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ABSTRACT : The paper describes the geology, field monitoring and the interpretation o f  a large rock and soil slide occurring in the 

border o f  the basaltic plateau at Malhada, RS, Brazil. Slope stability analysis with the original topography o f  1964, measured labora

tory shear strength and field pore water pressures were able to reproduce the initial failure. The total volume o f material involved is 

about 15 x 106 m3. The phenomenon is thought to be an example o f some large movements which are part o f the basaltic escarpment 

evolutionary process.

R E S U M E : Cet article traite de la  géologie, l ’exécution des mesures en place et l’interprétation d’un très grand glissement de talus en 

roche et sols dans la côte du plateau basaltique de Malhada, RS, Brésil. En considérant la résistance au cisaillement obtenue en labo

ratoire et les pressions interstitielles mesurées in situ, ainsi que la topographie du relief de 1964, l ’analyse de stabilité du talus réalisée 

a permis de reproduire la rupture iniciale. Le volume total de matériel associé au glissement est de l’ordre de lS.lO^m 3. Le cas étudié 

est fort probablement un exemple des larges mouvements des terrains qui font partie du processus d’évolution des rives escarpées en 

basalte.

1 INTRODUCTION

In 1995 occurred a large slide o f soil and rock in the border o f 

the basaltic scarp at Malhada, near the town o f  Santa Cruz do 

Sul, Rio Grande do Sul State. The localization map is shown on 

Figure 1. The movements had started at around 1971 being no

ticed only by local peasants. There was an increasing activity 

from 1990. Today there is a large opening with vertical rock 

walls o f  25-30m height, 40m in width and more than 300m long.

At the base o f  the scarp there are clayey siltstones. These are 

covered by silty sandstones and basaltic flows. The lower part o f 

the slopes are covered by colluviuns which had presented 

movements larger than 10-15m over the last 20 years. The total 

area showing movements has around 60 hectares and involves 

around 15 x 106 m3.

2 GEOLOGY/GEOMORPHOLOGY

Located at the extreme South o f  Brazil, the state o f Rio Grand do 

Sul presents a stratigraphie sequence similar to that found in 

other Brazilian states located at the Eastern border o f  the Paraná 

Basin. The same succession o f  stratigraphie and lithologie hori

zons and general dip o f the gondwanic sediments is found. In 

general lines the stratigraphie sequence from the base is formed 

by the Pre-Cambrian Complex (Sul-Rio Grandense Shield), 

sediments deposited over it, volcanic flows and sea sediments 

over the border.

At Rio Grande do Sul sedimentary formations cover the 

period from Permian to Jurassic. The outcrops o f these rocks at 

central part o f  the State originates a East-West band curving to 

South. This outcrops define the géomorphologie region called 

Central Depression o f  the State (IBGE, 1986).

Covering large part o f  the north o f  the Stale, the acid and 

basic volcanic rocks from Juro-Cretaceous period constitut the 

Serra Geral Formation o f  Paraná Basin. In some places these 

rocks are covered by Terciary sedimentary rocks. The area is 

geomorphologicaly divided in Araucárias Plateau, Missôes 

Plateau and Cam panha Plateau.

The studied area is related to the scarp o f  the Serra Geral o f 

the state. In this border there is a  direct contact between the 

rocks and sediments o f  the Plateau and the Central Depression.

The Central Depression region is constituted by Mezosoic 

sedimentary rocks in contact with the slopes o f the Plateau 

forming the Serra Geral. The contact is characterized by steep 

slopes with frequent mass movements (block falls, slides, 

colluvium movements).

It is characteristic o f  this region the presence o f  large and 

thick deposits o f  colluviuns and talus at the lower parts o f  the 

scarps. The soils are mainly sandy clays, with rock blocks o f 

variable sizes, often saturated and with low consistency. The 

most common slope movements are generally due to the increase 

o f  pore water pressures. In the basaltic slopes o f  the Serra Geral, 

there are steep valleys and even some canyons formed by the 

local rivers. Verticals walls are sometimes formed in the center 

o f  the basaltic flows (rock is massive), and slopes with 60° 

generally correspond to zones o f amigdaloid and vesicular rocks.

