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ABSTRACT

The majority of available models in practice to predict the punching shear resistance of working 
platforms may result in considerable overestimation of platform thickness due to 
conservative simplifications in the development process of the design models. With this
background, systematic large laboratory tests were conducted to identify and overcome the 
shortcomings in the available design models with a particular focus on the popular model by 
BRE470. The focus is laid on achieving an improved understanding of the parameters and 
processes affecting the behavior of geogrid reinforced working platforms under concentrated 
loads. In this regard, the working platform is subject to extreme loads representing track 
loads. The gained improved knowledge from laboratory tests is then used to modify the 
available bearing capacity equation to account for the effect of a footing punching through a 
geosynthetic reinforced granular platform material overlying a soft cohesive subgrade. In 
addition, the data is further analyzed to develop a simplified semi-empirical equation to predict 
the immediate deformation of working platforms subject to loads from semi-rigid tracks. The
developed prediction models are finally applied for the boundary conditions of the laboratory 
tests and the accuracy of models in terms of bearing capacity and deformation is examined. 

INTRODUCTION

Dimensions of piling rigs and cranes as well as their operating loads have grown considerably 
over the last years as the demand to install larger structural components is increasing (e.g. 
piled foundations, on-shore wind turbines, etc.). This has resulted in an increasing 
number of applications using geogrid-reinforced base courses and increased knowledge of 
understanding the interaction of reinforcement to stabilize granular soils (e.g. Vollmert & Bräu, 
2018). Transferring the beneficial behavior to working platforms results in a competitive
solution to thicker unreinforced aggregate layers, especially in terms of both costs and 
response to heavy loads induced by tracked plant. Hardstands for this increasingly heavy 
equipment demand a reliable, safe and economical ultimate limit state design procedure which 
enables a complete verification of safety against different failure modes. 
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Figure 1. Examples of piling rig accidents: a) overturned due to soil low bearing capacity of 
working platform in Germany 2018; b) at quay in Emsworth, Australia at 30th July 2019

Currently applied design procedures for geogrid reinforced working platforms being 
exposed to high concentrated loads caused by tracked plant mainly consist of two analyses: 

(i) Ultimate Limit State analysis to prove sufficient punching shearing resistance of the
reinforced platform subject to the high localised forces;

(ii) Serviceability Limit State analysis to restrict total and differential settlements of
working platforms under tracked plant overlying the soft cohesive soil.

For an Ultimate Limit State (ULS) design of working platforms, considerable advances in 
design and analysis of reinforced working platforms is achieved through the contribution of several 
research studies and design standards such as the popular methods of load spreading angles, 
BRE470 etc. Among these models, the model from BRE470 is one of the most popular models 
due to its simplicity even though that, the limitation of this model is addressed in several research 
studies (e.g. Dobie et al., 2019; Scotland et al., 2019). In general, the main weakness of the BRE40 
method can be summarized as: 

the model does not consider the curved shear planes develop between the edge of the
track and the formation and assumes a vertical shear plane which underestimates the
working platform shear strength;
the effect of the geogrid tensile strength in the basic resistance equation proposed by
BRE470 has not been considered around the perimeter of the track despite the
symmetric shape of track;
the effect of relative subgrade-working platform stiffness in the reduction of working
platform shear strength as suggested by Hanna and Meyerhof (1980) is neglected in
BRE model.

For Serviceability Limit State (SLS) designs of working platforms, less attention is paid to 
the estimation of immediate deformations underneath tracked plant and most of the designs in 
practice focus solely on the ULS design, which addresses the punching shear resistance of the 
working platform.  

Therefore, new knowledge and modelling techniques need to be generated for both SLS 
and ULS designs of reinforced working platforms underneath high concentrated loads. Indeed, it 
is crucial for both, design optimization and safety assessments, to develop an improved 

a) b)
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understanding of the process involved in the failure mechanisms and deformation behavior of 
working platforms against punching loads. Therefore, the objective of this study is to  

(i) enhance the available model from BRE470 to determine an optimized thickness of the 
reinforced working platform and; 

(ii) provide a simple equation to account for the effect of reinforcement on the immediate 
settlement of working platform under tracked plant. This has been conducted on the 
basis of results from two large scale laboratory tests performed at the Technical 
Universities in Stuttgart and Aachen, Germany.  

