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Abstract: The paper investigates ultimate bearing capacity and interference effect of two closely spaced strip footings 

resting on a rockmass having spatially varying rockmass properties. Rockmass is assumed elastic � perfectly plastic 

obeying Hoek � Brown failure criterion. This type of rock behaviour is expected for the case of weak and highly 

jointed rockmass (Hoek and Brown 1997). Rockmass strength properties - geological strength index (GSI), uniaxial 

compressive strength (UCS) and Hoek � Brown constant  are considered variable. The problem is numerically 

simulated in a finite difference software � FLAC3D under plane strain conditions. Random finite difference method 

(RFDM) is adopted to model the rockmass behaviour and the discretization of random field is performed using Fourier 

series method. Statistics of the ultimate bearing capacity of isolated and two footings cases are calculated through 

Monte Carlo simulation and interfering effects are studied.  Further, effect of rockmass variability and its scale of 

fluctuation (SOF) on the interfering behaviour of the footings is evaluated. 
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1 Introduction 

 

Study of ultimate bearing capacity of strip footings in rockmass is a standard geotechnical problem. Sometimes, 

it is necessary to place two footings close to each other to accommodate structural details. This leads to 

interference between the failure zones beneath the footings and ultimate bearing capacity is increased. Extensive 

numerical investigation was carried out by Javid et al. 2015 to study the influence of interaction between two 

strip rock footings placed on a rockmass following Hoek Brown failure criterion (Hoek et al. 2002). However, 

the investigation was based on deterministic rock strength parameters and did not give insights towards the effect 

of interference when uncertainties are present.  

To incorporate uncertainties in the analysis, probabilistic method is used in which the strength parameters of 

the rockmass is represented as a random variable. The spatial variability in the rockmass is characterized by 

auto-correlation function and the correlation length (half of SOF). Subsequently random field modelling is 

performed and bearing capacity is analyzed numerically within the framework of Monte Carlo (MC) simulation. 

In this study, rockmass properties UCS and Hoek � Brown constant  are modelled as random field, whereas GSI 

is modelled as random variable. Probabilistic studies on multi footing on rockmass is limited to the determination 

of allowable bearing capacity of footings, considering amount of permissible differential settlement (Ching et al. 

2011). However, for the strip footings placed on soil, interference studies have been performed by Griffiths et al. 

2006. This paper presents a probabilistic analysis of interference effect of strip footings in spatially varying 

rockmass. Plane strain conditions and elastic- perfectly plastic behavior of rockmass with Hoek � Brown failure 

criterion were assumed. Random field discretization is performed using Fourier series method and footings are 

numerically modelled in finite difference software. MC simulations are run to estimate the statistics of the 

bearing capacity and effect of interference is studied for different level of variability and SOF. 

 

2 Random Finite Difference Method 

 

As deterministic analysis fails to account for variations in rock properties, probabilistic models were developed 

to statistically characterize the output which in this case is the ultimate bearing capacity of the rock mass. In 

traditional probabilistic methods, the rock mass properties are assumed as random variables and spatial 

correlations are ignored. 

Advanced probabilistic approaches accounts for spatial correlation and involve random field models. The 

present study adopts this approach. Random field allow random variables to be spatially correlated. This 

property can be used to model the correlation of a given rock property at two locations. The auto correlation 

function measures this relationship. Since the correlation is generally different in horizontal and vertical 

directions, anisotropic correlation function is defined as 
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                                                                                                                   (1) 

 

where  (!x, !z) is autocorrelation function, w (x, z) is the random field - a function of horizontal and vertical 

coordinates (x, z), !x, !z are horizontal and vertical distances from point (x0, z0), COV is covariance and VAR 

is variance. Two widely used correlation functions are single exponential and squared exponential. For 

simplicity, single exponential 2D autocorrelation model is adopted and can be written as 

 

                                                                                                                      (2) 

 

where δx and δz are horizontal and vertical scale of fluctuations (SOFs). It is a measure of distance within which 

properties are significantly correlated (Vanmarcke 1983). Small SOFs lead to rough random fields i.e. rock 

property will vary rapidly in nearby locations. The inclusion of spatial correlation gives us a more realistic model 

as structures fail along the weakest links. 

In random finite difference method, a set of realization of each input variable for each zone in the finite 

difference mesh is generated. Since each zone in the rock mass domain can only accommodate a single value for 

a given property, local averaging has to be done over the zone. It can be obtained by integration of the random 

field over the rectangular zone as 

 

                                                                  (3) 

 

In the present study, spatial averaging is done using Fourier discretization scheme (Jha and Ching 2013). 

The procedure is as follows: First, a zero mean Gaussian random field is generated. For a lognormal field 

having mean value and coefficient of variation (COV) , the mean and standard deviation in 

logarithmic space will be 

                                                                (4) 

 

Now the random field log -  will be a zero mean stationary Gaussian random field with standard 

deviation as . The local average is calculated using, 

 

      (5) 

 

where  is the averaged rock property over the rectangular zone defined by and 

 where  and  denote the centroid of the zone, Lx and Lz are length and width of rectangular 

region in which random field is generated,  and  are zero mean independent Gaussian random variables 

with variance  obtained through Fourier series expansion with summation indices and it depends on 

variance of random field  as 

 

                                                   (6) 

 

The final step is to convert back to original space by performing the operation .  

