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Fig. 8. Snapshots of a Titan2d simulation of a dense volcanic granular flow on the Northeast slope of Turrialba volcano. The pile, 
initially at rest and with a volume of 1.9x106 m3 (a), begins flowing downslope due to its instability on the ground and accumu-
lates on the steep valleys and ravines (b, c). Material with a depth lower than ~1 cm doesn’t show up in this figure. These maps 
correspond to times 0, 50 and 1800 seconds of the simulation. The DEM of Turrialba is represented in contours of 50 m intervals.
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two aspects of the numerical model mean that 
flows such as lahars (mixture of water and solids) 
and certain types of pyroclastic density currents 
(surges and column-collapse flows) cannot be re-
alistically modeled; also high vertical gradients 
in the topography may impose unrealistic sce-
narios for the model. For instance, Kelfoun et al. 
(2009) showed that the Mohr-Coulomb behavior 
is not appropriate for modeling column-collapse 
pyroclastic flows at Tungurahua volcano. Block-
and-ash flows, however, have been satisfactorily 
modeled with Titan2D (e.g., Rupp et al., 2006; 
Charbonnier & Gertisser 2009, 2012; Procter et 
al., 2010; Sulpizio et al., 2010) but simulation re-
sults are limited to the dense basal part of such 
flows, and do not include the overlying dilute ash-
cloud surge component.

To conclude, the results presented in this pa-
per suggest that the application of ‘shallow-water’ 
numerical models like Titan2D for hazard assess-
ment of volcanic flows can be used as predictive 
tools in future eruptions, but should be limited 
to the field of dense volcanic granular material, 
like those produced by gravity-driven dome col-
lapse events. Therefore, these models cannot be 
used to simulate any dilute pyroclastic density 
currents generating by vertical column collapse, 

total dome disruption and directed blast scenarios. 
Moreover, validations of the model so far have re-
vealed a rather empirical use of the friction pa-
rameters that allow adjustment of the model to 
different runout situations. The Heim coefficient 
can provide reasonable input parameters that can 
be used as guidelines for choosing appropriate 
basal friction angles based on flow volume (see 
Fig. 3). Calibration of these resistance terms by 
using well-constrained flow mobility parameters 
calculated from field observations provides a 
good method for encompassing and compensat-
ing for the lack of uncertainty around the poten-
tial of future events. However, such an approach 
lacks a general procedure for the systematic use 
of these models in predicting probabilities of dif-
ferent outcomes, given distributions of inputs. 
Such a methodology with the use of Titan2D has 
been recently developed by several authors (e.g., 
Dalbey & Patra, 2008; Sheridan et al., 2010). By 
combining numerical simulations using freely 
available models, probability modeling and sta-
tistical methods for defining best-fit input param-
eters, a systematic approach provides one basis 
for estimating the areas and levels of hazard as-
sociated with dense volcanic granular flows and 
for improving disaster mitigation plans.
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Fig. 9: Maximum depth and average speed of a dense volcanic 
granular flow on the flank of Turrialba volcano, as shown in 
Fig. 7. 
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