LABORATORY TESTS IN STUTTGART

For the laboratory tests in small-scale condition to investigate the bearing capacity of working 
platforms, several phenomena such as scale effect and the effect of boundary conditions might 
influence the accuracy of the results. Therefore, large scale experiments were performed on 
geogrid reinforced working platforms by Stuttgart university in the framework of a DFG (Deutsche 
Forschungsgemeinschaft) project in Germany (Deutsche Forschungsgemeinschaft). The main 
objective of these experiments was to investigate the effect of reinforcement on the behavior of 
the working platform and consequently develop a conceptual model to estimate the working 
platform thickness and the type of reinforcement under localized high loads from rigid footings. 

The model setup of the laboratory tests for the working platform over soft clay subject to 
loads from footing is shown in Figure 2.  

Figure 2. Model setup: a) cross section; b) plan view

Loads of increasing magnitude (P=10, 20, 40, 50 etc.) are applied on the working platform 
to allow for an incremental comparison of results for reinforced versus non-reinforced platforms
and to enable a trackback estimation of maximum allowable bearing capacity. The model is subject 
to loads from a rectangular shaped plate with the dimension of 25 cm x 35 cm. The geometry of 
model is considered to represent a prototype problem with a scale of 1/3. The width of the box and 
the distance between the footing and the wall is chosen large enough to minimize the boundary 
effects (footing width / box width < 0.1). The settlements in several positions underneath the 
loaded area corresponding to each load step is measured by the displacement transducers. Different 
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platforms (including un-reinforced, with one geogrid layer, with two geogrid layers) are set up to 
investigate the effect of reinforcement. In this paper, the results from the un-reinforced platform 
versus platform with two geogrid layers are focused. The results show that, the ultimate allowable 
load to be applied on the model with reinforcement (82.5 kN) is moderately higher (ca. 25%) than 
the load on the non-reinforced model (67.5 kN), Figure 3. Accordingly, larger deformations were 
observed in the non-reinforced working platform at the different loading steps, especially before 
the ultimate bearing capacity of the working platform was achieved (loads smaller than P=25 kN 
as shown in Figure 8a). 

Figure 3. Recorded settlement and ultimate bearing capacity for: a) reinforced working 
platform and; b) unreinforced working platform 

The test results showed that, the extreme loading of the working platform cause large and 
deep shear failures at the perimeter of plate and further away far from the loaded plate.

LABORATORY TESTS IN RWTH AACHEN

Elastic and immediate settlement will occur directly after the application of loads from the tracks 
of a heavy machine. The magnitude of the developing settlements is a function of the geotechnical 
properties of the working platform and subsoil. Among the soil parameters, which affect the 
immediate settlement, the modulus of elasticity of the working platform is the most decisive 
parameter to influence the magnitude of the settlement. Several experimental and numerical 
studies have revealed that, the application of geogrids in working platforms may significantly
increase the soil mechanical parameters (e.g. modulus of elasticity). With this background, large 
triaxial tests of 500 mm diameter and 1.1 m height have been carried out at the Institute of 
Foundation Engineering, Soil Mechanics and Waterways Construction at RWTH Aachen 
university for quantification of the effect of geogrid application on the soil characteristics. 
Figure 4 a) shows the test setup, while the number of geogrid layers has been varied. Strain gauges 
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have been applied to the welded geogrid. Figure 4 b) shows the development of strains within the 
reinforcement at a strain of the soil sample of 2 %. The maximum strain required to stabilize the 
sample is limited to approx. 0.5%. The results from the tests revealed a significant improvement 
of soil bearing capacity and modulus of elasticity due to the application of geogrid reinforcement.
(Figure 4 c and Figure 9) 

 
Figure 4. Large scale triaxial tests at RWTH Aachen university (Ruiken, 2013) 

a) test setup   b) strain development of a geogrid placed in the centre of the sample with 
three layers of Secugrid®30/30 Q6 at a uniaxial strain of the sample of e1 = 1 %   c) increase 
of appliable stress of a sample with three layers of geogrid Secugrid®30/30 Q1 compared to 

an unreinforced sample

PREDICTION MODEL FOR PUNCHING RESISTANCE

The ultimate bearing capacity of a single or multi-layered soil is generally determined according 
to Terzaghi theory (1943) which has been developed by the extension of Prandtl plastic failure 
theory (1921). Several models have been proposed so far, to refine the solution as provided by the 
Terzaghi’s bearing capacity formula.  

Figure 5. Punching shear failure mechanism of layered soils according to Meyerhof & 
Hanna (1978) 
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The bearing capacity of layered soil system for the case of dense working platforms over 
soft clay has been studied for both strip and circular footings (Meyerhof 1974). Meyerhof (1974) 
suggested that for the case of loose sand over stiff clay the bearing capacity is limited to the top 
layer, which means that the failure surface is also limited to the top layer and pressure does not 
reach down to the bottom layer. For a stiff working platform over a soft clay however, the scenario 
may be different. The developed theoretical models assume that the failure plane may extend 
through the soft underlaying soil. Moreover, the laboratory tests and some available conceptual 
models consider the curved shear planes develop between the edge of the track and the formation
(see Figure 5) even though that the majority of simplified models in practice (including BRE470)
take a vertical shear plane into account.