Figure 1. Localization map o f  the site.
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Due to the steepness o f  the slopes and close proximity o f  vertical 

walls, the soil covering o f the later slopes is thin being formed 

by blocks and weathered soil. The problems related to this 

segment are rock fells (blocks and slabs) and general failure o f 

weathered rock. The failures are influenced by percolation o f 

water on discontinuities parallel to the slope surface and at the 

contact soil-rock, generally also parallel to the surface (Mioto et 

al, 1978, Figuero et al, 1998 e Pinheiro, 2000).

At Malhada, situated at the South border o f  the basaltic scarp, 

the main lithologies involved in the instability processes were 

the volcanic rocks o f  the Serra Geral Formation and the 

sedimentary rocks o f  Botucatu and Santa Maria Formations. In 

the area the remnant basaltic scarpments are aligned in a general 

north/south direction, forming horizontal small plateaus 

(Patamares da Serra Geral geomorphologic unity).

3 GEOTECHNICAL INVESTIGATION

3.1 Initial studies

A topographic survey o f the area affected by the movements and 

the corresponding map was carried out initially. Figure 2 shows 

the map with 5m level contours interval o f  the studied area. A 

geologic-geotechnical survey was then carried out with the 

description o f  the main geological Formations found in the area. 

Aerial photographs taken in 1964 revealed a  system o f fractures 

and associated secondary ones. These photographs did not show 

any signs o f  the present day graben. In 1997 an aerial survey was 

done with some conventional photographs being taken (oblique 

view).

3.2 Conventional borings and electric soundings

To complement the geologic studies 7 borings were carried out 

with HX diameter, one electric-resistivity horizontal profile and

12 resistivity vertical profiles. The lithologies encountered are 

part o f the Serra Geral, Santa Maria and Botucatu Formations. In 

Table 1 the resistivity values and the materials thickness at the 

Malhada slope are presented

The Santa Maria Formations is constituted by red clayey and 

sandy siltstones with white spots o f  irregular formats. Grey clay 

layers occur associated to the siltstones. At the tip o f  the failed 

mass, close to the stream, the siltstones are the most common 

material (lower part o f  Figure 2). In this area it is normally 

mixed to sandstone fragments and basalts.

The pink sandstones from the Botucatu Formations are the 

most common lithology in the area. The sandstones showed a 

large variation in shear strength as a function o f  their cement 

(silica, clays or oxides) and weathering.

The Serra Geral Formation is constituted by 3 volcanic lava 

flows, separated by inter-trapp sandstones. The bottom flow 

(denominated here as flow 1) is in direct contact with the 

sandstones and siltstones below. It presents intense weathering 

and is much fissured being constituted by fragments o f  basaltic 

rock and layers o f  clay materials. The flow 2 presents on its 

upper part a  typical amigdaloidal texture. The amigdalas are 

filled by zeolytes, calcite and clays. The top flow (flow 3) 

presents the typical structure o f  basaltic lava flows. At its top 

and base the rock presents horizontal discontinuities with fine to 

medium spacing (less than 5cm). In the intermediate part o f  the 

flow there are vertical open discontinuities at 2 m intervals with

Table 1. Electric resistivity results.

Formations Resistivity (p) 

(ohm.m)

Thickness

(m)

Serra Geral Flows 3 e 2 6 6 - 1 4 3 3 8 - 4 0

Flow 1 4 - 1 2 6-12

Botucatu Sandstone 1 14 8

Sandstone 2 1 4 - 7 6 5 - 1 5

Santa Maria 1 .4 -1 2 -

Table 2. Peak and residual shear strength parameters obtained from the 

samples collected.

Formations Peak Residual

C'r 4>’r

Serra Geral 0 -2 1 .4  3 1 .5 -5 3 .7 0 16 .3-18 .9

(3 profiles) 8.4* 42.6* 0* 17.3*

Botucatu 0 -8 .8  3 3 .0 -4 8 .0 - -

(3pro files) 0* 42.6* - -

Santa Maria 1 .5 -22 .1  17.7-37.1 0 12.8-18.9

(6 profiles) 11.9* 29.8* 0* 16.3*

•  average values

no signs o f weathering. Figure 3 presents a  representative cross 

section o f  the unstable area

3.3 Geotechnical tests

Undisturbed samples o f  the main materials identified previously 

in the slope have been collected from 9 profiles. Undisturbed and 

disturbed samples have been collected from soils and rocks in 12 

spots. Characterization tests, X-ray tests, thin sections o f  rocky 

materials, direct shear and ring shear tests have been carried out 

in most samples.

