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Zlatko ZAFIROVSKI
1
 

PROBABILISTIC APPROACH FOR DEFINING ROCK MASS PROPERTIES IN 

STRESS – STRAIN ANALYSIS IN TUNNELING 

SUMMARY 

Predicting the mechanical behavior of rock masses due to their complex properties and conditions 

is an extremely complex task.  So, when defining their physical-mechanical properties a 

comprehensive approach is required, using the appropriate scientific methods. The principle of the 

method “interaction of rock and tunnel lining support”, widely used for designing tunnel 

constructions is presented in this paper. The reaction curve of the rock which shows the 

connection between the pressure of the tunnel lining support and the tunnel convergence, as the 

tunnel deformation versus the strength ratio of the rock mass and the local exerting is being 

considered. These analyses for the reaction curves of the tunnel lining support and the rock are 

made for a tunnel in Macedonia, using the software package ROCSUPPORT. 
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Златко ЗАФИРОВСКИ
1
 

ПРОБАБИЛИСТИЧКИ ПРИСТАП ЗА ДЕФИНИРАЊЕ НА 

КАРАКТЕРИСТИКИ НА КАРПЕСТИ МАСИ ПРИ СТАТИЧКА АНАЛИЗА 

НА ТУНЕЛИ  

РЕЗИМЕ 

Предвидувањето на механичкото однесување на карпестите маси, поради нивните сложени 

својства и состојби е исклучително комплексна задача. При дефинирање на нивните 

физичко - механички карактеристики потребен е сеопфатен пристап, користејќи соодветени 

научни методи. Во трудот се презентирани принципите на методот при анализа на 

интеракција кај системот карпеста маса – подградба на тунелска конструкција. 

Разгледувана е крива на реакција на карпата која го прикажува односот помеѓу притисокот 

од подградбата и тунелската конвергенција, како и тунелска деформација наспроти односот 

на јакост на карпеста маса и локалното напрегање. Сите анализи за криви на реакција на 

подградбата и карпата се направени за објекти во  Р. Македонија, користејќи го 

програмскиот пакет ROCSUPPORT. 

Клучни зборови: тунели, анализи, карпеста маса, RocSupport, тунелска подградба 
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1. INTRODUCTION 

Although there are no clearly defined rules for tunnel support and lining design at the present 

time, three general methods have emerged over recent years. These can be described as: 

1) Closed form solution methods that are based upon the calculation of the extent of plastic 

failure in the rock mass surrounding an advancing tunnel and the support pressures required 

to control the extent of the plastic zone and the resulting tunnel deformation. 

2) Numerical analysis of the progressive failure of the rock mass surrounding an advancing 

tunnel and of the interaction of temporary support and final lining with this failing rock 

mass. 

3) Empirical methods based upon observations of tunnel deformation and the control of this 

deformation by installation of various support measures. 

Each of these methods has advantages and disadvantages, and the optimum solution for the given 

tunnel design, may involve a combination of different methods, at different stages of the design. 

For example, a preliminary analysis of temporary support requirements could be carried out with 

RocSupport, and detailed final design, including plastic failure of the rock mass, and yielding 

support, can be carried out with Phase2.  

2. THE USE OF THE SOFTWARE ROCSUPPORT IN ESTIMATING SUPPORTS IN 

WEAK ROCK MASSES 

The analysis method used in RocSupport is often referred to as “rock support interaction” or 

“convergence-confinement” analysis. This analysis method is based on the concept of a “ground 

reaction curve” or “characteristic line”, obtained from the analytical solution for a circular tunnel 

in an elasto-plastic rock mass under a hydrostatic stress field. 

2. 1 Applicability of Method 

The main assumptions in the analysis method are as follows: 

 tunnel is circular 

 in-situ stress field is hydrostatic (i.e. equal stress in all directions) 

 rock mass is isotropic and homogeneous. Failure is not controlled by major structural 

discontinuities. 

 support response is elastic-perfectly plastic 

 support is modeled as an equivalent uniform internal pressure around the entire 

circumference of the circular tunnel. 

This last assumption in particular (that support is uniform around the entire circumference of the 

tunnel), should be carefully considered by the user, when comparing actual tunnel behavior, and 

calculated results using RocSupport. 

The assumption of uniform support pressure implies that: 

 shotcrete and concrete linings are closed rings 

 steel sets are complete circles 

 mechanically anchored rock bolts are installed in a regular pattern which completely 

surrounds the tunnel. 

Because this will not usually be the case, actual support capacities will be lower, and deformations 

larger, than those assumed in RocSupport. 
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2. 2 Ground Reaction Curve 

At the heart of the “rock support interaction” analysis method used in RocSupport, is the “ground 

reaction curve” or “characteristic line”, which relates internal support pressure to tunnel wall 

convergence. 

Assume that a circular tunnel of radius ro is subjected to hydrostatic in-situ stress p0 and a uniform 

internal support pressure pi, as illustrated in the margin figure. 

                        

        Figure 1. Plastic zone around the tunnel            Figure 2. A typical ground reaction curve 

Failure of the rock mass surrounding the tunnel occurs when the internal pressure provided by the 

tunnel lining is less than a critical support pressure pcr. If the internal support pressure pi is greater 

than the critical support pressure pcr, no failure occurs, and the behavior of the rock mass 

surrounding the tunnel is elastic. 

