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ABSTRACT:  The load-displacement response of axially-loaded piles is controlled by the axial stiffness of 

the pile and the shaft friction t-z load transfer behaviour. In many soils, the t-z response softens beyond a peak 

value, sometimes to as low as 10% of the peak resistance. This behaviour can be critical to the design of 

offshore piles, particularly in rock. The t-z brittleness causes progressive failure that affects the peak axial 

capacity of the pile. This paper describes a set of physical models that demonstrate this effect in a simple way, 

with visual and quantitative demonstrations of the effect of t-z softening and pile axial stiffness on axial 

capacity. The models use dry spaghetti in three-point bending to provide a linear-elastic – brittle-softening t-z 

response. These pasta t-z elements are loaded in series via 3D-printed model piles with a range of axial 

stiffness. The response of this physical model can be simulated via classical pile solutions as well as by discrete 

modelling of the system of springs made up of the pasta t-z elements and the model pile. These physical models 

provide a visual demonstration of the progressive failure mechanism as well as quantitative results that match 

theoretical pile t-z response models. Combined with the accompanying teaching materials, these models 

provide a popular and insightful component of a masters-level course on advanced geotechnical engineering. 

 

 

1 INTRODUCTION 

The axial response of piles is a controlling factor in 

the design of foundations for onshore and offshore 

structures (Randolph and Gourvenec 2011), and 

consequently, forms an important topic in 

geotechnical engineering education. 

In university courses and associated textbooks 

(e.g., Salgado 2022), the axial response of piles is 

generally divided into two components: (i) the 

ultimate capacity, and (ii) the elastic (serviceability) 

response. Current pile design methods for capacity 

and stiffness usually include elements of empiricism 

(Randolph 2003), with key parameters often 

calibrated based on load test databases, reflecting the 

difficulty in precisely calculating the pile response as 

a result of installation and loading. Despite this, it is 

important that the teaching process conveys the key 

mechanisms by which piles respond to load and 

shows how the mechanisms are controlled by the pile 

and pile-soil interaction parameters. 

To simplify the three-dimensional pile problem 

and model the pile response, Seed and Reese (1957) 

and Coyle and Reese (1966) introduced the 

modelling of local load-displacement (t-z) curves 

along the pile shaft. These early t-z concepts have 

evolved through the development of analytical elastic 

t-z curves (Randolph and Wroth 1978) and the 

inclusion of soil non-linearity (e.g., Kraft et al. 1981, 

Bateman et al. 2022). A key aspect of t-z curves is 

their ability to represent progressive pile failure 

under axial load, which is modelled by the softening 

of the t-z curve (Randolph 2013). A softening t-z 

response of the form typically seen for drilled and 

grouted piles embedded in rock is shown in Error! 

Reference source not found.. 

 

 
Figure 1. Typical t-z softening response of a pile element 

(Randolph & White 2008) 

In this case, under monotonic loading, the shaft shear 

stress on a pile element falls by a factor of 2. A further 

fall in capacity is evident during subsequent cyclic 

loading. Similar forms of softening t-z response are 

found in clays, with guidelines typically suggesting a 

fall to 70% of the peak capacity (ISO 2025). In rock, 



Bateman and White 

2 Proceedings of the ICPMG 2026 

the fall in capacity can be more significant, 

depending on the pile and rock parameters (e.g. 

Seidel and Haberfield 2002, Erbrich et al. 2010). 

Any level of t-z softening, combined with the 

compression of the pile under axial loading, leads to 

a form of progressive failure, because the peak in 

load transfer cannot be mobilised simultaneously 

along the entire pile length. This mechanism is 

illustrated in Error! Reference source not found.. 

When the peak in resistance is mobilised at the 

central part of the pile (marked B), the upper section 

(A) has already displaced beyond the peak, while the 

lower part (C) is yet to mobilise the peak, due to axial 

shortening of the pile. 

