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Abstract   

This study proposes to assess the geomechanical 
behavior of relay ramps during the development (injection 
and production) of a carbonate reservoir and the impacts 
of structural seismic interpretation on the flow pattern. 
Two 2D ramp models were built, with and without 
overlapping, and assigned to them two distinct materials, 
matrix and fault zone, with initial and boundary conditions 
definition. For each model two scenarios were tested: in 
the first one, where there is production and injection in the 
reservoir, which the response of the ramp geometry, in 
terms of pore pressure distribution and flow velocity, was 
evaluated. And in the second scenario, where there is 
only injection in the reservoir, the impacts on fluid flow 
were analyzed for two distinct hypotheses, one of sealing 
faults and the other of non-sealing faults. Two points of 
observation were chosen for evaluation. The results for 
the first scenario showed that the flow velocity tends to 
increase when it passes through the relay ramp and that 
these promotes a connection in the reservoir, stabilizing 
the pore pressure dissipation after a few years of 
production. In the second scenario, for the hypothesis of 
non-sealing faults, the observer points demonstrated that 
the geometry of the ramp did not influence the pore 
pressure dissipation, whereas, this influence was 
significant in the hypothesis of sealing faults, since the 
ramps act as preferential paths to the flow. This finding 
become more evident when the faults ramp geometry was 
modified. These changes demonstrated the importance of 
a coherent structural seismic interpretation that best 
represents the subsurface geological structures, once 
impacts the flow pattern. 

Introduction 

Normal fault segments are observed in Rift systems and 
crustal extension regions around the world (Coward et al., 
1987; Davidson., 1994). Crider and Pollard (1998) state 
that the evolution of distensions promotes the 
development of the fault system and the mechanical 
interaction between them originate the relay ramps (figure 
1). These structures formation during the development of 
normal faults is extremely common (Fossen and Rotevatn 
2016). They are formed and destroyed continuously and 
occurs since centimeters scale on a map, up to hundreds 
of kilometers wide (Peacock et al., 2000; Soliva and 

Benedicto, 2004). The interaction between faults and the 
consequent formation of ramps depends on the density, 
distribution and arrangement of the fault system and the 
stress field involved (Fossen and Rotevatn 2016). 

 
Figure 1: Relay ramp with normal faults connecting the 
hanging wall with footwall. Illustration shows how ramps 
are formed when two faults are close and their respective 
deformation envelopes overlap (right). An isolated fault is 
presented on the left side of the figure, Fossen and 
Rotevatn (2016). 

According to Fossen and Rotevatn (2016) the evolution of 
faults in a distensive system is due to one or the 
combination of one of the following mechanisms: growth 
and coalescence of the isolated faults segments or the 
reactivation of a deep crustal structure (figure 2). These 
models are considered end-members, which can explain 
the evolution of a fault system and occur naturally in the 
same region or Rift. 

 
Figure 2: Evolution of faults in a distensive system. (a) 
Uniform extension generating an incipient fault system 
that evolves through the interconnection of smaller faults 
which become a single longer fault. (b) Basement 
controlling the extent and the generation of faults with 
standard in échelon in the sedimentary cover; that link up 
to non-planar large fault. (c) Variation of (b) where pre-
existing faults are not orthogonal to the direction of 
extension. (Modified from Fossen and Rotevatn 2016). 

 

The evolution process of a faults system (growth, 
bonding, and amalgamation) is widely documented and 
relatively well understood (e.g. Peacock and Sanderson, 
1991, Trudgill and Cartwright 1994, Cartwright et al., 
1996, Cowie et al., Fossen et al., 2010, Fossen and 
Rotevatn 2016). 
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When two subparallel faults become close enough, they 
begin to interact and form the ramp. This is manifested by 
the curving of faults tips on the overlap zone, where a 
complex zone of subsidiary structures develops: faults, 
fractures and deformation bands (Fossen and Rotevatn 
2016). When there is interaction of the faults and 
establishment of the relay ramp, it begins to deform 
internally and the ramp break can occur with distension 
processes continuity. The deformations depend 
essentially on the mechanical rock properties within the 
relay zone and the deformation ratio (Fossen et al., 
1998). 

Soft-linked relay ramps (without ramp break) are 
developed at the early stage of evolution of a distensive 
system. They form a zone where the deformation is 
transferred between two fault segments (figure 3a). The 
zone of intersection between the two faults is 
characterized by a higher topographically resultant region 
of the folding of the geological layers in the area (Peacock 
and Sanderson, 1991). As the distension evolves (figure 
3b) a transfer fault is formed and the relay ramp is broken 
and initially separated into two coalescing segments, 
originating the hard-linked ramps and a continuous fault 
segment (figure 3c). This implies that soft-linked ramps 
have transition features in a progressive faulting process 
(Rotevatn et al., 2007). 

