
Abstract 

A comprehensive analysis of flood risk in mountain streams has to
include an assessment of the vulnerability of the protection systems,
in addition to an assessment of the vulnerability of the constructed
environment on alluvial fans and floodplains. Structures forming the
protection systems are of a dual nature, i.e. they are designed to miti-
gate natural process-related hazards and, on the other hand, are prone
to be damaged during their lifecycle by the same processes they should
mitigate. Therefore, their effectiveness declines over time. Hence, the
knowledge of how effectively control structures perform is essential for
risk management. A procedure was developed to assess the physical
vulnerability of check dams based on empirical evidence collected in
South Tyrol, Northern Italy. A damage index defined on pre- and post-
event comparisons of check dam conditions was evaluated for 362
structures in 18 mountain streams along with the relevant processes
and the structural characteristics affecting it. Although the available
dataset did not allow conclusive functional relationships between dam-
age index and impact variables to be established, it was possible to
assess the average expected residual functionality of check dams

according to structure characteristics, and event type and intensity.
These results may help plan appropriate check dam maintenance. 

Introduction

The use of check dams to stabilise mountain streams has a long tra-
dition in many Alpine regions. In South Tyrol, Northern Italy, the first
check dams in masonry were built in the 16th century. As outlined by
Mazzorana and Fuchs (2010b), in the second half of the 19th and during
the early 20th centuries, protection against natural hazards was mainly
provided by building permanent constructions in the upper part of the
catchments, supplemented by afforestation of the valley slopes to reduce
erosion and prevent initiation of debris flow. Due to the increasing
demand for land for residential purposes and agricultural and industrial
development, the consolidation approach was progressively extended to
a larger number of streams. Despite the considerable investment in con-
ventional mitigation strategies, which aimed at decreasing both the
magnitude and frequency of events, losses could not be satisfactorily
prevented (Mazzorana et al., 2008). It is economically and technically
unfeasible to retain all the potentially transported sediment through
retention and grade-control structures alike. Given this, since the late
1960s, a large number of open, filtering check dams have been con-
structed (Zollinger, 1984). The functional efficiency of this type of struc-
ture was gradually refined (Üblagger, 1972) first by improving the
mechanical sieving function and subsequently by modifying the design
to obtain a cost-efficient dosing function (Armanini et al., 2000).
Nonetheless, consolidation check dams built in staircase-like
sequences, aimed at preventing bed incision and stabilising adjacent
hill slopes, are widespread in Alpine streams and are still used today to
mitigate flood and debris flow hazards. Indeed, approximately 30,000
check dams have been constructed in South Tyrol since 1900, and 16%
of them were judged not to satisfy required reliability and, consequently,
technical efficiency requirements (Mazzorana et al., 2008). Tacnet et al.
(2012) proposed decision support tools to analyse the efficiency of the
protective measures taken considering both their structural state and
functional capabilities. The hidden risk associated to check dam failure
is especially important in cases of events larger than that in the design,
whereas in cases of events of lower magnitude the related risk is more
subtle (Von Maravic, 2010). Mazzorana et al. (2009) developed a forma-
tive scenario analysis technique to detect possible system changes for a
protection system subjected to process impacts. However, the need for a
comprehensive analysis of flood risk (here used broadly to include also
debris flow processes) in mountain streams embracing the assessment
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of the vulnerability of the protection systems (i.e. check dams, levees,
bank protection) in addition to the classical damage potential describing
the built environment (Vorogushyn et al., 2009; Merz et al., 2010;
Mazzorana et al., 2010b) is still to be addressed. Structures forming the
protection systems are of a dual nature (Mazzorana et al., 2010a)
because they are designed to mitigate natural process-related hazards
but on the other hand they are prone to be damaged throughout their
lifecycle by the same processes they should mitigate (Mazzorana, 2008;
Vorogushyn et al., 2009), thus reducing their effectiveness over time.
Furthermore, the sudden unexpected collapse of check dams can result
in increased hazards downstream due to the formation of dam-break
surges and the release of large volumes of sediments. In addition, the
physical vulnerability of each single check dam contributes to the vulner-
ability of the entire channel control system, but the latter is not equal to
the sum of the vulnerabilities of the single structures. In fact, because of
the interrelationships between structural damage and event intensity,
non-linear dynamics emerge making it difficult to predict the final state.
Therefore, a reliable quantification of the physical vulnerability of each
structure is essential for a correct understanding and prediction of the
evolution of a given mountain stream during and following flood events.
Setting aside the social context, vulnerability can be defined as a