 

 
Figure 2. Illustration of progressive failure due to t-z 

softening (after Randolph & Gourvenec 2011) 

 

The effect of this progressive failure mechanism on 

the axial pile capacity 𝑉𝑚𝑎𝑥 can be quantified by the 

ratio parameter: 

 𝑅𝑝𝑓 = 𝑉𝑚𝑎𝑥/𝑉𝑟𝑖𝑔𝑖𝑑   (1) 

 

which denotes the proportion of the ‘ideal’ or rigid 
pile capacity, 𝑉𝑟𝑖𝑔𝑖𝑑, that is mobilised under the 

maximum monotonic load, 𝑉𝑚𝑎𝑥. The example pile 

head response shown in Error! Reference source 

not found. is for a typical offshore drilled and 

grouted pile, and shows that only 64% of 𝑉𝑟𝑖𝑔𝑖𝑑, the 

‘ideal’ capacity, is available under monotonic 

loading (𝑅𝑝𝑓 = 0.64). This demonstrates the 

significance of progressive failure and shows the 

importance of teaching this mechanism, alongside 

methods for estimating both the ideal capacity of the 

pile and the pile head stiffness under working loads. 

 
Figure 3. Pile head response with t-z softening (Randolph 

& White 2008)  

 

To this end, the purpose of this paper is to describe 

the design and theoretical analysis of a physical 

model that demonstrates the progressive failure effect 

using dry pasta as a simple mechanical analogue for 

the pile-soil interaction. The paper structure is as 

follows: 

 

1. Theoretical models for pile response are 

described, illustrating the concepts that are 

covered in the teaching of axial pile behaviour. 

2. The mechanical analogue system for pile-soil 

interaction, based on dry pasta, is introduced. 

3. The performance of the resulting desktop model 

of axial pile behaviour is evaluated, showing that 

it captures the key underlying mechanisms. 

4. The associated teaching material is described, 

showing how the physical models fit into teaching 

activities at the University of Southampton. 

2 THEORETICAL MODELS  

2.1 General elastic axial pile response 

The axial response of a compressible pile under axial 

load is governed by the following expression, which 

combines the pile elastic compression with the 

equilibrium of a thin pile element of height 𝑑𝑧: 

 𝑑2𝑤𝑑𝑧2 = 1(𝐸𝐴)𝑝 𝑑𝐹𝑑𝑧  (2) 

 

where 𝑤 is the axial movement of a pile element at 

depth, 𝑧, (𝐸𝐴)𝑝 is the pile axial stiffness, and 𝐹 is the 

axial force in the pile (which is denoted 𝑉 at the pile 

head). For a cylindrical pile, the axial load in the pile 

varies due to load transfer, 𝑡, via shear stress, 𝜏𝑠, on 

the pile shaft around the circumference 𝜋𝐷, such that: 
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 𝑑𝐹𝑑𝑧 = −𝑡 = −𝜋𝐷𝜏𝑠 (3) 

 

The t-z stiffness can be defined using the ratio of load 

transfer to axial pile movement, 𝑘𝑡 = 𝑡/𝑤. 

2.1.1 Elastic solution for pile head response 

In conditions where the soil properties are constant 

with depth, integration of the governing equation of 

the pile response leads to a general expression for the 

pile head stiffness (Mylonakis and Gazetas 1998): 

 𝐾ℎ𝑒𝑎𝑑 = 𝑉𝑤ℎ𝑒𝑎𝑑 = 𝑆 𝑘𝑄+𝑆 tanh(𝜇𝐿)𝑆+𝑘𝑄 tanh(𝜇𝐿)  (4) 

 

where 𝜇𝐿 = √ 𝑘𝑡(𝐸𝐴)𝑝 𝐿 ,    𝑆 = (𝐸𝐴)𝑝𝐿 𝜇𝐿 = √(𝐸𝐴)𝑝𝑘𝑡 

and 𝑤ℎ𝑒𝑎𝑑 is the settlement at the pile head, 𝐿 is the 

pile length and 𝑘𝑄 is the stiffness of the pile base. For 

a long pile, the contribution of the base response may 

be negligible (and tanh(𝜇𝐿) → 1), so: 

 𝐾ℎ𝑒𝑎𝑑 = 𝑉𝑤ℎ𝑒𝑎𝑑 = 𝑆 =  √(𝐸𝐴)𝑝𝑘𝑡 (5) 

2.1.2 Theoretical solution for t-z response 

The elastic load transfer stiffness 𝑘𝑡 is controlled by 

the shear modulus of the surrounding soil, 𝐺. 

