetration responses of cone, T-bar and ball penetrometers in stratified marine clay sediments have 
extensively been explored through large deformation finite element analyses and centrifuge model tests. The insight into 
the behaviour, and mobilised soil failure mechanisms linked with quantified penetration resistance profiles have been 
presented in two dissertations (Ma, 2016; Wang, 2019) and eight journal papers (Zhou et al., 2013, 2016; Ma et al., 2016, 
2017a, 2017b; Wang et al., 2020a, 2020b, 2021a). A summary has been presented in this paper, noting (i) critical soil 
failure mechanisms, and (ii) frameworks for identifying layer boundaries and interpreting strength for each identified 
layer. The following conclusions can be drawn. 

Cone penetrometer 

a) With the progress of penetration, soil flow towards the surface was turned to a cavity expansion type failure. 
b) As the cone penetrated through the interface, negligible layer boundary deformation occurred for soft-stiff 

clay. For the reverse stratification, the layer boundary deformed, and the soil adjacent to the cone was dragged 
down to some penetration depth. However, no soil plug was trapped at the base of the cone and carried down 
in the next layer.  

c) The layer boundaries can be identified using Equation 4, and data interpretation frameworks presented in 
Figures 3 and 4 can be used for deducing undrained shear strength of the layers.     

T-bar penetrometer 

a) With the progress of penetration, three mechanisms have been identified including: soil flow towards the 
surface, trapped cavity, fully localised flow-round failure. 

b) As the T-bar penetrated through the interface, no soil plug was trapped at the base of the T-bar for soft-stiff 
layering. However, for stiff-soft layering, a plug was trapped and descended down in the lower layer, with the 
volume of the plug increased with the increase of stiff/soft strength ratio and T-bar surface roughness, but 
remained somewhat constant regardless of the relative thickness of the stiff layer.  

c) The layer boundaries can be identified using Equation 22, and data interpretation frameworks presented in 
Figures 7 and 13 can be used for deducing undrained shear strength of the layers. 

   Ball penetrometer 

a) With the progress of penetration, three mechanisms have been identified including: soil flow towards the 
surface, leading to surface heave and the formation of a cavity above the ball; soil flow back into the cavity 
above the ball, keeping the stabilised cavity open; deep mechanism with a combination of vertically downward 
flow, cavity expansion type flow and rotation flow dominated the ball behaviour. Unlike the T-bar 
penetrometer, no trapped cavity was formed above the ball. 



b) Soil flow-round occurs around the plane strain bar of the T-bar penetrometer and the axisymmetric hemisphere 
of the ball penetrometer. As such, unlike the T-bar, shaft to ball area ratio was shown to have significant 
influence on the resistance factor, which has been quantified.  

c) Similar to the T-bar, no soil plug was trapped at the base of the T-bar for soft-stiff layering. However, for 
stiff-soft layering, a stiff soil plug was trapped and descended down in the lower layer, with the volume of the 
plug increasing with the increase of stiff/soft strength ratio and ball surface roughness, but remaining 
somewhat constant regardless of the relative thickness of the stiff layer. 

d) The layer boundaries can be identified using Equation 35, and data interpretation frameworks presented in 
Figures 16 and 21 can be used for deducing undrained shear strength of the layers. 
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Figure 1: Cone, T-bar and ball penetrometers 

  



 

Figure 2: Soil failure mechanisms associated with cone penetration in soft-stiff-soft clay (after Ma et al., 2016) 

 



 

Figure 3: Procedure for interpretation of layer boundaries and undrained shear strength from measured cone 
penetration resistance: soft-stiff-soft clay (after Ma et al., 2016) 
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Figure 4: Procedure for interpretation of layer boundaries and undrained shear strength from measured cone 
penetration resistance: stiff-soft-stiff clay (after Ma et al., 2017a) 
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Figure 5: Typical penetration resistance profile and soil failure scenarios associated with T-bar penetration in 
single layer clay (after Wang et al., 2020b) 

 

0

5

10

15

20

25

30

0 2 4 6 8 10 12

d
/D

t

Nt

ht for 3

hf for 3

three

su/yD = 41.6

dave ns=3

dave ns=41.6

Nt,d

8%

Stages
(This 
study)

Stages
(White et 
al., 2010)

Full-flow 

Trapped cavity

Shallow failure 

ht; depth of trapped cavity formed

hf; depth of trapped cavity closed

su/γʹD = 3.0 (This study)

su/γʹD = 41.6 (This study)

su/γʹD = 3.0 (White et al., 2010)

su/γʹD = 41.6 (White et al., 2010)

Ⅰ

Ⅱ

Ⅲ

Ⅰ

Ⅲ

StageⅠ

StageⅡ

8%
Nt,t

Nt,t



 

Figure 6: Trapped cavity mechanism associated with T-bar penetration in single layer clay (PIV: particle image 
velocimetry, LDFE: large deformation finite element; after Wang et al., 2020a) 

 



 

 

Figure 7: Procedure for interpretation of undrained shear strength from measured T-bar penetration resistance: 
single layer clay (after Wang et al., 2020a) 

 



 

Figure 8: Penetration resistance profiles for T-bar penetration in soft-stiff clay (after Wang et al., 2021b) 

 

 

 

Figure 9: Soil failure mechanisms associated with T-bar penetration in soft-stiff clay (after Wang et al., 2021b) 



 

Figure 10: Penetration resistance profiles for T-bar penetration in stiff-soft clay (after Wang et al., 2021b) 

 

 

 

Figure 11: Trapped soil plug at the base of T-bar in stiff-soft clay (t1/Dt = 8, 10, 15; after Wang et al., 2021b) 



 

Figure 12: Trapped soil plug at the base of T-bar in stiff-soft clay (su1/su2 = 4, 6, 8; after Wang et al., 2021b) 

 



 

 

Figure 13: Procedure for interpretation of undrained shear strength from measured T-bar penetration 
resistance: stiff-soft clay (after Wang et al., 2021b) 

 



 

 

Figure 14: Soil flow pattern around T-bar and ball 

 

 



 

 

Figure 15: Soil failure mechanisms associated with ball penetration in single layer clay (after Zhou et al., 2013) 

 



 

Figure 16: Procedure for interpretation of undrained shear strength from measured ball penetration resistance: 
single layer clay (after Zhou et al., 2013) 



 

 

 

 

Figure 17: Penetration resistance profiles for ball penetration in soft-stiff and stiff-soft clay (after Zhou et al., 
2013) 
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Figure 18: No soil plug at the base of ball in soft-stiff clay (after Wang et al., 2020b) 

 

 

 



 

 

Figure 19: Penetration resistance profiles for ball penetration in stiff-soft clay (after Zhou et al., 2013) 
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Figure 20: Trapped soil plug at the base of ball in stiff-soft clay (after Zhou et al., 2013; Wang et al., 2020b) 

 



 

 

 

Figure 21: Procedure for interpretation of undrained shear strength from measured ball penetration resistance: 
stiff-soft clay 

 

 

 

 

 

 

 