functional relationship between process magnitude and/or intensity
and the resulting impact on structural elements at risk. More specifi-
cally, with respect to the constructed environment, vulnerability is
related to susceptibility of physical structures to damage, and can be
defined as the expected degree of loss resulting from the impact of a
certain event spectrum on the elements at risk. The assessment of vul-
nerability requires different parameters and factors to be evaluated,
such as the type of element at risk and its resistance (Fuchs et al.,
2007). Dealing with natural hazard processes, empirical parameters
such as event magnitude and frequency must be assessed via the prob-
ability theory (Mazzorana et al., 2010b).
Unfortunately, still little is known about the consequences on check

dams of the damage and impact related to a specific event (e.g. debris
flow, debris flood/hyperconcentrated flow, intense bed load transport),
and even less is known about how the initial physical conditions can
influence the response to a certain stress. One way to shed some light
on check dam vulnerability is through empirical investigation in the
field by analysing a wide, representative sample of check dams,
including different structural conditions, types of events and related
intensities. These data can be used to perform a statistical analysis to
determine the factors affecting the physical vulnerability of check
dams, and to explore possible quantitative relationships between
loading parameters and the defined damage indices for different
types of structures. This will help us understand how information
acquired in the field and the results of hazard analysis can be used to
maintain the preventive capability of the check dams, and conse-
quently lower the risk to the protective system and to the constructed
environment. This paper presents the research carried out in South
Tyrol, Northern Italy. 

Materials and methods

The study area for the empirical analysis of physical vulnerability
of check dams is represented by 18 mountain streams belonging to
the Adige/Etsch river basin, in South Tyrol, Northern Italy (Figure 1).
These 18 streams were selected among other possible candidates
because of the availability of both written and photographic docu-
mentation on structural conditions of the constructions before recent
(from 2007 to 2010) relevant events. The study basins include meta-

morphic, porphiric, granitic and calcareous rock substrate, with
channels with a bed slope ranging from 0.03 to 0.50 m/m.
The dataset consists of 362 check dams and a total of 22 flood events

(including debris flows and debris flood events). Most of the flood
events analysed occurred in 2009, a year characterised by a large num-
ber of events, with the main storms on 16th and 17th July, 30th July and
4th September. In summer 2010, two operators carried out the field eval-
uations of post-event conditions of check dams, along with event char-
acterisation.
The vast majority of check dams comprised in the dataset are con-

crete consolidation structures (59.4% of the case studies) or steel-rein-
forced concrete check dams (20.2%). A smaller but important part of
the dataset consists also of boulder check dams, reinforced (8.8%) or
not reinforced (4.1%) with concrete/grout and retention concrete check
dams (3.9%) Other materials were also considered, but their presence
in the dataset is almost negligible in comparison. Most of the check
dams analysed were built in the last 20 years (22% in the last decade,
44.3% between 1990 and 2000), with the remaining check dams in our
dataset dating from the late 1950s onwards (Tables 1 and 2).
The paper will first discuss the variables describing the loading con-

ditions for the analysed structures in South Tyrol, followed by the for-
mal definition of the damage index, based on pre-and post-event struc-
ture conditions. The set up and necessary assumptions for data analy-
sis will also be outlined. 

Definitions of the variables used for event intensity
and check dam design
In order to describe and quantify event intensity, and to complement

the immediate post-event surveys including photographic documenta-
tion carried out by the Ripartizione Opere Idrauliche (Dept. of
Hydraulic Engineering) of the Province of Bolzano, two different spa-
tial scales were analysed by the field operators in summer 2010, i.e. a
local scale referring to the channel portion closely (tens of meters) sur-
rounding every single structure, and a reach scale referring to a longer
(hundreds of meters) channel segment. At the local scale, the relevant
variables surveyed were the maximum flow depth (H, in m) and width
(W, in m) during the event, the maximum diameter of transported
clasts found near the structure (Dmax, in m), and the local bed slope
(Sloc, in m/m). At the reach scale, the channel slope (SREACH in m/m)
was measured over a distance of approximately 500 m.
From the surveyed variables, the following hydraulic variables were

calculated: maximum flow discharge (at the reach scale), unit water
discharge and the unit stream power (both at the local scale).
The maximum flow discharge was calculated as: Q=H·W·V , where V

is the mean flow velocity (in m/s). The velocity was calculated in two
different ways, depending on the event type. For debris flows (D), veloc-
ity was calculated using Rickenmann’s (1996) equation (Eq. 1) to
match with observed flow depth and width:

