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Environmental effects of debris flows and their protection measures 
Effectes ambientales des écoulements de debris et ses oeuvres de Protection

M.A.Kanji, P.T.Cruz & F.Massad — Prof.Dr., Escola Politecnica, S.Paulo Univ., Brazil

H.A.de Araujo Filho -  Civil Engineer, RPBC-Pelrobràs S.A.

ABSTRACT: Debris flows, consisting of the movement at high speed of a liquefied mass of rock blocks, gravel, sand and soil, are 
one of the most destructive processes of natural hazards all over the world. They have been the cause of environmental damages and 
degradation, and also of social and economical impacts, represented by loss of lives, dislodged population and damages to properties 
and infrastructure public works. This paper deals with the formation mechanisms of debris flows, the environmental impacts, the pur
pose of protective engineering works and a pioneer Brazilian case history.

RÉSUMÉ: Les écoulement de debris, representé par le transport a haute vélocité d’une masse de bloques de roche, gravier, sable et 
sol, présente un très grand potenciel de destrucción entre les desastres naturels. Us sont cause de domages et degradation ambientalles 
et des graves problèmes sociales et économiques, avec mort de personnes, pertes de propriétés et des oeuvres publiques, etc.. Cet 
travail présent ses mécanismes de formation et les oeuvres de protection avec ses critères de project, en base du protection réalizées 
pour un cas en Brésil.

1 INTRODUCTION

Debris flows are one of the most destructive processes of 
natural or induced hazards all over the world. They can be due to 
different causes, as a result of volcano activities, earthquakes, 
and/or heavy and concentrated rains, for instance. Different theo
ries have been brought up to explain the mechanism that triggers 
the debris flows, and although they are different, they come to a 
common understanding: during a debris flow, a liquefied mass of 
rock blocks, gravel, sand and soil, move at high speed over large 
distances, causing strong erosion and large destruction in its path 
as well as at the areas they are deposited

The environmental effects may be very large in most cases. In 
terms of physical environment they can promote a devastation of 
land and natural vegetatioa The population can be severely af
fected with deaths and injuries, and dislodged families due to 
loss of properties; a larger number of persons is also affected by 
destruction of public facilities.

Counter measures to reduce the destructive power of very 
large and highly catastrophic debris flows that involve millions 
of cubic meters of solids, developed by generalized and simulta
neous slopes failures, are of such a large scale that they are out 
of question. This is the case of the events occurred in Caragua- 
tatuba (Brazil, 1967) and Samo (Italy, 1998), with a few thou
sand deaths, and of Ranrahirca (Peru, 1975) and Maiquetia 
(Venezuela, 1999) causing twenty to thirty thousand deaths each. 
More recently, in January 2001 a debris flow triggered by an 
earthquake buried 300 houses and killed about 400 persons in El 
Salvador, with total losses of 109 dollars.

However, debris flows developed along river beds of narrow 
valleys in mountainous regions, mostly due to heavy rainfalls, 
have been handled with success with controlling engineering 
works. The concept of these works is very wide, comprising not 
only control dams for energy breaking and accumulation, but 
also re-vegetation and slope protection. Alpine countries as well 
as Japan also have developed efficient control measures for pro
tection against debris flows.

This paper intends to present the main characteristics of this 
type of debris flows that occur along drainage channels, their en
vironmental effects, their triggering mechanisms, the types and 
objectives of each work and a pioneer case history in Brazil.

2 BRAZILIAN DEBRIS FLOWS.

Several debris flows have occurred in steep hillslopes in Bra
zil, some of them reported in the literature of the 19th century. 
They are mostly located at a long escarpment of gnaissic rocks 
running along the SE coast, called “Serra do Mar”, and along ba
saltic “cuestas” at the South of the country. Both features present 
height from 800 to 1300m, with slope angles up to 45°. A first 
inventory of the known occurrences was presented by Gramani
& Kanji (2000).