Theoretical solutions involving integration of the 

shear stresses in the surrounding soil are presented by 

Randolph & Wroth (1978), and show that: 

 𝑘𝑡 = 2𝜋𝜁 𝐺  where   𝜁 ≈ 𝑙𝑛 (2𝐿𝐷 ) ≈ 4 (6) 

 

Equations (5) and (6) provide simple solutions that 

allow the elastic axial head stiffness of an axially-

compressible pile to be estimated, but neglect any 

post-peak behaviour. 

2.2 General solutions for brittle pile capacity 

Any softening (brittleness) in the t-z response leads 

to a capacity reduction for a compressible pile, so that 𝑅𝑝𝑓 < 1. Solutions for 𝑅𝑝𝑓 based on idealised forms 

of t-z response are presented by Murff (1980) and 

Randolph (1983) using the t-z responses in Error! 

Reference source not found.. 

The Murff (1980) analysis combines an initial 

elastic response (Equation 6) with a subsequent 

constant ‘residual’ plastic resistance, defined as a 

proportion of the peak shear stress value 𝜏𝑠,𝑓, i.e. 𝜉 = 𝜏𝑠/𝜏𝑠,𝑓. Randolph (1983) used a non-linear 

response for the pre- and post-peak responses, 

characterised by the displacement to the residual 

value, Δ𝑤𝑟𝑒𝑠. 

 
Figure 4. Idealised models for brittle t-z response 

 

Both the Murff (1980) and Randolph (1983) 

approaches lead to solutions for 𝑅𝑝𝑓 that depend on 

the t-z brittleness and the pile shortening. The 

shortening depends on the total peak friction along 

the pile and the pile axial stiffness. These parameters 

are captured in the pile compliance, 𝐶, defined as: 

 𝐶 = 𝑄𝑠𝐿(𝐸𝐴)𝑝𝑤𝑟 = 𝜋𝐷𝜏𝑠,𝑓𝐿2(𝐸𝐴)𝑝𝑤𝑟 = (𝜇𝐿)2 (𝑤𝑓𝑤𝑟) (7) 

 

where 𝑄𝑠 is the maximum shaft friction mobilised on 

a rigid pile and 𝑤𝑟 is the displacement at which the 

residual stress is reached (𝑤𝑟 = 𝑤𝑓 + Δ𝑤𝑟𝑒𝑠 in 

Randolph 1983, 𝑤𝑟 = 𝑤𝑓 in Murff 1980). 

The resulting variation in 𝑅𝑝𝑓 with compliance, 𝐶, 

is illustrated in Error! Reference source not found. 

based on (i) the analytical solution fitted by Randolph 

(2013) to the earlier numerical studies (Randolph 

1983) given by Equation 8 and (ii) the Murff (1980) 

solution for the linear elastic-brittle response given 

by Equation 9. While the Randolph (2013) solution 

is based on a sophisticated non-linear t-z model, the 

Murff (1980) solution with 𝜉 = 0 is focused on in this 

paper because it closely represents the physical 

model described later. 
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Figure 5. Reduction factor, 𝑅𝑝𝑓 from progressive failure 𝑅𝑝𝑓 ≈ 𝜉 + (1 − 𝜉) tanh ( 1√𝐶) (8) 

 𝑅𝑝𝑓 = 𝜉 𝐿𝑝𝐿 − 1√𝐶 [𝛼 exp(−2(1−𝐿𝑝𝐿 )√𝐶)+1𝛼 exp(−2(1−𝐿𝑝𝐿 )√𝐶)−1] (9) 

 

where 
𝐿𝑝𝐿 = 1 + 12√𝐶 ln [1𝛼 (1 − 2𝜉 + 2𝜉 √1 − 𝜉)] 

           𝛼 = −√𝐶+𝑘𝑄𝐿 (𝐸𝐴)𝑝⁄√𝐶+𝑘𝑄𝐿 (𝐸𝐴)𝑝⁄  

 

The ratio 𝐿𝑝 𝐿⁄  represents the normalised depth to 

which t-z yield has progressed, and is limited to 

between 0 and 1 when input into Equation 9. 