(1)

whereas for bed load (B) and debris floods (H), velocity was calculated
by assuming critical flow conditions (i.e. Froude number of the flow
Fr=1), following indications for floods in steep channels by Grant
(1997) and Comiti et al. (2009a) (Eq. 2): 

(2)

where
g is the gravitational acceleration. The unit discharge was then calcu-
lated simply as q=Q/W.
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The unit stream power ω was defined as:

(3)

where Ω is the reach-scale stream power, defined through the follow-
ing equation:

(4)

where
ρ is 2000 kg/m3 for D, 1500 kg/m3 for H and 1000 kg/m3 for B.
Besides the above variables related to event intensity, the design dis-

charge QD for each check dam was defined based on pre-event geome-
try in order to rate events in comparison with design values. QD was
calculated as the product of the spillway area and critical mean flow
velocity calculated over the spillway, similarly to Eq. 2.

Assumptions for data analysis
As previously stated, the entire dataset of check dams (n=362) is com-

posed of two subsets associated to two different field operators and to dif-
ferent levels of hydraulic analysis. Both subsets will be analysed jointly
with respect to the variables affecting check dam vulnerability and to
those describing event loading (e.g. bed slope, age and type of structure)
because differences between the two operators in the assessment of the
damage index and of the residual functionality of each structure are con-
sidered to be negligible. However, only Subset 1 (n=174) estimates event
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Table 1. Types of check dams as classified by the Province of
Bolzano, Northern Italy.

Code                                       Material type

1                                                       Retention concrete
2                                                          Dosing concrete
3                                                    Consolidation concrete
4                                                           Mixed masonry
5                                                      Uncemented boulder
6                                                        Cemented boulder
7                                                 Steel-reinforced concrete
8                                                        Masonry with wood

Table 2. Check dam age classes.

Code                                        Age (years)

1                                                                      <10
2                                                                     10-20
3                                                                     20-30
4                                                                     30-40
5                                                                     40-50
6                                                                     50-60

Figure 1. Location of the 18 case studies in South Tyrol, Northern Italy.
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flow characteristics based on Eqs. 1-4, as well as the design discharge
adopted for each check dam. Hence, only data from Subset 1 will be used
to look for statistical relationships between damage index and event flow
characteristics. In fact, the estimation of a reach-scale flow discharge for
Subset 2 (n=188), carried out by a different operator (Von Maravic,
2010), is more difficult and subject to a larger degree of uncertainty.
Nonetheless, data relative to the maximum sediment size transported by
the event collected in Subset 2 will be used. 
Within Subset 1, not all the variables (either geometrical or

hydraulic) were available for some check dams, and these cases were,
therefore, dropped. Also, to achieve statistically significant results, the
few (1-2 each) cases of structure types 1, 2 and 8 (retention, dosing and
masonry with wood check dams) were removed, therefore focussing on
consolidation check dams of types 3, 4, 5, 6 and 7. Age class ranged
from 1 to 6 (but Class 5 is missing), and all types of events were includ-
ed (bed load, debris flood and debris flow). The final sample size for
Subset 1 is made up of 156 cases out of the initial 174 check dams. In
order to analyse different streams together, for each check dam, the
peak discharge Q estimated from field surveys was normalised by the
estimated design discharge QD. Similarly, flow depth (H) and width
(W) were made dimensionless by dividing them by overflow depth (h)
and crest width (w), respectively, whereas the maximum diameter
Dmax was divided by the check dam thickness (d).
In order to establish a loading variable associated to the event, only a

reach-scale flow discharge estimated on the most stable sections was
considered reliable. The highest marks observed in the field in these sec-
tions were taken as an indicator of flow depth. Velocity estimations use
this average event flow depth. Field estimation of flow width is probably
affected by a much smaller error than depth and can, therefore, be used
to calculate local unit discharge. For these reasons, flow depth measured
locally will be not used to evaluate event loading. Clearly, the use of a sin-
gle, reach-scale discharge for all the check dams within a reach assumes
that discharge remained constant along the channel, which may be not
true, especially for long reaches and with debris flow phenomena. Local
scale properties that are probably relevant for check dam stability (i.e.
unit stream power derived from unit discharge) can be derived from the
reach-scale discharge using local flow width and local channel slope.
The statistical analysis was carried out using Statistica 7.0 software

(2004; StatSoft Inc., Cary, NC, USA). Indeed, it must be stressed that
even though the results presented here were derived from a relatively
large sample (n=362), they are representative of only a small portion of
the entire population of check dams in South Tyrol, which feature vary-
ing combinations of structure and basin characteristics.