 
Figure 3: Evolution of a distensive system: growth and 
connection of two fault segments through the formation of 
soft linked (stages 1 and 2) and hard-linked (stage 3) 
relay ramps. From stage 1 to 3 the development of a 
complex deformation zone is shown. In deeper levels a 
ramp can be hard-linked, whereas, at the shallower 
levels, it can be soft-linked ramp. (modified from Rotevatn 
et al 2007).  

 

Fossen and Rotevatn (2016) describe three end-
members classes of ramp geometry that can be observed 
in field outcrops, interpreted seismic data, physical 
experiments and numerical models (figure 4): (1) ramp 
not broken (figure 4a) (2) evolution of only one fault tip 
(figure 4b), (3) evolution of the two faults tips (figure 4c) 
and (4) breach of the ramp without evolution of the fault 
tips (figure 4d). 

 
Figure 4: Breaking patterns of relay ramps. (a) ramp not 
broken. (b) upper-ramp, evolution of only fault tip. (c) 
ramp with overlapping evolution of the both faults tips. (d) 
Mid-ramp, ramp breaks in half (Modified from Fossen and 
Rotevatn 2016). 

Relays ramps typically represent potential pathways for 
vertical fluids migration including hydrocarbons, CO2 and 
other hydrothermal solutions, metamorphic fluids, magma 
and groundwater (figure 5). They can act as conduits for 
fluid flow in the overlap zone between two sealing faults. 
The reason for this is the high structural complexity 
present in relay ramps with increasing numbers of faults 
and fractures and the wide range of orientations of these 
structures (e.g. Rowland and Sibson, 2004; Fossen et al., 
1998). 

Soft-linked relay ramps can increase permeability by the 
presence of fractures and faults, whereas in hard-linked 
ramps, due to the damage zone, permeability may be 
reduced (Rotevatn et al., 2007). However, in fractured 
carbonate reservoirs, it is demonstrated that hard-linked 
ramps can provide greater connectivity compared to soft-
linked ramps. The reason is that in these rocks the 
development of the fracturing and permeability system is 
improving as the process of growth and connection of the 
faults evolves along the ramp becoming favorable to the 
flow until the total breakage of the relay ramp (Fossen e 
Rotevatn 2016). 
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Figure 5: Fluid flow pattern through the relay ramp (layer 
(B)). The sealing fault can conduct the fluids in the vertical 
direction (1), but much more efficient is the flow through 
the fractured relay ramp (2). In reservoirs the relay ramps 
increase communication between the hangwall and 
footwall (2). Layer (A) does not present ramp geometry 
and is not associated with flow type 2 and 3, Fossen and 
Rotevatn (2016). 

 

Method 

For this study two 2D models were built using the 
TECTOS @ PETROBRAS software, which is based on 
the finites elements method. Each model represents a 
stage of relay ramp evolution: with and without 
overlapping. For each model were assigned the materials 
that correspond to the reservoir rock (matrix) and 
deformed reservoir rock (fault zone). The positions of the 
injection and production wells were also chosen and the 
initial and boundary conditions were defined (figure 6). 

 

Figure 6: Two relay ramps 2D models. The first one, 
represents the relay ramps with overlapping and the 
second, without overlapping. 

The boundary conditions established for both models 
were restricted at x and y beyond the limits determined by 
the mesh area and the initial conditions of confining 
tension of 15 MPa in the x and y directions and initial pore 
pressure of 10 MPa for all mesh elements. 
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For each model, two scenarios were tested: in the first 
one, where there is production and injection in the 
reservoir, the response of the ramp geometry was 
evaluated for the pore pressure distribution and flow 
velocity during 30 years of simulation. 

For the matrix and fault zone materials, values of density, 
porosity, permeability, Young's modulus, Poisson's 
coefficient, Biot's coefficient, with values related to 
carbonate rocks, close to those obtained in the Kiewiet, 
2015 (Table 1). 

For the injection and production wells, a differential of 10 
MPa pore pressure was added, positive for the injection, 
considering increase of the pore pressure and negative 
for the production well, considering reduction of the pore 
pressure. The models were simulated for 30 years to 
evaluate the response of the ramp geometry regarding 
the pore pressure distribution and flow velocity. 

Table 1: Scenario 1 geomechanical properties values for 
matrix and fault zone materials (adjusted from Kiewiet, 
2015). 

 

In the second scenario, where there is only injection in the 
reservoir, the impacts on fluid flow were analyzed for two 
distinct hypotheses: sealing and non-sealing faults. The 
geomechanical properties values for the matrix were 
maintained, as in scenario 1, and for the fault zones, were 
used those presented in table 2. 

