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Abstract. Chalk exhibits a viscous behavior depending on time and it presents a noticeable creep under 
constant load. Consequently, piles founded in chalk media may have their design greatly affected. However, 
the different standards of the design of deep foundations don’t take into account this viscous behavior and 
its effect on the pile settlement in the long term. This paper deals with the case of piles under monotonic 
axial loads in chalk. Two methods of predicting pile settlement are developed: the transfer curves method t-
z, taking into account the viscosity, and the macroelement technique. 

1 Introduction  

Chalk has been the subject of several studies during these last decades because of its very particular mechanical behavior, 
as a soft porous rock. Chalk has a nonlinear stress-strain relationship, combining reversible and irreversible deformations 
[1], with the particularity that deformation in the chalk do not occur only because of instantly applied stresses, but also 
because of time-dependent mechanisms.  

Rupture of structures in this soft rock can occur due to creep deformations [2]. Several studies carried out on chalk in 
different laboratories, [1], [3], have shown that this material exhibits a notable creep under constant load.  Nevertheless, 
current regulations such as [4] or [5] do not directly take into account viscous behavior of chalk and its effect on the 
relation load-settlement of the pile. 

This paper aims to study the mechanical behavior of a pile in chalk, under axial loading. Two techniques of pile 
modelling under monotonic axial load are used and compared in this paper to simulate the behavior of piles in the chalk: 
the transfer curves method and the macroelement technique. The transfer curves method implements a viscous t-z law 
based on the elasto-viscoplastic rheological model of Bingham. While considering the soil-structure interaction, the 
development of a macroelement consists in modeling the soil-pile set by a single element with one degree of freedom. 
The macroelement is developed according to an elasto-viscoplastic constitutive law including isotropic hardening. 

2 The transfer curves method (t-z)  

The transfer curve method, also called the t-z method was first described by [6]. It consists in modeling the pile as a 
structural element supported by discrete springs that represent the resistance of the soil along the shaft and the base of the 
pile. The pile is represented by an elastic beam discretized into a series of segments with properties that evolve with depth. 
Each element of the pile is associated with a transfer curve connecting the stress transmitted by this element to its 
displacement.  

2.1 Development of t-z viscous model   

Several experimental and theoretical load transfer curves, linear or not, exist in the literature. However, none of these 
models led to a presentation that combines the non-linear and viscous behavior of the soil. In the following, in order to 
take into account, the time-dependency behavior of the chalk, a viscous t-z model based on the elasto-viscoplastic 
rheological model of Bingham is presented. 

Creep and viscosity effect are introduced in the t-z method by modeling axial friction along the pile by the Bingham 
model (figure 1) formed of a spring in series with a set consisting of a dashpot and a sliding friction element in parallel. 
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Fig. 1. Bingham model: E stands for the Young’s modulus, 𝝈 for the plastic limit and  for the viscosity 

The modeling of the behavior of the soil based on this model is managed by the following formulas: 

𝜎 𝜎 𝐸 ∗ 𝜀                                                 (1) 

𝜎 𝜎  ∗ 𝜀                                                               (2) 

𝜀 𝜀 𝜀                                               (3) 

Two cases may occur: 
- If 𝜎<𝜎 : 

The elastic domain governs the behavior of the soil characterized by equation 1. 
- If 𝜎>𝜎 : 

The formulas 1 and 2 are injected in equation 3 to give the following differential equation: 


𝜀                                                             (4) 

The solution of this equation is given by the following formula: 

𝜎 𝜎 ∗ 𝑒   ∗ 𝜀 𝜎                                                         (5) 

0 denotes the stress in the previous phase. 
The technique presented above is a typical resolution of the Bingham model. The difference with the non-linear t-z 

laws is that the value of the plastic limit 𝜎 is no longer constant. 
If the viscosity is different to zero, when the soil behavior exceeds the elastic limit the viscous behavior represented 

by the formula in the equation (5) generates the law of mobilization of the shaft friction along the pile. On the other hand, 
when the viscosity is zero, the axial friction  follows the time-independent elastic-perfectly plastic behavior. 

2.2 Parametric study 

In this part, a parametric study is carried out to study the effect of the viscosity and the duration of application of the load 
on the behavior of the pile. The calculation was done firstly with a zero viscosity and secondly with a viscosity value of 
100 000 Pa.s.  

For each value of the viscosity, loads are applied stepwise to a final value equal to the bearing capacity of the pile.  
Three periods of load application, 10, 60 and 120 min, are used to illustrate the behavior of the viscous soil, which depends 
essentially on time. Values of pile displacement are calculated every minute. The results are illustrated in the figure 2. 

 
Fig. 2. Displacement evolution with time: a) =0, b) =100 000 Pa.s 
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When the viscosity is zero (figure 2.a), the results found give a good representation of the behavior of the non-viscous 
soil where the settlements for each period of load application are the same. The displacement is constant in function of 
time. The absence of viscosity prevents soil creep and the pile does not experience delayed settlement over time. 

However, the results in figure 2.b are different. Displacement under the same load evolves over time. Creep effect is 
well noticed and the compaction increases by increasing the duration of load application. 

These results present the importance of taking into account the viscosity of the soil, the key aspect of soil creep, in the 
designing stage of piles. The evolution of pile settlement with time must be included in the norms to prevent the rupture 
in the long-term. 

