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Abstract 21 

 22 

Reliable modelling of subsidence is an important objective for companies and regulators interested in safe and 23 

environmentally sustainable development of hydrocarbon fields. Subsidence is triggered by the depletion of reservoirs 24 

and connected aquifers, which causes the compaction of the geologic layers. A fundamental requirement of models is the 25 

correct prediction of the pore pressure changes taking place during the production; but capturing  the mechanical 26 

behaviour of the reservoir material and its proper constitutive modelling are equally important. In some cases, the geologic 27 

materials show a time-dependent (viscous) behaviour, which might lead to creep strains at constant stress conditions. As 28 

a consequence, subsidence might be delayed with respect to hydrocarbon production, or continue even when production 29 

has stopped. 30 

This paper refers to the case of two gas reservoirs from the Adriatic basin. Numerical simulations based on elasto-plastic 31 

constitutive models, even if relying on very accurate reconstructions of the pore pressure histories, did not provide a 32 

satisfactory match of subsidence history. This motivated a further insight into the time-dependent behaviour of the sandy 33 

reservoir materials. The results of an exhaustive laboratory investigation were interpreted in light of an existing elasto-34 

viscoplastic model, recently implemented by the authors in a commercial Finite Element code. Numerical predictions are 35 

compared to field data, which include both measurements of compaction, taken in the reservoirs with radioactive markers, 36 

and surface settlements recorded with GPS and bathymetric surveys. A very good agreement was obtained between 37 

simulation results and field data, in terms of maximum settlements, settlement history and extent of the subsidence bowl. 38 

Keywords: 39 
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The Geertsma model introduces the very stringent assumptions of a homogeneous material with a linear isotropic elastic 72 

behaviour. Other analytical models (see e.g. Refs. 12, 13) relaxed the homogeneity and the isotropy assumptions, while 73 

maintaining linear elasticity. However, it is well known that the mechanical behaviour of most of the geologic materials 74 

is elastic only at very small strains, and that it is generally not linear.  75 

A significant improvement in subsidence modelling was obtained accounting for plastic strains occurring along 76 

compression stress paths, by implementing volumetric hardening elasto-plastic models such as the Modified Cam Clay 77 

Model14 into Finite Element (FE) codes. Simulations based on these models proved to be satisfactory for several field 78 

cases15-17, but failed in detecting the correct values and trends of subsidence for others18-21, where an increase in subsidence 79 

was appreciated even after production had stopped or reduced significantly. 80 

Two major mechanisms are considered to be responsible for the delayed subsidence and for the discrepancy between the 81 

simulations and field measurements. The first one is the delayed depletion of low permeability layers, such as shales or 82 

clays, both within and outside the reservoir (see e.g. Ref. 22). Pore pressure decrease, originating in the gas bearing layers, 83 

diffuses very slowly through shales or clays, because of their low permeability. As such, shale compaction will continue 84 

after suspending or even stopping production. Such a compaction adds up to the one of the reservoir and induces a delayed 85 

increase of subsidence, which can be observed only in later stages of the productive life of the field. However, delayed 86 

subsidence has been observed  also in the first years of production, without any relationship to stop of production23. 87 

Delayed subsidence might also depend on the time-dependent behaviour of the materials. For soils, volume strains are 88 

well known to increase with time even under a constant effective stress, a creep phenomenon known as secondary 89 

compression24,25. A similar behaviour has been observed with reservoir sands26 and shales27 loaded to high effective 90 

stresses. Chang et al.20 studied the subsidence history of onshore gas fields by summing the elastic subsidence of a disc-91 

shaped reservoir (evaluated according to Geertsma11) to the compaction of the shale layers surrounding the reservoir. The 92 

hydraulic behaviour of the shales was modelled with the one-dimensional diffusion equation whereas the mechanical 93 

behaviour was modelled with a one-dimensional viscoplastic law. Notwithstanding the simplifying assumptions, 94 

introduced both with respect to the geometry and the hydro-mechanical behaviour, they obtained a good qualitative match 95 

of the subsidence history, suggesting that creep and delayed depressurization of shales are key aspects to be taken into 96 

account for the improvement of subsidence predictions (see also Ref. 28). 97 

This paper aims at discussing the impact of the time-dependent behaviour of reservoir sands on the subsidence of gas 98 

fields. After briefly introducing some elasto-viscoplastic models of use for soils and rocks, the main results of a laboratory 99 

investigation on the time-dependent behaviour of sands from two reservoirs of the Adriatic basin are provided. The 100 
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Adriatic Sea. In this area, gas reservoirs are generally constituted by alternances of sandy and shaly layers, deposited 372 

during the Pliocene and Pleistocene ages (Carola formation till Porto Garibaldi formation) that form multilayered systems 373 

in which every layer may have its own gas-water contact and a thickness variable from a metric scale to thin layers of 374 

few centimeters. The shaly layers are the source rocks of the biogenic gas while the trapping mechanism can be 375 

structural/mixed structural or stratigraphic type. Porosity of hydrocarbon bearing sandy layers is very variable, from very 376 

low values in thin beds environments up to more than 25% in conventional reservoirs. Gas from Adriatic Sea fields is 377 

generally withdrawn through several wells whose production is gathered toward one or more platforms per field. Most of 378 

these platforms are equipped with a continuous GPS station for the monitoring of subsidence evolution. In several fields, 379 

a well is equipped with radioactive markers for the measurements of the compaction of the reservoir rock in time6,55,56. 380 