The Cubatio area, located in low lands at the foot of the es
carpment, represent an area of large and heavy industrial instal
lations that has been affected by several cases, with high eco
nomic losses. Particularly, several debris flows occurred in 
Pedras Stream, in the hillslopes behind the Pres. Bemardes Re
finery, of Petrobris.

In 1985 a weak debris flow lead Petrobras to construct 9 low 
gabion dams along the creek. However, in the rainy season of 
1994, a stronger event destroyed 8 of those dams, caused the de
struction of several facilities and invaded the industrial plant 
with stones and mud, flooding the area; its operation was inter
rupted for 3 weeks, with a loss of about 40 million dollars.

In 1995, the start of a, cooperation with the University of S3o 
Paulo, allowed the study, conception and construction of protec
tion works, which are reported at the end of this paper. In 1996 a 
new event occurred, fortunately without consequences due to the 
emergency works already built.

The study and analysis of these cases, fully reported by Mas- 
sad et al. (1997, 2000) gave the opportunity for a better under
standing of the mechanics and formation of debris flows. The 
debris flows were characterized by means of site inspections, 
stereographic air-photo interpretation, and full scale grain size 
analysis. The study of the mechanics of the events and their 
comparison with international cases and theories allowed the 
establishment of design criteria for the protection works, several 
of which are already built showing good behavior.

3 MAIN CHARACTERISTICS OF DEBRIS FLOWS

A full discussion on the important characteristics of debris 
flows in Brazil have been presented by Massad et al. (1997,
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2000), Cruz & Massad (1997) and Kanji et al. (1997). A brief 
summary of these characteristics is presented below.

High velocities: From observation of several personal wit
nesses and from some determinations made by rupture of wires 
at different distances along the river, or by videotaping the 
passing of a front wave, it is known that debris flows can reach 
high velocities, reaching up to 10  to 20m/s and even more.

Grain size distribution: Debris flows transport about 50% or 
more of coarse particles, including large stones and boulders. 
Very few data exist in the literature with complete grain size 
distribution of the material deposited by debris flows. One of the 
few complete data available (Massad et al., 2000) was obtained 
by a full scale analysis on a 4m3 field sample of the 1996 debris 
flow deposits at the Petrobris Refinery at CubatSo. Boulders up 
to lm in diameter were included, and the d» resulted to be close 
to 10mm. In the upper stretches of the creek the maximum di
mension of boulders deposited increases and correlate very well 
with the river bed inclination.

Solids concentration: Some attempts have been made in Ja
pan to collect representative samples of the moving mass, indi
cating values of volumetric concentration around 50% in their 
cases. It can be theoretically calculated by Takahashi’s formula 
(Takahashi, 1991), resulting in recommended values varying 
from 30 to 54%.

Buoyancy and inverse grading: A typical characteristic of de
bris flows is that large stones and boulders float on the mass 
moving at high velocity. Another evidence of this feet is that the 
deposits of sediments resulting from debris flows show that the 
coarser fragments are on top or in the upper part of the deposits, 
resulting in an inverse grading, as well as in their front. The 
presence of lobes with large stones regularly spaced behind the 
front also show they commonly occur in pulses.

Peak discharges: Peak discharges can be very high, reaching 
values 10  to 20  times (or more) the peak discharge of water.

High impact pressures: The impact pressures may be very 
high, varying from 30 to 1,000 kN/m2, which is responsible for 
its high capacity of erosion and destructive power.

Large volume of sediments: The sources of particles for a de
bris flow can be the material resulting from landslides; the 
remobilized alluvial bed deposits; and the material removed by 
erosion from the banks by the torrent Considering all these 
sources, Japanese experience (IPT, 1990) indicates that the vol
ume of yielded sediments per unit area of the basin is about 
30,000 to 85,000 m3/km2. The volume of solids of an event can 
be evaluated by aerial photos taken before and after the event, 
where the affected areas are multiplied by the mean thickness of 
erosion or landslides. An estimation on this basis of the total 
volume for the 1994 debris flow at the Pedras Stream agreed 
very well with the mentioned Japanese experience.