2.3 Discrete spring model for pile response 

An analysis of the pile response can also be 

developed based on a finite number of discrete 

springs, akin to the schematic in Figure 6. This leads 

to the same trends as described above and directly 

represents the physical model described later. 

The pile head stiffness can be computed using the 

discrete spring formation shown in Figure 6. Firstly, 

the elastic stiffness of the individual pile springs is: 

 𝑘𝑝 = 𝑁 𝐸𝐴𝐿  (10) 

 

where 𝑁 is the number of pile springs. 

From which a recursive formulation can be used 

to compute the pile head stiffness, 𝑘ℎ𝑒𝑎𝑑: 

 𝑘(0) = 𝑘𝑄 (11a) 𝑘(𝑛) = 𝑘𝑡Δz + ( 1𝑘(𝑛−1) + 1𝑘𝑝)−1
 (11b) 

 

 

Figure 6. Elastic axially-loaded pile-soil system 

where 𝑛 = 1, 2, 3, … , 𝑁 refers to the pile-soil 

stiffness below 𝑛 pile-soil units (Figure 6), 𝑘𝑄 is the 

stiffness of the base spring (taken here as 0), Δ𝑧 is the 

length of the pile shaft that the t-z curve represents 

and 𝑘(𝑁) = 𝑘ℎ𝑒𝑎𝑑. 𝑘𝑡 can be given by Equation 6. 

The Murff (1980) brittle t-z response with 𝜉 = 0 

(Error! Reference source not found.) can be 

incorporated into this analysis by recognising that 

above the pile elevation where 𝑤 = 𝑤𝑓 there is no t-

z contribution, and the response is simply an elastic 

column, for which the stiffness is (𝐸𝐴)𝑝. A similar 

approach was used by Murff (1980) to develop an 

analytical solution to the brittle pile response. 

Therefore, to compute the pile head stiffness for the 

head displacement at which 𝑁𝑓 t-z springs have 

exceeded 𝑤𝑓, Equation 11 can be employed for 𝑛 = 1,2,3, … , (𝑁 − 𝑁𝑓) to calculate 𝑘(𝑁 − 𝑁𝑓), 

which can be considered to be acting in series with 

the remaining pile springs. Therefore: 

 𝑘ℎ𝑒𝑎𝑑 = ( 1𝑘(𝑁−𝑁𝑓) + 𝑁𝑓𝑘𝑝)−1
 (12) 

 

Using Equations 10, 11 and 12, the force-

displacement response at the pile head is plotted in 

Figure 7 for different values of 𝑁 for an example pile. 

 

 
Figure 7. Normalised load-displacement curve using 

varying numbers of discrete springs, N 

 

This approach can be used to identify the number 

of springs required to achieve a sufficiently smooth 

head response. For example, with only two t-z 

springs, the pile head load must fall by at least a 

factor of 2 when the upper t-z spring fails, because 

the lower spring must be mobilising a lower load at 

that point (due to its lower displacement, from 

compression of the pile). Also, for 𝑁 = 5, only 4 

distinct t-z failure locations can be seen since the 

lowest (final) two t-z elements fail simultaneously. A 

similar effect can be seen with higher 𝑁 values. The 
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calculated head response is smoother when a higher 

number of springs N is used and with increasing 𝜇𝐿. 

3 PASTA-BASED T-Z ANALOGUE 

To support teaching of pile behaviour at the 

University of Southampton, a 3D printed model pile 

system using a pasta-based brittle t-z analogue has 

been developed. This demonstrates the progressive 

failure mechanism that influences axial pile design 

and enables students to develop an intuitive 

understanding of t-z curves and pile-soil interaction. 