Damage index based on pre- and post-event structure
conditions
As stated above, vulnerability can be defined as the expected degree

of loss resulting from the impact of a certain event on the elements at
risk. Hence, considering check dams as these elements, it is necessary
to compare their pre- and post-event conditions and to quantify the
damage events in terms of structural deterioration relative to the pre-
event conditions. In order to do this, a damage index function is intro-
duced as a general procedure. 
The damage index function (DIi) for the ith check dam is defined as

follows:

(5)

where 
Rei(IE) is the resistance of the check dam in case of an event E of inten-
sity IE. Due to the difficulties in determining Rei(IE) directly, it is prac-
tical to re-state Eq. 5 in the following form:

(6)

where 
ΔCi=Ci post-Ci pre is a measure of the structural changes in check dam
conditions C resulting from the event E, (Rei)j where j=1,...,J are the J
considered resistance descriptors for each check dam, and L(IE)m,
m=1,...,M are the M parameters for the description of the loading con-
ditions of the event E.
A number K of functional parts of check dams are defined (Figure 2).

Each of these functional parts is assessed (based on photographs and
field surveys) for both pre- and post-event conditions through an integer
ranking value R, ranging from 1 (no damage to the functional part
analysed) to 5 (complete damage to functional part). By applying the
ranking R to the assessment of the K functional parts in pre- and post-
event conditions, (Rk)pre and (Rk)post respectively, a vector quantifying the
relative change in structural performance can be obtained as follows:

(7)

A vector of weights is then defined expressing the
relative importance of each functional part (contribution to the overall
functionality of the check dam). Finally, the damage index (DIi) for
each check dam can be calculated as weighted average of the single
elements of the structural performance change vector (compare Eq. 7)
as follows:

(8)

with .

In our specific case, we assessed, for a large number of check dams,
the damage index DI relative to recent flood events whose intensity
indicators, L(IE)m (i.e. type of event, discharge, local energy slope, unit
stream power, sediment size, flow width and depth) have been estimat-
ed by field surveys and supported by the event documentation archives
of the Autonomous Province of Bolzano. The selected resistance
descriptors (Rei)j are the main geometrical data of the check dams (i.e.
height and width, dimensions of the wings and of the foundation, etc.)
which have been assessed both for pre- and post-event conditions also
accounting for check dam type (Table 1) and age (Table 2). Following
the procedural steps outlined above, the damage conditions (Eq. 8)
were assessed dividing the structure into K=6 different functional
parts (Figure 2), each having the same weight wk.
Finally, the residual functionality RF of each check dam at the time of

survey was categorised according to the classes (codes 1-4) listed in
Table 3. The residual functionality represents an integrated evaluation of
the degree of performance (in our case, mostly bed level consolidation)
the structure still exerts. RF differs from the evaluation of the damage
extent for the different parts (ranking R described above) because it
entails a holistic assessment approach to each check dam condition,
basically aimed at defining whether the structure is still of use or not,
and if it needs structural restoration. However, RF is clearly linked to DI,
and the determination of the threshold of damage levels leading to
Heavily compromised functionality (Class 3, Table 3) becomes of great
interest in terms of the maintenance measures to be taken.
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Results

Damage index and residual functionality

The link between damage index DI and residual functionality RF is
presented in Figure 3. The existence of a strongly significant (P<0.001,
based on one-way ANOVA) relationship is quite obvious, i.e. the greater
the damage, the smaller the remaining functionality. But the graph is
relevant because it highlights the DI values at which substantial
changes in functionality occur. The step from RF=2 to RF=3 reflects a
difference reckoned substantial in terms of functionality, even though

the increase in average DI is apparently not major (approx. 0.15-0.28),
in contrast to the sharp increase associated to the passage from RF=3
to RF=4 (no residual functionality, i.e. functionality totally lost).
Therefore, DI higher than approximately 0.2 should be viewed as indi-
cating alterations likely to bring about serious consequences in terms
of functionality during future events. Furthermore, the loss of residual
functionality was found to have the highest correlation with the level of
damage on the central crest of check dams (R=0.85) However, this
derives from the definition of functionality for consolidation check
dams, i.e. fixing the bed level at their crest. Indeed, damage to wings
also shows significant correlation with RF (R=0.66) and has the poten-
tial to bring about important structural failures.