 

3 Numerical Model of Closely Spaced Footings 

 
The ultimate bearing capacity of the footings were calculated using three-dimensional explicit finite difference 

software FLAC3D. Two closely spaced strip footings of width B = 1m with spacing W = 1m (end to end) was 

simulated. The rock was assumed to follow elastic – perfectly plastic Hoek - Brown constitutive model with 

associated flow rule. The base of the model is fixed in both horizontal and vertical directions. However, the 

movement of the lateral boundaries of the model was restricted only in horizontal direction (Fig. 1). The finite 

difference zone size was kept equal to 0.25m everywhere within the model as it simplified the random field 

discretization and mapping procedure. Footing width was assumed 1m in the rockmass of 40m wide and 8m 

deep. Displacement controlled approach was assumed for the analysis. A vertical velocity of m/time step 
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was prescribed at the nodes belonging to the footings. A velocity smaller than m/time step gave negligible 

decrease in the bearing capacity. Moreover, the movement of the nodes at the footings was restricted in 

horizontal direction to simulate rough footing. The Hoek Brown parameters chosen for deterministic analysis are 

illustrated in Table 1. 

 

 
 

Figure 1.  Influence of SOF on mean of ultimate bearing capacity. 

 
Table 1.  Hoek Brown parameters adopted in the numerical model. 

 

Parameter Value 

Density 2500 kg/m3 

Elastic modulus 4.25 GPa 

Poisson�s ratio 0.25 

GSI 20 

UCS 20 MPa 

 10 

a 0.5 

 2 

 

4 Probabilistic Study 

 

As the Hoek Brown failure criterion is used, ultimate bearing capacity depends on Hoek Brown parameters 

( ) and intact rock unconfined compressive strength (UCS). These properties are related to rock mass 

classification rating GSI and intact rock property . Hence, GSI, UCS and are selected as random input 

variables. Moreover, since GSI is not a point property and is defined for a significant volume of rockmass, it is 

modelled as random variable truncated within 0 and 100. UCS and  are modelled through random fields. Rest 

all other parameters are kept same as that given in Table 1. Moreover, since the study is on ultimate bearing 

capacity of the footings, the elastic modulus of rockmass is assumed deterministic. Random field analysis 

coupled with finite difference software is referred as random finite difference method (RFDM). RFDM analysis 

is conducted with input as typically observed statistics of rockmass properties mentioned in Table 2. For 

simplicity, the SOF value is assumed to be equal in both horizontal and vertical directions. 1000 realizations of 

the random field were deemed sufficient to achieve stable statistics of bearing capacities within the assumed 

range of variability in input parameters. Each random field realization will yield different spatial distribution of 

the properties of the rockmass.  

 
Table 2. Probabilistic distribution and parameters of input variables. 

 

Parameter Distribution/Value Mean COV 

GSI Lognormal 20 0.1 

UCS (MPa) Lognormal 20 0.2 

 Lognormal 10 0.15 

SOF (m) 1 - - 

 

Since the rockmass properties vary spatially in a random field realization, left and right footings will have 

different ultimate bearing capacity unlike the homogenous rockmass case (deterministic analysis) where both the 

footings have same ultimate bearing capacity. Mean and standard deviation of the bearing capacities for both left 

and right footings were estimated using 1000 bearing capacities computed from MC simulations. The analysis 



538 Proceedings of the 7th International Symposium on Geotechnical Safety and Risk (ISGSR)

was conducted for two cases, first one assumes that two different structures are supported by these two footings, 

in which failure of one footing might not affect the stability of the structure supported by another footing. In this 

case, mean and standard deviation of each footing was computed separately. Second case assumes a single 

structure will be supported by these two footings and failure of any one of the footing will imply failure of the 

structure. For this case, mean and standard deviation of minimum bearing capacity value of left and right 

footings were computed. A typical realization of RFDM and failure of footings is shown in Fig. 2 with 

displacement contour plot. Moreover, a parametric study is conducted to show the effect of correlation length 

and variability in the input parameters on the ultimate bearing capacity of the footings. 

 

  
 

 
(a) 

  
(b) 

 

Figure 2. (a) Two different realization of random field of UCS parameter, 

(b) A typical displacement contour after solving the numerical model. 