The complete physical model of the pile-soil 

system is comprised of a 3D printed model pile 

supported by multiple spaghetti t-z elements, all held 

within a support frame (Figure 8). This system 

behaves similarly to the discrete spring model. 

3.1 Model pile 

The pile is constrained to move freely in the vertical 

direction within a guide in the back plate of the 

support frame. Rigid and compressible versions of 

the model pile allow comparison of behaviour with 

and without the progressive failure mechanism. The 

compressible pile features alternating linear springs 

and spaghetti supports, repeating each 20 mm. 

Both the piles and the support frame are 3D 

printed as single parts (Figure 9), in a horizontal 

orientation on the print bed. No print support 

elements are required, meaning that the components 

can be used immediately on completion of printing, 

without any further finishing required. This is 

achieved by limiting overhang angles and using a 

square cross-section for the pile.  

The pile and support frame designs are modular, 

allowing larger and smaller versions to be produced, 

with different numbers of t-z springs, varying pile 

 

 
Figure 8. Photograph of pile system during loading. 

compressibility and different lengths of spaghetti. 

The example model pile shown in Figure 8 has eight 

pile springs (𝑁 = 8), each with a measured stiffness 

of 𝑘𝑝 ≈11 N/mm. 
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Figure 9. CAD model of support frame and piles. 

3.2 Spaghetti t-z model 

Dry spaghetti is used to produce a brittle t-z response. 

Pillars on each side of the back plate support the 

spaghetti which, in turn, support the pile at the centre 

of their span. The supports are located 100 mm apart. 

This system loads each piece of spaghetti in three-

point bending. Each pillar contains knife-edge 

features that support the spaghetti which are equally 

spaced vertically. Similar knife edge features are 

incorporated at the same vertical spacing within the 

model piles. Slots allow the spaghetti to be placed 

into the front of the model while it is laid flat, rather 

than needing to be threaded through the supports. 

The spaghetti resembles, conceptually, the 

horizontal strata of soil, loaded downwards by the 

model pile. The deformation pattern in three-point 

bending is different to the pattern of downdrag 

associated with the elastic t-z solution, but the 

similarity is sufficient as a mechanical analogue. 

To analyse this model, two parts of the t-z curve 

are required: (1) the initial stiffness and (2) the failure 

displacement. Firstly, in three-point bending, with 

loading at the centre, the stiffness of each spaghetti 

pasta is: 

  𝛥𝐹𝑤 = 48𝐸𝐼𝐿𝑠3  (13) 

 

where Δ𝐹 is the vertical force transfer between the 

pile and the spaghetti, 𝑤 is both the settlement of the 

pile at that elevation and the midspan deflection of 

the spaghetti, 𝐸 is the Young’s  odulus of the 
spaghetti, 𝐼 is the moment of inertia (𝐼 = 𝜋𝐷𝑠4/64) 

and 𝐿𝑠 is the horizontal distance that the spaghetti 

spans between supports. If the vertical spacing 

between the spaghetti springs is Δ𝑧, then the beam 

stiffness is equivalent to a load transfer stiffness, 𝑘𝑡: 

 𝑘𝑡 = 1𝛥𝑧 𝛥𝐹𝑤 = 48𝐸𝐼𝛥𝑧 𝐿𝑠3 (14) 

  

Secondly, each spaghetti in the model (under three-

point bending) will fail at the failure displacement: 

 𝑤𝑓 = 𝐿𝑠2𝜎𝑓6E𝐷𝑠 (15) 

 

where 𝜎𝑓 is the flexural stress at failure and 𝐷𝑠 is the 

diameter of the spaghetti. 

Spaghetti properties (𝐸 and 𝜎𝑓) required in these 

two equations were determined from a three-point 

bending (3PB) tests on single spaghetti pasta 

conducted for this study. As expected, the spaghetti 

was found to be an elastic-perfectly brittle material. 