The analytical based model by BRE470 is one of the most popular models which covers 
designs for both reinforced and unreinforced platforms for different uniform subsoil conditions. 
The main reason for this popularity is probably the wide range of application along with its 
simplicity. However, the BRE470 model has a high tendency to produce safe (and conservative) 
results which has been evaluated and addressed in several publications. (e.g. Dobie et al., 2019; 
Scotland et al., 2019). In fact, the analytical method is based on classical bearing capacity methods 
for two layered soils (dense soil over weak soil) but uses the concept of punching shear capacity 
within the platform as suggested by the experimental model developed by Meyerhof and Hanna
(1978). For development of model in BRE470 however, several extreme simplifications are made 
which leads to the conservative estimation of platform thickness.

With this background the methodology as depicted in Figure 6 was planned in this study
to improve the BRE equation based on the model from Hanna and Meyerhof (1980) and according 
to the experience gained from the Stuttgart large scale model tests. For the punching shear failure,
the BRE method is modified to account for the footing punching through a geosynthetic reinforced 
granular platform material overlying a soft cohesive subgrade.  

In a “First Step”, the large-scale experiments from Stuttgart university were used to 
investigate the behaviour of the working platform over soft soil in terms of settlements, ultimate 
resistance of platform, failure mode and type of failure. The test programme is planned to support 
the development of the model in Step 2. 

In the “Second Step”, the model from BRE470 is modified according to the basic Hanna 
and Meyerhof’s graphs and equation. Generally, the following corrections are undertaken to 
achieve a safe and optimized model: (i) unlike the model from BRE470 which provides equations 
in a 2D environment, for the development of the new model the geotechnical problem is 
investigated in a 3D environment considering the symmetry of the problem. This led to the 
development of 3D equations to predict the acting and resisting forces; (ii) Geogrid tensile strength 
has been activated at the perimeter of the track considering the relevant tensile strengths in 
transverse and longitudinal directions; (iii) A reduction factor (as recommended by Meyerhof) has 
been implemented in the model to reduce the working platform shear strength as a function of 
relative bearing capacity of working platform to subgrade. The BRE model neglects the 
dependency of platform punching strength to the soft soil bearing capacity. The weakness of the 
main proposed model in the determination of the platform shear strength was covered by 
implementation of a correction factor based on the study by Burd and Frydman (1997); (iv) unlike 
BRE470 which considers a vertical shear failure plane, the actual shape of the shear plane (see the 
inclined failure plane in Figure 5) is taken into account which may reduce the effect of the lateral 
passive resistance. The angle can be estimated based on laboratory tests considering the condition 
of subgrade, working platform and type of reinforcement. The main parameters affecting the 
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platform thickness and reinforcement tensile strength are identified as track dimensions, track 
loading, platform and subsoil shear strengths, track spacing and stress distribution angle through 
the reinforced platform.

Figure 6. Applied methodology for development of the prediction model for punching shear 
resistance of reinforced working platform 

In the “Third Step” the developed semi-empirical model was applied to estimate the 
allowable pressure over the working platform to the lab tests in Stuttgart considering the boundary 
condition of each test. Load settlement curve related to a certain test is shown in Figure 7 (left). 
As shown in the figure, the ultimate resistance of working platform is obtained with 285.7 kPa (25 
kN / B / L) for this particular test. The developed model is this study is then applied for the test 
condition to predict the maximum allowable load on the working platform. The maximum bearing 
capacity of the working platform is estimated considering applying load versus settlement. As 
shown in Figure 7 and 3b, increasing the load from 20 kN to 40 kN has resulted a dramatic 
settlement of working platform thus the ultimate bearing capacity is expected to be between these 
values. As shown in Figure 7 (right) the ultimate bearing capacity by the model in this study is 
estimated with 250 kPa.  Afterwards, the original model from BRE470 is implemented to predict 
the allowable loads on the working platform. As can be seen, the model from BRE470 has 
dramatically underestimated the allowable loads on working platform (on the safe side). The 
further results for the prediction model vs. tests are shown in Figure 7 (right). The area below the 
line is the safe zone where the predicted allowable load is lower than the measured soil bearing 
capacity. The proposed model in this study and the BRE model are applied to estimate the 
allowable pressure on the working platform. The result shows that, the developed model in this 
study tends to predict safe and optimised results (utilisation factor between 0.7 to 0.95). In contrast, 
even though that the model in BRE has proposed safe results, the allowable load is much smaller 
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than the platform bearing capacity. Therefore, it can be concluded that, the BRE model has 
produced very conservative results (utilisation factor between 0.4 to 0.7).