When the internal support pressure pi is less than the critical support pressure pcr, failure occurs 

and a plastic zone of radius rp is formed around the tunnel. A typical ground reaction curve is 

shown in Figure2.This plot shows: 

 zero displacement when the support pressure equals the hydrostatic stress (pi = po) 

 elastic displacement uie for po > pi > pcr 

 plastic displacement uip for pi < pcr 

2. 3 Support Reaction 

The support reaction is a function of three components: 

1. The tunnel wall displacement that has occurred before the support is installed. 

2. The stiffness of the support system. 

3. The capacity of the support system. 

Once the support has been installed and is in full and effective contact with the rock, the support 

starts to deform elastically as shown in Figure 3. The maximum elastic displacement which can be 

accommodated by the support system is usm and the maximum support pressure psm is defined by 

the yield of the support system. 

Equilibrium is achieved if the support reaction curve intersects the rock mass displacement curve 

before either of these curves have progressed too far. If the support is installed too late (i.e. uso is 

large in Figure3), the rock mass may have already deformed to the extent that loosening of the 

failed material is irreversible. On the other hand, if the capacity of the support is inadequate (i.e. 

psm is low in Figure3), then yield of the support may occur before the rock mass deformation 
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curve is intersected. In either of these cases the support system will be ineffective, since the 

equilibrium condition, illustrated in Figure3, will not have been achieved. 

 

Figure 3. Response of support system to tunnel wall displacement, resulting in establishment of 

equilibrium 

2. 4 Factor of safety for the support 

The definition of the Factor of Safety in RocSupport is as follows: 

 A Factor of Safety GREATER THAN 1 is calculated as shown in Figure4. In this case the 

Factor of Safety is simply the ratio of the Maximum Support Pressure psm to the 

Equilibrium Pressure peq (the pressure at the intersection point of the Ground Reaction and 

Support Reaction curves). Figure4-a. 

 A Factor of Safety LESS THAN 1(Fs<1) is calculated as shown in Figure4-b. This occurs 

when the Ground Reaction curve intersects the Support Reaction curve after the elastic limit 

of the support has been exceeded. A “projected” equilibrium pressure p'eq is calculated by 

projecting the elastic support reaction curve until it intersects the Ground Reaction curve, 

and this value is used in the denominator of the Factor of Safety equation. 

               

              Figure 4-a Factor of safety Fs>1            Figure 4-b Factor of safety Fs<1 

3. ANALYSIS OF INTERACTION FOR ROAD TUNNEL 

The deterministic technique is shown by the example of the express road tunnel Raec-Drenovo for 

two distinctive zones of rock masses. In the zones are present limestone whose thickness is 1-5 

meters, and in some places more. The RMR parameter in this area is about 40 points. 

If primary support is used: 
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 shotcrete d=20cm, concrete grade -25; 

 Steel sets Pantex, h=130cm, 2 26+1 34mm, G=17.5kg/m'; 

 SN Rockbolts 25mm, L=4.0m, al/ac=2.0/1.5m. 

As can be seen, the picture shows the following data: 

 The radius of the plastic zone (without support) is 5.5m; 

 The final tunnel convergence is 0.19%. 

 

Figure 5. There is plasticity of the rock mass (original results from software) 

Unsupported tunnel convergence of 0.19%, shows us the necessity of using shotcrete and rock 

bolts support. 

 

Figure 6. Rock reaction curve (original results from the software) 

The image shows that we have a linear relationship deformation/bearing of the support, which 

means that the tunnel is in a state of elastic stresses and no problems are expected in its 

emergence. The possibility of relegation of potential unstable blocks which could be formed by 

cutting in the systematic cracks in the area of excavation will be stabilized with primary support of 

shotcrete, rock bolts and steel sets. 

The following should be noted for the reaction curve of the support: 

 Origin of the support reaction curve on the horizontal axis (tunnel convergence) is 

determined by the distance of the tunnel face depending on the longitudinal deformation 

profile; 

 Slope of the elastic part of the support reaction curve is equal to the maximum pressure on 

the support; 
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Figure 7. Analysis of the tunnel with support (original results from software) 

 

Figure 8. Input parameters of the rock (window where we input the parameters for the tunnel) 

 

Figure 9. Reaction curves for the rock and support (original results from the software) 
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The intersection of the two curves determines the portable pressure of the support, the final tunnel 

convergence and the radius of the plastic zone. 

It may be noted that the support of shotcrete has little effect on the radius of the plastic zone, the 

tunnel convergence and the mobilized pressure on the support, and great effect on the safety 

factor. 

This is because the capacity of the shotcrete support moves the intersection point between the 

curves from the two reactions from the rock and the support, where this values are obtained. 

It should be noted that the strength used is for 28 days old concrete. The strength of the shotcrete 

in the beginning is significantly lower than the one after 28 days and it must be noted that the 

actual combined factor of safety changes during the hardening (aging) of the concrete. 

The rock bolt support does not reduce the radius of the plastic zone. Although the length of the 

rock bolts is not included in the RocSupport calculations (because the support is calculated as the 

equivalent of the internal pressure), the radius of the plastic zone gives an indication of the rock 

bolts length for effective support. For the rock bolts to be effective, they must be anchored in the 

uninterrupted rock. That means they should extend behind the plastic zone. 

4. CONCLUSIONS 

The RocSupport software package in which the method ''rock support interaction'' is implemented, 

represents a very effective and simple tool to assess tunnel convergence and the size of the plastic 

zone. These indicators on the other side are very important to assess the stability of the tunnel and 

the type of the support to be applied to ensure the necessary safety of the staff and tunnel 

machines. Certainly, the theoretical assumptions should be taken into account when using the 

software, and if they are not fully satisfied the results should be carefully analyzed and approved. 
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