From the maximum load at failure, 𝛥𝐹𝑓, the flexural 

stress at failure of the spaghetti is given by: 

 𝜎𝑓 = 8𝐿𝑠π𝐷𝑠3 𝛥𝐹𝑓 (16) 

 

where 𝐿𝑠 is the distance between supports and Δ𝐹𝑓 is 

the force measured at failure. This, alongside the 

failure displacement,  𝑤𝑓, is used to estimate the 

Young’s  odulus: 
 𝐸 = 𝐿𝑠2𝜎𝑓6𝑤𝑓𝐷𝑠 (17) 

The measured properties of dry spaghetti are 

compared with typical properties from the literature 

in Error! Reference source not found. (e.g., Voisey 

and Waski 1978, Vemareddy et al 2021). Notably, 

the measured results are quite variable, by at least a 
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factor of 2, despite using spaghetti from a single 

packet. 

 
Table 1. Properties of dry spaghetti pasta 

Property Typical 

(literature) 

Measured 

(this study) 

Young’s  odulus  𝑬 5 − 20 GPa 4 − 11 GPa 

Flexural failure stress, 𝝈𝒇 

100 N/mm2 25 − 50 N/mm2 

Diameter, 𝑫𝒔 1-2 mm 1.6 - 1.7 mm 

 

A loading stiffness range (from three-point 

bending) of Δ𝐹 𝑤⁄ = 𝑘𝑡Δ𝑧 = 0.08 − 0.2  N/mm was 

measured. This is ~100 times smaller than the model 

pile stiffness calculated in Section 3.1. Given a 

vertical spacing of Δ𝑧 = 20 mm, the load transfer 

stiffness is 𝑘𝑡 = 4 × 10−3 − 1 × 10−2 N/mm2. The 

measured values for 𝑤𝑓 are between 4 and 10 mm. 

The tests for this study showed there is wide 

variation in spaghetti properties which may affect the 

model response. Rather than detracting from the 

teaching value of the model, this actually adds to the 

analogy by reflecting real geotechnical variability. 

3.3 Rigid model pile response 

The rigid pile capacity, for a model with 9 spaghetti 

t-z springs shown in Figure 8 (i.e., with a spaghetti 

also acting as the base spring), is given by: 

 𝑉𝑟𝑖𝑔𝑖𝑑 = (𝑁 + 1) 𝛥𝐹𝑓 = (N + 1) π𝐷𝑠38𝐿𝑠 𝜎𝑓 (18) 

 

From the measured spaghetti properties (Error! 

Reference source not found.), this would yield a 

predicted range of 𝑉𝑟𝑖𝑔𝑖𝑑 = 𝑄𝑠 = 4 − 8 N or ≈400 − 800 grams and a failure settlement of 𝑤𝑓 =4 − 10 mm (𝐿𝑠 = 100 mm, Error! Reference 

source not found.). 

3.4 Flexible model pile response 

Given 𝑘𝑝, 𝑘𝑡Δ𝑧 (Equation 14) and 𝑘𝑄 = 𝑘𝑡Δ𝑧, the 

overall head stiffness of the flexible model pile can 

be calculated using the recursive Equations 11 and 

12, following the discrete spring model approach. 

The tendency for progressive failure can also be 

expressed in the form of the pile compliance: 

 𝐶 = 𝑄𝑠𝑤𝑟 ( 𝑁𝑘𝑝) (19) 

 

The predicted load-displacement curve is 

illustrated in black in Error! Reference source not 

found. (with associated spaghetti parameters 

provided), where it can be seen that 𝐶 = 1.26 and 

𝑅𝑝𝑓 = 0.74 (only 4.5% higher than that predicted by 

Murff 1980). This model predicts the first spaghetti 

fails at 4.5 mm of head displacement and the final 

three spaghetti fail simultaneously. Displacement-

controlled loading (or a steady hand) is needed for 

controlled observation of the progressive failure 

since the head load decreases after each spaghetti 

fails. 

The physical model has also been tested using a 

displacement-controlled actuator to provide a 

comparison with the theoretical approach presented. 

The obtained load-displacement curve is shown in 

blue in Error! Reference source not found.. This 

measured result is a good match to the predicted line 

calculated above. 