Figure 7. Allowable pressure on working platform: developed model vs. large scale 
laboratory tests from Stuttgart university

In addition to the semi-empirical model as developed in this study derived from Meyerhof’s 
model, a Kinematic Element Model (KEM) is set up (Step Four) to investigate the rotational and 
overall stability of the working platform. The KEM model implements the rigid body approach to 
examine the equilibrium state, thus enabling a full interaction of soil wedges with the intersecting 
geosynthetic reinforcement. The rotational and overall stability of the working platform might be 
even more dominant when the construction equipment is positioned close to the edge of working 
platform.  

The KEM and the developed model in this study are applied (Step five) to perform a 
systematic parametric study by variation of the most influencing parameters affecting the ultimate 
bearing capacity of the working platform (e.g. soil shear strength, loads, geometry of tracks, etc.). 
The preliminary results show that, while the stability of working platforms overlying firm to hard 
cohesive subsoil (approx. cu > 30 kN/m2) is commonly governed by the soils punching shear
strength, the failure mode of working platforms over very soft to soft cohesive soil may be
governed by rotational slip circles. Therefore, it is recommended to investigate the overall and 
rotational stability of the platform (especially when the heavy machine is positioned close to the 
platform’s edge) during the design phase.  

According to the preliminary KEM results in this study, further development of the
available models in practice is required to take into account the rotational and overall failure modes
of working platforms.  

PREDICTION MODEL FOR IMMEDIATE SETTLEMENT

While several design guidelines provide methods and equations for the prediction of the punching 
shear strength of the working platform, less attention is paid so far to the estimation of 
deformations underneath the tracked plant. For the design of working platforms under tracked 
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plant, the relevant settlement is mostly immediate settlement which occurs directly after the 
application of the load without a change in the moisture content of the soil. In general, foundations 
are not perfectly flexible and are embedded at a certain depth below the ground surface. It is 
however recommendable to evaluate the distribution of the contact pressure under a foundation 
along with the settlement profile under idealized conditions. 

For a perfectly flexible foundation resting on an elastic material such as saturated clay, if
the foundation is subjected to a uniformly distributed load, the contact pressure will be uniform 
and the foundation will experience a catenary profile. On the other hand, if a perfectly rigid 
foundation is resting on the ground surface, the foundation will undergo a uniform settlement and 
the contact pressure will be redistributed.

Theoretically, for a perfectly flexible foundation the settlement can be expressed by the 
following equation, as derived from the theory of elasticity: 

S = D  ( B)   Eq. (1) 

Where: 
D  = net applied pressure on the foundation 

s = Poisson’s ratio of soil
Es = weighted average modulus of elasticity related to reinforced working platform und subsoil 
under the foundation up to z = 4B 
B = the width of track for estimation of maximum deformation
Is = shape factor 
If = depth factor 

= factor that depends on the location on the foundation where settlement is being calculated

According to Eq. (1), the influencing parameters can be classified into (i) geometrical 
parameters; (ii) load parameters and; (iii) soil geotechnical parameters. While less uncertainties in 
determination of geometrical and load parameters during the design process of working platforms 
is expected, the correct estimation of soil parameters (especially through application of geogrid 
reinforcement) is known as the most challenging task for an accurate settlement analysis.
Nevertheless, it is crucial to implement the correct value of elasticity modulus as well as Poisson 
ratio for a reliable deformation estimation of the working platform. Therefore, the focus of this 
study is on the general equation for immediate deformation of shallow foundation to account for 
the effect of geogrid stabilization and reinforcement of the working platform material. As a result,
a simplified relation is proposed to predict the soil elasticity modulus as a function of geogrid 
stiffness and the number of reinforcement layers. 

For this purpose, the data from the large triaxial tests at RWTH Aachen university is
analyzed to investigate the effect of soil stabilization due to application of 1, 3, and 5 geogrid 
layers. The results from the triaxial tests are depicted in Figure 8 (left). Accordingly, the equivalent 
elasticity modulus of the soil has been extracted using the classical geotechnical equation 
according to triaxial tests and are shown in Figure 8 (right). The best fitted exponential function 
has been determined by statistical analysis of the data and the function is proposed for the particular 
geogrid as used in this study.  