A specific correlation by Kanji et al. (2000) of the total vol
ume of debris flows (V) and the ratio of total height (H) of the 
slope to the total reach (L) of the mass has shown that an upper 
limit can be established, corresponding to the expression:

— = 1.87 V- 0 15  (1)
L 7

4 PHYSICAL CONDITIONS FOR THE OCCURRENCE OF 
DEBRIS FLOWS.

The basic conditions for the occurrence of debris flows are 
given by the main factors listed bellow.

Geomorphic: Debris flows can only occur when there is a 
significant inclination of the hillslopes and of the river channel. 
The higher the angle, the higher the probability of occurrence, 
provided that other conditions are also present. Most commonly 
they start at inclinations greater than 25° to 30°. The difference 
in height also accounts, although with a smaller weight, being 
the higher scarps more prone to debris flows.

Geologic: It has not been possible to distinguish geologic set

tings that are more unfavorable, except for the cases involving 
pyroclastic deposits, which seem to be more sensitive. In general 
terms, the main factor is the availability of loose material, as al
luvial and colluvial deposits, or a thick mantle of residual soil 
that could be removed or displaced to contribute to the debris 
flow formation. This factor is favored in the case of intense rock 
weathering and high declivity.

Rainfalls: Whenever not caused by seismic or volcanic activ
ity, the rainfall is the main triggering factor. The recorded cases 
show that a rain intensity of about lmm/min, occurring during 
several minutes can trigger a debris flow, provided they are pre
ceded by at least a few days of rains of smaller intensity. In order 
to make possible the comparison of triggering rain data pre
sented in different terms, a graph of accumulated rains (P), in 
mm, against duration (t), in hours, was first presented by Kanji et 
al. (1997, 2000), defining a lower bound curve expressed by:

P = 22.4-t041 (2)

Of course, the higher the rain data plot in the graph, the 
higher the probability of occurrence. Incidentally, this curve is 
also parallel to statistical curves for different return periods, 
showing that the hillslopes are under equilibrium for rains corre
sponding to small return periods.

5 ENVIRONMENTAL IMPACTS.

The environmental damages caused by debris flows are 
mainly represented by the following features: strong erosion of 
the river bed and of the river banks, usually enlarging several 
times the width of the river bed (e.g. in 1994, the Pedras Stream 
was enlarged from about 3 m up to 40 m in width); simultaneous 
landslides along the hillslopes; removal of natural soils and na
tive vegetation, including large trees; deposition of large 
amounts of sediments, logs and tree branches in flood plains or 
where the river bed decreases its declivity; and particulate pollu
tion of the outlet waters.

The eroded area, with removal of vegetation, corresponds to
10 to 15% of the total area affected in cases when the events are 
mostly restricted to the drainage streams, but can reach a figure 
between 40 to 50% in severe cases accompanied by generalized 
landsliding.

As human beings are the major reason for preservation of the 
environment, the social and economic damages to the population 
must also be accounted for, represented by loss of lives, injured 
and dislodged population, and damages to properties or to public 
facilities. In agricultural zones, loss of cultivated area is a major 
economical impact.

In most cases debris flows affect the population and proper
ties on its way, but in some cases they are caused or facilitated 
by human interference due to disordered land occupation and de
forestation. For instance, most of the debris flows generated in 
Japan are due to secular deforestation for housing and temples 
construction. Another aggravating factor are acid rains due to air 
pollution, as it seems to be the case of the Cubatáo area.

The construction of protection works against debris flows in 
protected areas is usually misunderstood by environmental agen
cies, which are responsible for the building authorization, argu
ing that the necessary excavation and eventual removal of a few 
trees is harmful and damages the environment. Even the instal
lation of a few pluviometers for monitoring in these areas is dif
ficult. It is thought that environmental staffs must be better in
formed and clarified on this respect.

In environmental studies, as well as in geotechnical mapping 
and in risk analysis of a region, it is aimed to establish the vul
nerability of different areas to the occurrence of debris flows. 
Based on the study of many Brazilian and international cases, 
Kanji et al. (2000) proposed a methodology for its determination 
considering the intervening factors mentioned above, properly 
weighted.
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6 CRITERIA FOR THE DESIGN OF PROTECTION 
WORKS.