2.3 Application to a case study   

Several in situ tests were carried out on piles in chalk in several cities of France within the LCPC (Laboratoire Centrale 
des Ponts et Chaussées). Among these tests, the one carried out at Fleury sur Andelle, [7], is chosen to do a comparison 
with calculation results from the developed viscous model.   

Several full-scale static loading tests were carried out on a square pile, of 40 cm side and a length of 10.2 m, at different 
times over almost one year in 1976 and 1977 with variable load application period. The chalk is considered the bearing 
layer, located below 3 m of clayed gravel. Numerical results, load-head displacement curves, are compared with the field 
data (figure 3). 

The results show that the calculated results are basically conforming to the measured data, which indicates that the 
developed model showed its relevance on this site. 

 

Fig. 3. Load-Head displacement curves: a) duration of load application 60min (28-4-1976), b) duration of load application 30min 
(11-1-1977) 

3 Development of a macroelement 

3.1 Principle and formulation of the macroelement   

The macroelement allows a simple and direct analysis of soil-structure interaction problems that can occur at the 
foundation level. The behavior at the interface is thus reproduced in a global manner to save computing time. The concept 
of macroelement was initially introduced in the context of superficial foundations by [8] to simulate the behavior of a 
rigid foundation resting on a frictional soil. 

The principle of a "macroelement" consists of replacing the soil-pile system by a single element with a correspondent 
number of degrees of freedom which is placed at the base of the superstructure and which aims to reproduce the non-
linear effects of the soil-structure interaction take place at the pile level. 

The formulation of macroelement includes the implementation of an elasto-viscoplastic constitutive law and the flow 
rule that define the elastic and viscoplastic behavior of the soil-pile system. Thus, it is essential to determine the load 
surface and its evolution with viscoplastic displacement. In this present work, an isotropic hardening law is used. 

The elastic behavior is defined according to equation (6): 

𝑄 𝑘 . 𝑠                                                          (6) 

Q is the applied load, kt the stiffness of the spring and se the elastic displacement. 
The limit state f is defined by equation (7) and the flow rule is assumed to be associated. 

𝑓 : 𝑄 𝑄 0                                                        (7) 

Qc is the elastic limit evolving according to an isotropic hardening law, given by the following equations: 

𝑄 𝑄 | ∗                                           (8) 
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𝑄 | 𝑄                                          (9) 

The formula (8) is inspired from the expression proposed by [9] and then taken up by [10] to describe the evolution 
of the pre-consolidation pressure as a function of the rate of deformation. These expressions coming from the literature 
are written in terms of loads and displacements instead of stresses and deformations so that they are adapted to the current 
case. 

Qcr is the creep load, 𝑠  is the viscoplastic displacement, 𝑠  is the viscoplastic displacement velocity and 𝑠  is the 
reference viscoplastic displacement velocity, a, b and α are empirical parameters. The term Qcr + a designates the limit 
resistance without the effect of time and the parameter b quantifies the speed to reach the limit load. The viscous behavior 
of the soil is presented by the parameter α which presents the degree of influence of the rate of deformation. The load 
function is dependent on the speed of displacement capable of illustrating the time-dependent viscous behavior. This 
macroelement is tested under constant load for different application times in order to illustrate creep deformation of chalk. 

3.2 Results 

Firstly, a t-z calculation with a zero viscosity is performed to determine the static parameters, of the macroelement. A 
value of approximately zero is given to the parameter α to illustrate the static case in the absence of effects related to time. 
Table 1 summarizes the parameters of the elasto-viscoplastic model obtained by calibration of the curve load-head 
displacement obtained by this macroelement with that obtained by the t-z method with zero viscosity (figure 4.a).  

Table 1. Static parameters of the macroelement 
 

 

 

   
Fig. 4. Calibration of macroelment parameters from t-z calculation: a) Static parameters, b) viscous parameters ƞ=10000 Pa.s, 
α=0.0012 

The same parameters were used for time dependent calculations using this macroelement in order to examine its ability 
to reproduce results observed by the t-z method. A t-z calculation was done, with =10000 Pa.s. Calibration of the 
macroelement is done on the t-z model results in order to determine the viscous parameter α corresponding to the chosen 
value of ƞ (figure 4.b). The value of α found is 0.0012. 

Lastly, the effect of the load application duration is taken into account. Using the determined value of α, a comparison 
between results obtained by the two methods with two different durations, 15 and 120 min, is made (figure 5). 

 

Fig. 5.  Comparison of load-displacement curves at the top between the t-z and macroelement methods for a viscosity of 10,000 Pa.s 
with different duration of load application: a) 15 min, b)120 min 
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The results show a good consistency between these two methods even with the different durations of loading. The 
setting of the macroelement therefore does not depend on the duration of application of the load. The macroelement 
developed is capable to capture with reasonable reliability the viscous behavior of the chalk. 

4 Conclusion 

This paper focused on the study of behavior and dimensioning of piles in chalk under monotonic load. The chalk shows 
a noticeable creep under a constant load. In order to contribute to the prediction of the response of a pile under monotonic 
loading in chalk, a viscous model based on the transfer curves method is developed.  This t-z curve method is used to 
model the friction along the pile shaft by an elasto-viscoplastic 1D rheological model derived from that of Bingham. A 
parametric study of this model showed the important influence of viscosity. In addition, a comparison of experimental 
results of pile load test and results from the developed model has shown a good consistency. 

The results obtained with the macroelement are encouraging. Studies have shown that this method reduces 
computational costs, by reducing the calculation time, with a good agreement between t-z method and macroelement. 
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