                              Article

Table 3. Residual functionality classes.

ß                                     Residual functionality            

1                                                    Unaltered functionality                   
2                                         Slightly compromised functionality        
3                                         Heavily compromised functionality        
4                                                   No residual functionality                 

Table 4. Results of main effects of analysis of variance for damage
index applied to the entire dataset. 

Sum of Degree of Mean F P
squares freedom squares

Intercept 4.28 1 4.28 166.98 <0.001

Structure type 2.22 7 0.32 12.37 <0.001

Structure age 1.09 5 0.22 8.53 <0.001

Event type 0.16 2 0.09 3.05 <0.05

Pre-event damage 0.03 1 0.03 0.98 >0.10
Error 8.86 346 0.02 - -
Significant (P<0.05) values are in italics.

Figure 3. Relationship between residual functionality and damage
index. RF 1, unaltered functionality; 2, slightly compromised; 3,
heavily compromised; 4, no residual functionality. 
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Figure 2. Every check dam was subdivided into six parts to assess damage.
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Physical vulnerability: determination of significant factors
Several preliminary one-way ANOVAs were carried out by analysing

the entire dataset to find significant effects on the damage index (DI)
due to the different categorical variables such as structure age, type,
and function, event type and presence/absence of pre-event damage.
These single-variable ANOVAs identified all of these categorical vari-
ables as having significant effects (P<0.05) on DI, except for structure
function: i) older (>20 years) structures have higher DI than newer
ones; ii) concrete check dams have lower DI than masonry ones; iii)
previously damaged structures have higher DI. With reference to event
type, the one-way ANOVA indicates that DI associated to debris flood
events is on average higher than for debris flow and bed load events,
which do not differ between themselves.
However, because the dataset is made up of only a limited number of

the possible combinations among these factors, there is a need to use
main-effects ANOVAs (i.e. an analysis which includes more categorical
variables at a time) to assess the contribution of each one to the overall
variance of DI. The results obtained from such an analysis, including
all the variables, except for structure function, are reported in Table 4.
All but pre-event damage is found to be significant, with event type

showing a weaker effect than the other variables. With reference to
structure type, the ANOVA indicates that, apart from the single and thus
non-representative case of masonry and wood structure (type 8) which
features the highest average DI, uncemented boulder and mixed mason-
ry check dams (types 5 and 4, respectively) show higher DI. Also, there
is a significant difference between uncemented (type 5) and cemented
(type 6) boulder structures, with the latter demonstrating lower damage
levels, almost comparable to reinforced concrete check dams. As regards
age, there is a significant steady increase in DI as check dams become
older up to class 4 (40 years), then an abrupt increase in DI can be seen
for class 6. However, only a few cases belong to this class, thus the asso-
ciated error is quite large. Finally, debris flow events seem to bring about
more major damage, in contrast to values obtained from the simpler one-
way ANOVA mentioned above. However, the difference between debris
floods and bed load events is not significant (P>0.05).
A correlation analysis has also been carried out to detect possible

effects of quantitative variables such as the size of different parts of
check dams, the channel slope (local and reach scale), the maximum
size of transported clasts during the event, and also estimated flow
depth and flow width (here flow depth is used with no reference to the
actual event loading but just as an overall indicator). Results are report-
ed in Table 5. There are some check dams dimensions that seem to be
positively correlated to damage, i.e. structure height (h), thickness (d),
and width (L). Channel slope does not seem to be related to damage.

The event-related variable featuring the highest correlation is Dmax,
but also flow depth and width display significant correlations. These
three variables are also significantly positively cross-correlated among
themselves; this is as expected since they are usually positively corre-
lated with flow discharge (Table 6). Channel slope (both local and
reach-averaged) results significantly (P<0.05) correlated (R=–0.133
and –0.198, respectively) only with flow width, i.e. the steeper the chan-
nel the narrower the flow.
The significant correlation of these variables with the damage index

is confirmed also by an analysis of covariance including them each one
at a time in a model with the following variables: structure type, age
and event type. In the same models, channel slopes are not significant.
When both flow depth and maximum diameter are included in the
model together, only the former appears to be significant (P<0.05).
Certainly, flow depth is, in most cases, positively correlated to flow dis-
charge, but as explained above, only for Subset 1 are we confident
enough to derive the latter variable (at reach scale) from flow depth
estimation. The analysis involving flow discharge and unit stream
power for Subset 1 is presented below.