The companies operating the gas fields are in charge of providing, and periodically updating, subsidence forecasts for 381 

each field based on detailed 3D numerical fluid-dynamic and mechanical models in order to demonstrate the 382 

environmental sustainability of their activities. The results of these models have to correctly reproduce the historical 383 

monitoring data acquired in the field: the two real cases presented in this section aim at highlighting the improvement in 384 

the accuracy of these studies achieved through the adoption of the VNM model, whose implementation in a FE code was 385 

previously tested against synthetic cases57-58. 386 

Herein, all subsidence values for each field were normalized with respect to the maximum subsidence obtained in the 387 

simulation performed with the VNM constitutive model at the GPS station location. 388 

4.1 Workflow 389 

First, a 3D geological model was built starting from reflection seismics and populated with petrophysical properties from 390 

well logs and laboratory analysis of core samples. Next, the geological model was converted into a Finite Difference 391 

fluid-dynamic model of the reservoir, that evaluates the time evolution of pore pressures in the whole computational 392 

domain. Pore pressure fields at selected time steps were finally provided, in a one-way coupled framework, to the 3D 393 

finite element geomechanical model, built using the commercial software Abaqus®. 394 

To correctly evaluate the evolution of the stress state above and around the reservoir and, consequently, correctly predict 395 

the evolution of land subsidence, the geomechanical model also includes the rocks surrounding the reservoir, namely the 396 

overburden, underburden and sideburden regions. The reservoir rocks were described by means of appropriate elasto-397 

plastic or elasto-viscoplastic constitutive laws (e.g. Modified Cam-Clay  - MCCM - and VNM for the present cases, 398 

whose parameters were derived from the laboratory tests described in section 3), while the rocks surrounding the reservoir 399 

were considered as linear elastic. Appropriate stress-dependent rock compressibilities were used in the fluid-dynamic 400 

model to ensure consistency with the mechanical behaviour in the geomechanical model. Because of the non linear, 401 
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 462 

Fig. 10.  Field 1: Evolution of modelled vertical displacement from the start of production to the end of the simulation, with 463 
comparison with GPS series. 464 

 465 

A bathymetric survey was carried out around 10 years after the start of production, i.e. approximately at the same time 466 

when the platform was equipped with the GPS station. This survey allowed to build a map of the subsidence bowl, as the 467 

difference between the assumed undisturbed sea bottom regional trend and the bathymetry measured by the survey. The 468 

resulting map is shown in Fig. 11, together with the position of two sections of interest. In Fig. 11, the iso-subsidence 469 

lines predicted with the VNM are overimposed to the measured ones. 470 

 471 
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 472 
Fig. 11. Field 1: Subsidence from bathymetric survey and from model (contour lines 10%, 20%, 30%, 40%) and position of AB and 473 

CD sections. 474 

 475 

A comparison between the results of the geomechanical studies and the subsidence after the first 10 years of production, 476 

as obtained from the bathymetric survey along the sections highligthed in Fig. 11, is shown in Fig. 12. Despite the fact 477 

that, for the following 11 years of GPS monitoring, subsidence is overestimated by the MCCM_lab simulation and it is 478 

slightly underestimated by the MCCM with GPS calibrated parameters (Fig. 9), at the time of the bathymetry the two 479 

elasto-plastic simulations are coherent in overestimating both the depth and extent of the subsidence bowl. Remarkably, 480 

the VNM simulation is able to accurately reproduce both the depth and the extent of the subsidence bowl directly using 481 

the laboratory derived parameters.  482 

 483 

 484 
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of model results in terms of reservoir compaction from markers and iso-subsidence lines from bathymetries, respectively. 516 

In particular, Fig. 16 shows the good agreement between cumulative compaction observed at the monitoring well and the 517 

VNM model estimates. All the measurements are reproduced within the confidence interval (+/- 3 standard deviation) or 518 

slightly overestimated, except for the measure acquired at year 11.7, which is out of trend and might be affected by 519 

acquisition uncertainties. The subsidence developed in the 7 years between the two bathymetric surveys is well reproduced 520 

by the model results (Fig. 17). Even if calibrated on data from platform B, the model properly reproduces also the 521 

subsidence rate recorded at the GPS station installed on platform A (Fig. 18).  522 

Finally, Fig. 19 shows the time evolution of the 2 cm iso-subsidence line, the minimum distance from the coastline and 523 

the maximum extent at simulation-end, which is set 30 years after the production-end. It is apparent that the extent of the 524 

subsidence bowl after end of production tends to stabilize with time, expecially in the direction of the coastline. 525 

 526 

 527 

 528 

 529 

Fig. 13. Monthly data for platform B: gas production rate (black bars) versus subsidence GPS rate filtered from 530 

seasonal components (black and white bars). 531 
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 539 

Fig. 15.  Field 2: Comparison between evolution of measured and modelled vertical displacement in the period of GPS 540 

recording. 541 
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