Table 2 presents the average results obtained from direct 

shear and ring shear tests in the soil profiles investigated. The 

Santa Maria Formation presented the smaller shear strength and 

internal angle o f  friction. The peak shear strength parameters 

obtained from the direct shear varied from 1.5 to 22.1 kPa for c 'p 

and between 18° and 37° (<|>'p). The average o f  these shear 

strength parameters were c 'p w 12 kPa e (t»'p »  30°. The shear 

parameters reduce considerably with further shearing strain 

(displacements in the testing apparatus). Average shear 

parameters o f ring shear tests were c 'r = 0 e <j>'r *  16°. Samples 

taken from the contact o f  siltstones o f  Santa Maria Formation 

and Botucatu sandstone showed a strong orientation o f  clay 

particles when thin sections were examined by optical 

microscopes. The same orientation was observed on electron- 

microscope.

Botucatu Formation has an intermediate shear strength being 

a  transition between the soil like material o f  the Santa Maria 

Formation and the rock layers on top. The peak shear strength 

parameters obtained from weathered specimens varied from 0  to

9 kPa (c 'p ) and between 33° e 48° (<t»'p).

The top flow o f  the Serra Geral Formation (basalt with little 

weathering) seems to have suffered displacements only where a 

pre-existing shear zone existed. In such material the movements 

o f the scarp led to subsequent rock falls.

The upper part o f  flow 2 is more weathered and subjected to 

erosion and further degradation. Its behavior is o f  a  saprolite. It 

presents some localized failures which form undercuts o f  the 

material on top. When these undercuts create unfavourable 

geometries, block falls are a direct consequence.

The weathered soils o f  the Serra Geral Formation presented 

peak shear strength parameters varying from 0 to 21 kPa (c 'p ) 

and 32° e 54° (<t>'p). The average parameters were c 'p «  8 kPa and 

<)>'p «  43°. As before, these parameters suffer a  reduction when 

they are obtained through ring shear test (c 'r = 0  and <)>'r w 17°). 

However no shear surfaces were observed on these materials in 

situ which could mobilize such low shear parameters.

4 INSTRUMENTATION AND MONITORING

The instrumentation o f the area included topographic marks, 

inclinometers and piezometers. The pore-pressures have been 

measured between January 1999 and March 2000. The 

superficial displacements were monitored from May 1998 until 

October 1999. The increase o f the pore water pressures in the 

period was between 5kPA and 36kPa. It is important to mention

484



LEGEND 

Intact houses

[X] Destructed houses

—^  Displacement 

direction 

Local road

------  Stream

Pond

100m

Figure 2. Plan o f  the studied a rea

that their maximum occurred on October 1999 when the 

accumulated precipitation was around 20 0 mm in the month. 

Also in this month 35cm and 40cm displacements (horizontal 

and vertical) have been observed on the rock block close to the 

main fissure. At the bottom o f  the slope, near the stream which 

limits the movements, lateral displacements up to lm  were 

measured. In the intermediate portion, horizontal movements in 

the order o f  20-40cm were typical. The inclinometers measured 

much smaller lateral displacements as they were installed on less 

active zones in order to survive longer periods. Their 

measurements showed that the contact between the Santa Maria

siltstone and the Botucatu sandstone (or the basaltic flow 1) 

defined the movements o f  the a rea

5 INTERPRETATION OF THE PHENOMENON

The processes related to the movements o f  soil and rock existing 

at M alhada site form scarps, gentle and ondulating slopes, wet 

depressions and even pools, irregular plateaus in areas which 

have been plain and used for agricultural purposes. The 

processes are affecting two contiguous but different areas. The

Elevation
(m)

□ Serra Geral Formation

Distance (m)

Figure 3. Geological cross-section o f  A-A’ (see Figure 2).
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first is situated in the border o f  the basaltic plateau (East scarp) 

including mainly the upper rocks. The second is located from the 

medium third o f  the slope (elevation 150m) and is represented 

by silty sandstones up to the contact with the clayey and sandy 

siltstones, involving mainly soil. This area is now very 

ondulated, with various steps, and a mixture o f  vegetation 

including low land species. Evidences o f  the material 

movements are present in the borders o f  the moving mass, 

specially close to the stream. In this point the movement is 

diagonal to the stream.