 

4.1    Effect of SOF value 

MC simulations are conducted for various correlation lengths, keeping rest of the rockmass properties same as 

that mentioned in Table 1. SOF values are kept same for both UCS and  (Ching et al. 2011). Fig. 3 shows effect 

of SOF on the mean ultimate bearing capacity for the two cases. It can be seen that the mean ultimate bearing 

capacity of right, left and minimum of both decreases with increase in SOF until a minimum value is reached, 

after which it again increases. The mean ultimate bearing capacity of left and right footings are almost equal for 

the range of scale of fluctuations considered. However, the mean ultimate bearing capacity assuming any footing 

failure (2nd case) tends to be lower than mean of both left and right footings. Moreover, the difference between 

the mean values of left/right footings and by assuming any footing failure becomes maximum at the value of 

SOF = 5m, which corresponds to the lowest value of the means of ultimate bearing capacity for both the cases. 

The maximum difference observed is 3.4% from the mean of left footing. It is to be noted that the above 

observations are valid for the range of SOF considered in the analysis.  

The difference between the ultimate bearing capacity of left and right footing for the case which considers 

different structures resting of left and right footings is investigated. Fig. 4 shows the influence of SOF on the 

difference in ultimate bearing capacity values. It is observed that the difference increases with increase in SOF 

value till SOF = 5m, afterwards it again decreases with increase in SOF. This can be explained as since shear 

strength varies rapidly (spatially) in case of small SOF values, the local averaging of the shear strength gives 

approximately same value of shear strength to adjacent finite difference zones. This gives almost similar bearing 

capacity for both left and right footings. As SOF is increased, the spatial distribution of shear strength is 

smoother and thus local averaging results into different values of shear strength in adjacent zones, giving 

different values of left and right bearing capacities. As SOF exceeds certain value, 5m in this study, the random 

field becomes more homogenous within a realization and thus approximately same shear strength value is 

assigned to the adjacent zones, resulting in similar values of bearing capacities for left and right footings. 
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Figure 3.  Influence of SOF on mean of ultimate bearing                     Figure 4.  Influence of SOF on difference between left  

                 capacity.                                                                                                  and right mean ultimate bearing capacity. 

 

4.2    Effect of COV of GSI 

MC simulations were carried out varying the COV of the GSI parameter of the rock mass keeping all other input 

parameters same as that mentioned in Table 1. Analysis was conducted using five different values of COV of 

GSI, namely at 0.1, 0.2, 0.5, 1 and 1.5. Fig. 5 shows the effect of COV of GSI on the mean ultimate bearing 

capacity of left, right and minimum of left and right footing. It can be seen that as COV of GSI increases, the 

mean ultimate bearing capacities of both the cases increase. However, the difference between mean of left/right 

footing and minimum of left and right footing is minimal and gradually increases with increase in COV of GSI. 

Fig. 6 shows the effect of COV of GSI on COV of ultimate bearing capacity. As can be seen, the COV of 

ultimate bearing capacity increases with increase in COV of GSI, however there is almost no difference in COV 

values between left/right and minimum of left and right cases.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.  Influence of COV of GSI on mean ultimate                            Figure 6.  Influence of COV of GSI on COV of  

                 bearing capacity.                                                                                        ultimate bearing capacity. 

 

4.3    Effect of COV of UCS 

Effect of variability of UCS parameter of rockmass was investigated in this section. MC simulations were carried 

out for five different values of COV of UCS, keeping rest of the input parameters same as in Table 1. As can be 

seen from Fig. 7, mean of ultimate bearing capacity decreases as COV of UCS increases. Also, the difference 

between mean of left/right footing and minimum of left and right footing marginally increase with increase in 

COV of UCS. Fig. 8 shows influence of COV of UCS on COV of ultimate bearing capacity. With high COV of 

UCS, COV of the bearing capacities for both the cases increase. The difference between COV of left/right and 

minimum of left and right is significant for high COV of UCS while at low values of COV of UCS, the 

difference is not particularly significant. 
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Figure 7.  Influence of COV of UCS on mean ultimate                       Figure 8.  Influence of COV of UCS on COV of  

                 bearing capacity.                                                                                    ultimate bearing capacity. 

 

5 Conclusion 

 

The paper describes the results of the probabilistic analysis conducted to study the influence of various 

parameters on ultimate bearing capacity of interfering strip footings resting on spatially random rockmass. 

Parametric studies were performed keeping the spacing between the footings as constant and varying the SOF 

and COV of Hoek brown parameters to study their influence on the statistics of ultimate bearing capacity values. 

The studies show that when footings were supporting a single structure, in which failure of either of the footing 

causes failure, estimated mean of the bearing capacity was lower than the case which considered different 

structures resting of left and right footings. For all the cases studied, statistics of left and right footing was almost 

equal if they were supporting different structures. However, within a realization of random field, the difference 

between left and right footing depends upon the SOF value. The difference increases till SOF is 5m and 

decreases afterwards. Increase in COV of GSI results in increase in mean and COV of the bearing capacities. 

Whereas increase in COV of UCS parameter decreases the mean and increases the COV of bearing capacities.  

It can be concluded that bearing capacity of interfering footings are dependent upon the SOF and the 

variability in input strength parameters. This paper assumes single SOF value while studying the influence of 

variability in strength parameters. Analysis involving different SOF values and different variability in strength 

parameters is necessary and can be taken up in future works. 
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