The result from laboratory tests shows that, the application of laid and welded geogrids 
with a defined initial tensile stiffness may increase the soil elasticity modulus up to ca. 70%. 
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Figure 8. Improvement of soil mechanical behavior due to application of geogrid 
reinforcement

The modified deformation model is then applied to predict the settlements underneath the 
footing as measured in laboratory tests from Stuttgart tests taking into account the boundary 
conditions as defined for the experiments (D s = 0.3, Es,UR = 80000 kN/m for sandy 
material, B=0.25 m, L=0.35 m). For the test with two layers of a laid and welded geogrid 
reinforcement a total stiffness of 600 kN/m (@ 2% strain) are applied. Therefore, the Es,R can be 
predicted to 112720 kN/m according to Figure 8 and the proposed equation for estimation of 
equivalent elasticity. For this particular case study (Stuttgart test), the developed settlement 
equation estimates an immediate settlement of 21 mm. The comparison of recorded data (see 
Figure 3a) against the calculated settlement shows an inconsistency of less than 5% for this 
particular test.   

CONCLUSION

The main objective of this study was to (i) generate a knowledge base through performing large 
scale laboratory tests to improve the understanding of the processes involved in the interaction of 
laid and welded geogrids and aggregates within working platforms; (ii) develop an optimized and
reliable methodological approach for the prediction of the maximum bearing capacity of working 
platforms by overcoming the weaknesses of the BRE470 design methodology; (iii) quantify the 
effect of geogrid reinforcement on improvement of soil mechanical behavior and accordingly 
develop equation for the prediction of total immediate deformation of working platforms. In this 
regard the key achievement of this study can be summarized as follows: 

(i) The large-scale laboratory tests on reinforced and non-reinforced working platforms 
under a rectangular plate at Stuttgart university along with the large scale triaxial tests 
at Aachen university were applied to improve the knowledge associated with the 
ultimate limit state (bearing capacity) and serviceability limit state (deformation) 
analyses of working platforms. Both tests revealed that the application of a laid and 
welded geogrid will improve soil mechanical properties and will enhance the working 
platform behavior in terms of bearing capacity and deformation.  

(ii) Given the knowledge and practice gaps in the design of working platform (i.e. 
aforementioned weaknesses and shortcomings from BRE470) and considering the 

0,00

50,00

100,00

150,00

200,00

250,00

300,00

350,00

400,00

450,00

0,00 2,00 4,00 6,00 8,00 10,00 12,00

1
(K

N/
m

2 )

Un-reinforced
1 layer
3 Layers
5 Layers

1,0

1,1

1,2

1,3

1,4

1,5

1,6

1,7

1,8

0 1000 2000 3000 4000 5000

E s,R
/ E

s,U
R

J (kN/m)

Un-reinforced

1 Layer

3 Layers 5 Layers

Geosynthetics Conference 2021 ©Industrial Fabrics Assocaition International 514



results from large scale laboratory tests in Stuttgart a modified model is developed as 
derived from BRE470 and Hanna and Meyerhof (1980). The verification of model 
versus the data from large scale model tests showed that, the model is able to produce 
safe and economic results.

(iii) A new semi-empirical equation has been developed according to large scale triaxial 
tests at Aachen university to estimate the equivalent soil stiffness taking into account 
the stabilization function of laid and welded geogrids. The new equation will allow 
systematical prediction of the soil stiffness as a function of the geogrid axial tensile 
stiffness. The equivalent stiffness has been adapted into the settlement equation for a 
perfectly flexible foundation to estimate the immediate deformation of working 
platforms underlying cohesive soil. The accuracy of the new equation in predicting the 
platform deformation has been proven by comparing the results versus large-scaled lab 
tests at Stuttgart university (deviation less than 5%). 

(iv) In contrast to currently applied models in practice, which solely focus on the punching 
resistance of the platform, the analysis in this study using a complex Kinematic 
Element Method (KEM) revealed that, the overall and rotational stability of the system 
might be dominant especially when the construction equipment (e.g. crane, piling rig) 
is positioned at the edge of the working platform. Therefore, it is obligatory to 
investigate the failure possibility via shear surfaces underneath the track due to
rotational and overall failure modes in addition to available models in practice.  

Although this study contributed to substantially enhance the BRE470 design model by the 
development of 3D equations for the prediction of maximum bearing capacity of the working 
platform over cohesive subgrade, a major limitation and uncertainty still remains which must be 
overcome in order to achieve a safer design of working platforms. In fact, further research is 
required to develop a more comprehensive model which can consider overall and rotational failure 
modes in addition to punching failure criteria.  
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