The interpretation o f the borings and geological and 

geotechnical data, showed that the humidity o f  the bottom o f  the 

area is much higher than in the upper parts. The degree o f 

weathering o f the rocks in this region is well advanced, the 

basalts are better described as clay layers than weathered rocks. 

The basaltic flows 2 and 3, with around 40m thickness, cover 

most o f  the finer materials. In the slope area, the border o f  the 

basaltic flows presents a  number o f  fractures and faults which 

function as hydraulic pathways for the bottom layers. The 

investigation results also suggest the occurrence o f  2 basaltic 

flows in the area, according to the interpretation shown in Figure

3. The fault found in the sandstone scarp shows a vertical 

dislocation o f  the order o f  20m.

The history o f  the phenomenon may be explained in 3 stages. 

In the beginning there was an unique scarp, as can be seen on 

1964 aerial photographs. In the same photos is possible to notice 

a system o f fractures with N5-10E direction and a secondary 

system with N70-80E and N80W.

On the second stage, the displacements o f  the rock mass 

promoted the aperture o f  the main crack, probably influenced by 

the infiltration o f  water through the fracture system, not only the 

tectonic ones but also those due to the particular internal 

structure o f  the basaltic lava flows (flows 2 and 3). The fractures 

in the north o f  the area and around the main crack showed a 

graben format. The resulting movements are on the SE direction.

The slide movements seem to be oriented mainly on the 

NW /ES direction. Most o f  the displacements had an almost hori

zontal direction, due to the low angle o f inclination o f the sliding 

surface formed on Santa M aria formation. Such lateral displace

ment created a large opening with vertical walls and a secondary 

fracturing o f the graben-horst type. The sediments o f  Santa 

M aria Formation below the Botucatu sandstone are much less 

permeable than the other materials, conditioning the water flow 

in the overall slope. The overall permeability o f basalt flow 3 is 

dependent o f  its many vertical fractures that allows water perco

late through to the amigdaloidal lava flow 2 and sandstones be

low.

The great fissure is partially filled up with rock blocks which 

fell down from the lateral walls. There are also some blocks 

which slided maintaining their soil capping.

On a third stage, represented by farther enlargement o f  the 

fissure, there was some tilting o f the main rock block to E ast A 

small valley with U format is being formed. The phenomenon 

described is being modelling the relief through the years.

At the sliding mass front is possible to observe a debris ac

cumulation o f the sheared materials, mainly Botucatu sandstone, 

which have being pushed to that position. Such pushing is modi

fying the stream course that in turn is eroding the slide foot. 

Close to the stream and at the base o f  the moving material, the 

failure surface is observable as a low shear strength thin layer o f 

reddish-gray clayey s i l t

The stream erosion seems to have an important instabilization 

role. The deepening o f the valley by the stream cause the day- 

lighting o f  the failure surface. The movements o f  the Santa 

Maria siltstones led to the failure o f  the Botucatu sandstone and 

the rocks on top (Serra Geral Formation).

Two conditions o f stability have been studied using 

SLOPE/W program (Geo-Slope International), the initial condi

tions pre-failure and the actual conditions with the main fissure 

open. For the initial conditions, the original topography (based 

on 1964 aerial photographs), the measured shear strength o f  the

materials and the maximum pore-pressure measured were used. 

With these conditions, the observed failure surface could be 

properly modelled, with factors o f  safety (FS) close to 1 only if  

the shear strength parameters o f the Santa M aria Formation red 

siltstones are adopted equal to the residual values and the rock 

lava flows are considered fissured. This indicates that some 

movements have been concentrated at that interface reducing its 

strength accordingly.

At the base o f the slope, where the silty sediments o f  Santa 

M aria Formation are moving, many failures involve these 

materials. Most o f  these failures are o f  the rotational type. The 

FS values obtained through various methods adopting circular 

surfaces resulted similar to 1 when residual shear strength 

parameters are adopted for the debris.

6 CONCLUSIONS

A large landslide involving 15 million m3 o f  soil and rock has 

been investigated and monitored. Displacements o f  0.20 to 1.5 

m/year have been measured on a 16-month period. The 

investigation o f  the instability process revealed that the residual 

shear strength has been mobilized on a red siltstone layer from 

Santa M aria Formation. The original failure was reproduced 

fairly accurately using the original topography, geotechnical 

materials, and measured pore water pressures and shear strength. 

This sliding process is thought to be representative o f  the natural 

evolution o f  the scarps in the region.
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