The general philosophy of the protection works along a 
stream with recurrent events or prone to develop debris flow 
may consist on one of the following trends, depending on the 
overall situation: (a) to allow the debris flow mass to flow 
through concrete lined canal, to avoid river bed and banks to be 
eroded, conducting the mass directly to a large enough reservoir 
(or even the sea); (b) to break the energy and velocity of the de
bris flow mass, by means of a series of small “check dams”, and 
diverse types of dissipation structures; and (c) to retain the solids 
of the debris flow, by means of successive dams which reser
voirs have enough capacity to accommodate the predicted vol
ume of solids. Most usually, however, a combination of these 
trends is adopted. For instance, at the higher and most inclined 
portion of the stream, usually there is not enough volume of ac
cumulation provided by dams of moderate height, favoring the 
energy breakers, while at the lower portions of the stream the ac
cumulation reservoirs would be more adequate.

Cruz & Massad (1997) and Massad et al. (1997, 2000) pre
sented an attempt to reunite some of the basic principles and use
ful formulae for the determination of significant parameters of 
the debris flows and for the design of their protective works.

A detailed description of the engineering works that can be 
built for control and protection was presented by Cruz et al 
(2000), and can be summarized bellow.

6.1 Works for restricting the occurrence o f debris flows

These works are built in the upper source areas, to avoid the 
contribution of soils and boulders which can promote the for
mation of debris flows. They may consist of re-vegetation and 
drainage of the area as well as hillslope stabilization works, as 
retaining or tie-back walls, protection of jointed rock slopes with 
wire mesh, etc.

6.2 Slope supporting dams and stepped check dams

The former are planned to retain sediments of possible land
slides from the side slopes or, due to silting of the reservoir, to 
avoid further slides in the same area, usually at the upper reach 
of the stream. The latter is intended to reduce the river bed ero
sion, at the upper or middle reach of the stream.

6.3 Debris flows retaining or control dams

These are in general the larger structures built in the middle 
or the lower reach of the stream. They are usually built in con
crete, steel structures or steel frames filled with rockfill, and 
should be quite solid to support the impact forces and the pas
sage of a debris-flow. Dams are typical structures of this kind. 
They can be massive and continuous, or discontinuous.

When continuous, they have a typical shape of a normal 
gravity dam, but with an inverted section, i.e. the downstream 
slope is mostly vertical and the upstream slope is inclined. This 
is to avoid the damage due to abrasion by large stones of the 
downstream face of the dam during the passage of a debris flow 
through the spillway. Since they are intended to retain sediments, 
not water, massive dams should also be provided with large 
holes or openings across the dam body to let the retained water 
to flow.

When discontinuous, also called retarders or breakers, they 
can be built of isolated concrete blocks or steel cylinders (or 
even steel mash) in the river bed. The margins or abutments 
should be protected by strong structures to avoid erosion due to 
the passage of the debris flow.

The spillway of the massive dams and the spaces between the 
elements of the discontinuous dams (usually 1,5 ij»^) are de
signed to let pass the debris-flow discharge. The volume of re

tained sediments will depend on the size of the upstream basin 
and the height of the structures.

Another type of works are “sieving type” structures on the 
river bed, on which the debris flow leaves the larger stones, de
creasing its solid concentration and thus tending to became a tor
rent with smaller energy and velocity.

The main purposes of these structures are: (a) to reduce the 
peak discharge of debris-flows; (b) to capture the boulders and 
drift woods and logs at the front of debris-flows; (c) to lengthen 
the period of time from the occurrence of debris-flows to its out
flow into the alluvial fans; and (d) to reduce the solid concentra
tion of the debris flows.

6.4 Sediment control dams and reservoirs for deposition o f  
debris flows

These structures are built in the lower portions of the river, in 
order to retain practically all the rock boulders, gravel and sand 
of the debris-flow. The remaining flow should have a reduced 
concentration of solids, mostly fine sediments, and a reduced 
peak discharge. Sediment control dams require large reservoirs, 
usually designed to retain 0.4 to 0.6 of the total volume of the 
debris flow. Reservoirs should be built in the fan area in open 
and relatively flat surfaces, in order to decrease the depth of the 
flow and accelerate the deposition of the heavier materials.