 

 
Figure 10. Pile head response – measured and calculated 

3.5 Qualitative observations 

The qualitative response of the system is illustrated 

by the photo shown in Figure 8. The loading can be 

applied by hand, steadily displacing the top of the pile 

downwards. It is visually clear that the spaghetti near 

the top of the pile deflects more than at the bottom, 

due to axial compression of the pile. It is also visible 

(and audible) when the strands of spaghetti fail in 

sequence. These follow a general pattern from the top 

downwards, but due to variability in the diameter and 

strength of the spaghetti, it is rare that all nine 

spaghetti fail in perfect sequence from top to bottom. 

Using two models, one with a rigid pile and one 

compressible, it is possible to feel the difference in 

both pile head stiffness (without failing any 

spaghetti) and also the peak capacity, by testing the 

two models simultaneously or in quick succession. 

These demonstrations can be performed by 

students during a class, on individual models that 

they assemble themselves. It can also be performed 

as a demonstration at the front of the class, with 
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commentary and explanation by the lecturer. The 

model can operate when oriented vertically or laid 

horizontally under a classroom visualiser. 

4 ASSOCIATED TEACHING MATERIAL  

These physical models are used in the teaching of 

module CENV6122 Advanced Geotechnical 

Engineering at the University of Southampton. This 

is an optional module at Level 6 in the MEng and 

MSc Civil Engineering programs. A different topic is 

tackled during each week of the 12-week semester, 

with four topics dedicated to piling engineering.  

Topic J is the axial load-settlement response of 

piles. The course is delivered using a flipped 

classroom approach. The students watch a short set 

of prerecorded videos that cover the course content. 

The face-to-face sessions are referred to as 

‘Lectorials’   eing a hy rid of a lecture and a tutorial.   
During the two-hour Lectorial on pile settlement, 

the students complete a worksheet that begins with 

simple calculations of elastic pile stiffness. This is 

followed by a mini-lecture recapping and extending 

the coverage of progressive failure due to pile 

brittleness. The physical models are then used to 

visualise the underlying mechanism, and the students 

estimate the level of progressive failure in both the 

physical models and the two practical case studies. 

These case studies are: 

1. The design of driven tubular piles loaded in 

tension for a floating bridge on the Norwegian 

E39 coastal highway. This activity uses 

publicly-available ground investigation data 

and a bridge concept design.  

2. The design of grouted piles in rock, to anchor 

a tension leg platform installed for a wind 

far  in the UK’s  eltic  ea region.  
For each case study, the students perform simple 

analytical calculations to estimate the effect of 

progressive failure. They then complete a numerical 

analysis using the RATZ t-z software (provided 

courtesy of Prof. Mark Randolph) to quantify the 

progressive failure in more detail. 

5 CONCLUSIONS 

The load-displacement response of axially-loaded 

piles is a soil-structure interaction problem controlled 

by the axial stiffness of the pile and the shaft friction 

t-z load transfer. In many soils the t-z response 

softens beyond a peak value. In soft rocks, the 

resistance can fall by a factor of 2 or more. This t-z 

brittleness causes progressive failure that affects the 

peak axial capacity of the pile. This mechanism 

should be covered when teaching pile axial capacity, 

even though the detail of the t-z softening is an 

advanced subject. 

This paper shows a physical modelling approach 

that meets this aim in a simple way, with visual and 

quantitative demonstrations of the effect of t-z 

softening and pile axial stiffness on axial capacity. 

The models have the following features: 

1. A representation of pile-soil interaction at 

multiple levels down a set of model piles that 

have different controlled axial stiffnesses. 

2. A simple mechanical system based on three-

point bending of dry spaghetti, which 

provides a brittle t-z response. 

The behaviour of the models is consistent with the 

axial pile response predicted by classical analysis 

using brittle t-z models. The progressive failure 

mechanism is visible as the physical model is loaded, 

and the reduction in capacity can be quantified. The 

capacity varies with the relative stiffness of the pile-

soil system and the t-z brittleness, and the resulting 

level of progressive failure is consistent with 

published solutions. The resources to manufacture 

the components of the physical model by 3D printing 

are available from the lead author’s githu  site. 
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