For the injection well, a positive differential pore pressure 
of 10 MPa was added and two observer points were 
chosen, one in the production well (A) and the other in the 
middle of the ramp (B). Their sensitivity was evaluated 
over the simulation time, due to the injection effect in the 
two hypotheses considered: sealing and non-sealing 
faults. 

Also, in this second scenario it was analyzed the impacts 
on the flow pattern due to the structural seismic 
interpretation by modifying the faults configuration that 
constitute the relay ramp. 

Table 2: Scenario 2 geomechanical properties values 
considering the hypotheses of sealing and non-sealing 
faults (adjusted from Kiewiet, 2015). 

 

 

Results 

The results of the first scenario showed that the flow 
velocity tends to increase when passing through the relay 
ramp in the two models tested. It was also observed that 
the ramps promote a connection between the hanging 
wall and footwall from the fault reservoir, stabilizing the 
pore pressure after a few years of production (figure 7). 

 
Figure 7: Scenario 1 maps for models 1 and 2 after 30 
years of simulation. At the top, the fluid velocity maps and 
at the lower, the pore pressure maps. 
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As for the ramp’s geometry, it can be observed that in the 
ramps without overlapping, the flow velocity is much 
larger than those with the overlapping ramps. And also, 
that the pore pressures dissipate more easily on ramps 
without overlapping, showing that in a scenario of 
reservoirs production and injection with sealing faults 
characteristics, overlapping ramps tends to 
compartmentalize the reservoir more than in ramps 
without overlapping. 

In scenario 2, for the hypothesis of non-sealing faults, the 
observer points demonstrated that the ramp geometry did 
not influence the pore pressure dissipation, that is, it 
didn’t modify the flow pattern. The graphs from the 
observer points (A) and (B) confirm that the pore pressure 
dissipation stabilizes early in the first years of simulation 
(figure 8). 

 
Figure 8: Scenario 2 with relay ramps with overlapping, 
for the hypotheses of sealing and non-sealing faults. The 
graphs to the right (pore pressure versus time), present 
the results of these simulations in observer points (A) and 
(B). 

On the other hand, in case of sealing faults, the influence 
of the ramp geometry was significant, since the ramps act 
as preferential paths to the flow, making the flow pattern 
tortuous. The graph from the observer point (A) 
demonstrated that the pore pressure stabilization 
occurred in a time four times greater than the hypothesis 
with non-sealing faults, as well as to the observer point 
(B), in which the pore pressure stabilization occurred in a 
time three times greater than the hypothesis with non-
sealing faults (figure 8). 

For scenario 2, considering a change in the structural 
seismic interpretation of the ramp geometry, where one 

fault tip connects with the other fault and forms a single 
fault segment and when repeating the simulation, 
considering the assumptions of sealing and non-sealing 
faults, it is possible to evaluate the impact that the change 
at the structural seismic interpretation caused in the flow 
pattern (figure 9). 

In the first case, in the hypothesis of non-sealing faults, it 
is noted that the ramp geometry did not influenced the 
pore pressure propagation, that is, it did not modify the 
flow distribution pattern as observed with the open ramp. 
However, when considering the hypothesis of sealing 
faults, the change in flow pattern is significant. The graph 
from the observer point (A) almost does not change its 
pore pressure values, which means that the reservoir is 
compartmentalized, while the graph from the observer 
point (B) stabilizes the pore pressure dissipation, since it 
is connected to the injection well by the relay ramp (figure 
9). 

 
Figure 9: Scenario 2 with relay ramps with faults 
connected (closed ramp) for the hypotheses of sealing 
and non-sealing faults. The graphs to the right (pore 
pressure versus time), present the results of these 
simulations in observer points (A) and (B). 

 

 

 

 

 

 

 



GEOMECHANICAL BEHAVIOR OF RELAY RAMPS 
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________  

Sixteenth International Congress of the Brazilian Geophysical Society 

6 

Conclusions 

Relay ramps impacts the flow pattern when their faults 
have a sealing character. 

The different relay ramps geometries, with and without 
overlapping, influence the flow pattern, and those with 
overlapping cause a more significant influence in the pore 
pressure dissipation than those without overlapping. 

All the scenarios tested demonstrated the importance of a 
coherent and representative structural seismic 
interpretation of the subsurface geological structures for 
the flow simulation, since changes in the geometry of the 
ramps, closed or open, considering the same 
geomechanical properties for the faults, influence the flow 
pattern. This finding becomes more relevant in the 
absence of dynamic reservoir data. 

Future studies will portray in more detail the fault zone 
elements (damage zone and core), and the adoption of a 
material representing the existing deformation in the relay 
ramp area. Therefore, better understanding the 
geomechanical behavior of the relay ramps during the 
development of the reservoir, in terms of flow distribution 
and faults reactivation. 
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