6.5 Downstream control works

The remaining flow should be properly discharged in an ad
joining river, or even the sea, whenever possible. These works 
may comprise channels that may require adequate protection of 
the floor and margins, by gabion or even concrete, mainly when 
crossing inhabited or industrial areas. Alternatively, lateral dykes 
can be built to replace the channels if enough space is available.

6.6 Diverting and deflecting works

In some particular circumstances, at the alluvial fan or depo
sition cone, it may be of interest to divert the debris flows, from 
cultivated or inhabited areas, or even areas easily erodable. This 
can be achieved by building lateral earth dykes with slope pro
tection, or dry-laid stones or masonry concrete. The river bed 
may require protection against erosion by stone paving, rock-fill 
bedding or mat gabions.

7 CASE HISTORY: PRES. BERNARDES REFINERY

As an example of protective works, the case of the President 
Bemardes Oil Refinery, located at the foot of Sena do Mar, in 
CubatsSo, State of S. Paulo, Brazil, is here reported.

Figure 1 reproduces the engineering works designed and un
der construction for protection of the Refinery.

The debris flows can be originated from the higher elevations 
of both the Pedras Stream and its tributary. The peak discharge 
flow from both streams can reach 900 m3/s.

The BF-1, BF-2 (to be built) and B-6  are “dams”, 3 to 6 me
ters high on the spillway sections, having the main purpose of 
breaking energy, partially retaining rock blocks and tree 
branches, but that will have a small effect on the discharge flow 
reduction because of the small capacity of their reservoirs.

The B-5, a concrete dam, constructed with 8 m high in the 
spillway section, is the main dam for debris flow control. It has a 
storage capacity high enough to reduce the peak discharge from 
700 m3/s to 490 m3/s.

The BS-1 and BS-2 (under construction) are two small check- 
dams, with spillway heights of 4 m, having a relatively small 
storage capacity but they are able to reduce the peak flow from 
490 m3/s to 330 m3/s.

The left abutment, from the B-5 to the BS-2 dam, is being
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Figure 1 : Proposed Debris Flow control works

fully protected with steel crib type structures, to the maximum 
water level, and with natural vegetation at higher levels. The 
right margin is a dike, also protected with steel crib type struc
tures. The crest of the dike is also the access road to the reser
voirs of B-5, BS-1 and BS-2 dams. These reservoirs will have to 
be emptied every year after the rainy season or after a debris 
flow.

Downstream, the large storage reservoir W-10 should retain 
all the material (mainly sand, silt and tree branches) transported 
over the previous dams in the event of debris flows; it can accu
mulate 80.000 m3 of debris. The calculated peak discharge is 
also drastically reduced from 330 m3/s to 65 m /s.

After the spillway of the W10 reservoir, the conduction of the 
outlet flow is done by galleries, large diameter pipes and chan
nels (already built) that are capable to discharge the flow into a 
plunge pool. From that point on, the muddy water is directed by 
a natural course to the Perequê River.

8 CONCLUDING REMARKS

The area affected by debris flows, with strong erosion and 
removal of native vegetation may be about 10% in less severe 
cases and up to about 50% in the more severe cases.

The location of the protection works is dependent on the gen
eral situation, on the portion of the stream, and on the objectives 
to achieve, that could be the protection of population, of proper
ties, or both. Each structure must be designed to achieve a spe
cific goal. Observation and maintenance are the key rules for a 
successful performance.

In the particularly mentioned case history of the Pres. Ber
nards Refinery, the proposed works will help not only in the 
protection of the industrial installation but also in the preserva
tion of the environment, by inhibiting the occurrence of debris 
flows and heavy erosion along the rivers.

Environmental agencies and their technical personnel must be 
informed on the environmental harms of debáis flows and the 
benefits of the protection works.
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