Physical vulnerability: relationship with event
magnitude
In order to include event intensity into the analysis of variance like

those described for the complete dataset, a categorical variable describ-
ing event intensity was then assigned to each check dam based on the
ratio Q/QD: low intensity (1) for Q/QD<0.5, medium intensity (2) for
0.5<Q/QD<1.5, high intensity (3) for Q/QD>1.5. The boundaries
between the three classes derive from the distribution of the ratio in
the sample and were set to ensure a reasonable number of cases in all
the three classes. A one-way ANOVA shows that the damage index DI
differs statistically depending on event intensity (Figure 4), but only
between Class 3 (high) and the other lower classes. The difference
between low and medium events is not significant, even though Class
2 features DI that is on average higher than Class 1.
However, it is hypothesised that other factors are also relevant for

check dam vulnerability, i.e. type and age of structure, and event type.
Therefore, a mean effects ANOVA test was performed (Table 7). The sta-
tistical model is significant (P<0.001) and the variance explained by
the model is quite high (adjusted R2=0.74). The ANOVA test indicates
that the most relevant factors affecting the physical vulnerability of
check dams are their type and age. In particular, mixed masonry and
boulder check dams (types 4 and 5, respectively) are the most vulnera-
ble. Interestingly, concrete boulder check dams do not appear to differ

                              Article

Table 6. Pearson’s correlation coefficient R among event related variables. 

H W Dmax

H 1 0.533 0.395

W 0.533 1 0.308
Dmax 0.395 0.308 1
H, flow depth; W, flow width; Dmax, max transported clast. R values at significant (P<0.05) levels are in italics.

Table 5. Pearson’s correlation coefficient R between damage index and different variables. 

Variable h b hr br wr hl bl wl f d L Sloc SREACH Dmax H W

R 0.19 0.1 0.01 0 0.26 0.02 0.01 0.08 0.02 0.25 0.18 0.1 0.11 0.48 0.37 0.21
h, height of the structure measured at its mid section; b, spillway width; hr, right spillway depth; br, right spillway width; wr, right wing length; hl, left spillway depth; bl, left spillway width; wl, left wing length; f, depth
of the foundation; d, check dam thickness (measured at the spillway level): L, total width of the check dam (sum of wings and spillway); Sloc, local bed slope; SREACH, reach scale; Dmax, max transported clast; H,
flow depth; W, flow width. R values at significant levels (P<0.05) are in italics. 
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significantly from concrete and steel reinforced check dams. As far as
age of the structure is concerned, the increase in vulnerability over
time is evident from Class 4 to 5 and 6, i.e. for check dams older than
30 years. The higher damage index for Class 1 (the newer structures)
than for Class 2 probably depends on the dataset used, but there is no
clear reason for this. Event type is seen to be significant, with debris
flows featuring worse damage. But the large difference between bed
load and debris floods is thought to stem either from the uncertainties
inherent in labelling the event in some cases, or from the use of weaker
check dams in channels not prone to debris flow processes.
Interestingly, event intensity is not found to be statistically significant
by this complete ANOVA analysis (including all the factors), in contrast
to the one-way ANOVA described above, suggesting that overall check
dam conditions are more important than event intensity. A qualitative
assessment of the database also suggests that a quite relevant factor
(actually possibly determining whether a structure will collapse or not)
is represented by erodibility of the banks as this strongly affects wing
stability. Wings protected by cemented pillars or well inserted into
bedrock may prevent lateral erosion and thus provide more stability to
the structure.
In order to help guide river managers, we propose a matrix (Table 8)

to summarise the expected residual functionality (RF) of check dams
of different types and featuring varying initial RF values following
events of different relative magnitudes. This goes from 1 (unaltered
functionality) to 4 (no residual functionality, i.e. resulting non-func-
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Table 7. Results of mean effects analysis of variance on damage index applied to Dataset 2. 

Sum of squares Degree of freedom Mean squares F P

Intercept 4.124 1 4.124 235.27 <0.001

Structure type 0.820 4 0.205 11.699 <0.001

Structure age 1.287 4 0.321 18.360 <0.001

Event type 0.170 2 0.085 4.852 <0.01

Event intensity damage 0.066 2 0.033 1.883 >0.10
Error 2.506 143 0.017 - -
Significant (P<0.05) values are in italics.

Table 8. Vulnerability matrix for consolidation check dams. This matrix describes the average expected values for residual functionality
(RF) of check dams as a function of structure characteristics (rows, with type and initial RF values) and event intensity and type
(columns). Event intensity is expressed as type of event, discharge, local energy slope, unit stream power, sediment size, flow width and
depth. In cases of very stable banks/wings, RF values are expected to decrease by 1. The matrix does not consider cases of excessive local
scouring compared to check dam foundations.

Low intensity Medium intensity High intensity Medium to high
bed load event bed load event bed load event; intensity debris flow

debris floods; low
intensity debris flow

Uncemented boulders and/or wood
1 2 3 4 4
2 3 4 4 4
3 4 4 4 4

Cemented boulders and masonry
1 1 2 3 4
2 2 3 4 4
3 3 4 4 4

Concrete and steel-reinforced concrete
1 1 1 2 2
2 2 3 3 3
3 3 3 3 4

Figure 4. Results of one-way ANOVA on damage index (DI) with
event intensity based on the Q/QD ratio. 1, low intensity event,
Q/QD<0.5; 2, medium intensity, 0.5<Q/QD<1.5; 3, high inten-
sity Q/QD>1.5.
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tional) (Table 3). The matrix has only been designed for consolidation
check dams (grade control works) and not for filtering or retention
check dams. It was derived from the statistical results reported above.
Table 8 is also the result of several years of field surveys in rivers that
have undergone different processes and that have different protection
systems. This experience allowed the authors to assess uncertain
parameters for which there were no clear indications in the field obser-
vations. Indications from a case study in the Province of Trento, North-
eastern Italy (Lenzi et al., 2003; Comiti et al., 2009b), were also used.
The matrix does not consider the case of excessive local scouring com-
pared to the depth of check dam foundations because the available
dataset did not allow us to analyse this process. However, relevance of
local scouring in undermining check dams should always be taken into
account (Comiti et al., 2010).
The matrix is meant to represent only a first, preliminary tool to esti-

mate the physical vulnerability of check dams. It is intended as a start-
ing point to plan the preventive maintenance of check dams, using both
information derived from hazard management and from field surveys
of the actual conditions of check dams in order to identify where appro-
priate maintenance is required. In this way, hazard and risk patterns
can be modified. More investigations in streams featuring different
structure types and/or age following events of different intensities
must be carried out to refine and validate the proposed ranking.

Conclusions

The collected dataset did not allow reliable relationships between
event characteristics and expected damage to check dams to be estab-
lished. This is because many variables other than event intensity have
some influence on the physical vulnerability of these structures, i.e.
type, age, geometry, pre-event conditions, event type. This results in an
extremely high number of possible combinations to be assessed in
order to determine continuous relationships (i.e. regression equa-
tions) for each combination. Since it is not possible to test all these fac-
tors in the laboratory, we need to use what prototypes we can. However,
this has several limitations because it requires recent events to be sur-
veyed or events from the past to be very well documented. In addition,
bank erodibility is an important factor as this strongly affects wing sta-
bility. Unfortunately, it is quite difficult to use this as a parameter, and
this limits our ability to predict the damage index even more.
Despite these problems, the present study allowed us to investigate

the link between the extent of damage (the damage index) to check
dams and their residual functionality. The functionality of check dams
becomes critically impaired for DI over 0.2, and this level of damage can
derive from events with intensity (discharge) larger than approximately
half the design discharge of the structures (Class 2), regardless of type
and age of structure. Therefore, also events with a return period shorter
than that used for the hydraulic and static design of check dams are likely
to cause substantial damage to these structures. This outcome should be
considered when accounting for and determining maintenance costs of
check dams within their desired lifespan. Structures older than 30-40
years are very likely to present substantial damage and thus poor func-
tionality. Another clear conclusion from the present study is that boulder
structures should not be built in channels where debris floods can occur,
i.e. in our cases, with slopes over 0.10-0.15, unless they are small in
height and well anchored to banks with almost negligible erodibility. 
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