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SUMMARY

Due to losses caused by water erosion, the development of techniques that
increase the efficiency of soil conservation practices is fundamental. Terracing
of agricultural lands is an important conservation practice. Bearing in mind
that improperly built terraces may negatively affect the landscape, the purpose
of this work was to evaluate the efficiency as well as the adequacy of retention
terraces. Assessments were performed in four terraces implanted in different
states, all located in the mideastern region of the state of Minas Gerais. The water
storage efficiency of the terraces was determined by comparing the effective
with the required storage capacity, as established in the project. Proposals were
also made for the adequacy of the assessed terraces, based on the correction of
the characteristics that jeopardized storage efficiency. The storage efficiency
of three of the four assessed terraces was below the required levels (0.5-13 %).
The main properties influencing storage capacity were: uniformity of ridge crest
height, terrace end closure, and the cross section finishing. In two of the three
low-efficiency terraces, the correction of these characteristics proved sufficient
to raise the storage efficiency to nearly 100 %.

Index terms: water erosion, surface runoff, conservation practices, terrace
systems.
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RESUMO: AVALIACAO DA EFICIENCIA E ADEQUACAO DE TERRACOS

DE RETENCAO

Em virtude dos prejuizos causados pela erosdo hidrica, é fundamental o desenvolvi-
mento de técnicas que permitam o aumento da eficiéncia de prdticas para a conservagdo
do solo. O terraceamento de terras agricolas consiste em uma importante prdtica conser-
vacionista. Tendo em vista que terracos construidos de forma inadequada podem levar a
consequéncias negativas para as dreas onde eles foram implantados, o objetivo deste trabalho
foi a avaliagdo da eficiéncia e da adequagdo de terragos de retengdo. As avaliagdes foram
realizadas em quatro terragos implantados em diferentes propriedades, localizadas na
regido centro-oeste do Estado de Minas Gerais. A eficiéncia de armazenamento do terrago
foi determinada a partir da comparagdo entre a capacidade de armazenamento efetiva do
terrago e a capacidade de armazenamento necessdria, estabelecida no projeto. Foram fei-
tas, ainda, propostas para a adequagdo dos terragos avaliados, tendo como base a correg¢do
das caracteristicas que comprometeram a eficiéncia de armazenamento. Trés dos quatro
terragos apresentaram-se com eficiéncia de armazenamento abaixo da necessdria (entre 0,5
e 13 %), as principais caracteristicas que interferiram na capacidade de armazenamento
desses terragos foram: a uniformidade da altura da crista, o fechamento das extremidades
do terrago e o acabamento da se¢do transversal. Em dois desses trés terragos com baixa
eficiéncia, bastou a adequagdo das suas caracteristicas para elevar a eficiéncia de armaze-
namento para valores proximos a 100 %.

Termos de indexagdo: erosdo hidrica, escoamento superficial, prdticas conservacionistas,

sistemas de terraceamento.
INTRODUCTION

Water erosion from agricultural land is a critical
phenomenon due to the speed at which it happens,
as well as the great losses it causes, not only for
the agricultural exploration, but also for many
other economical activities and for the environment
(Nunes & Cassol, 2008). According to Griebeler et
al. (2000), around 600 million tons of agricultural
soil are lost in Brazil every year due to the erosion
caused by inadequate soil management. Besides,
erosion causes problems both for water quality and
availability, since it pollutes and silts water streams
(Barros et al., 2009), causing floods during the rainy
season followed by water shortage in the dry season
(Griebeler et al., 2005a).

In view of the losses caused by water erosion,
the development of techniques that increase the
efficiency of soil conservation is fundamental
(Gribeler at al., 2005b). With this purpose,
Denardin et al. (2009) suggested the use of
conservation practices in agriculture, so as to
preserve, improve and optimize natural resources,
by means of integrated management of soil, water
and biodiversity, adequately adjusted to the
agricultural inputs.

Conservation practices can be divided into
vegetative, edaphic and mechanical practices.
Vegetative practices make use of the vegetation
as soil protection against the direct action of rain,
minimizing the erosion process, while edaphic
practices are those that aim at cultivation systems
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that maintain or improve soil fertility (Miranda et
al., 2004). The approach to these practices is widely
described in the context of the no-tillage system
conservation practice (Denardin et al., 2009).

Although the soil cover, maintained in no-tillage
systems, plays an important role in dissipating the
eroding power of rain (Cogo et al., 2003), there are
critical limits for slope length where this dissipation
capacity is exceeded and, consequently, the water
erosion process 1s initiated (Denardin et al., 2009;
Leite et al., 2009). For these cases, Miranda et
al. (2004) proposed the use of complementary
procedures to reduce the speed of surface runoff,
which would decrease the ability of soil detachment
and silt transportation associated to runoff; this is
possible by the implantation of mechanical barriers,
e.g., terraces, end drains, rain water infiltration
basins, and dams.

Terracing of agricultural land represents one
of the most known and used practices by farmers
to control water erosion, representing the most
important mechanical practice for erosion control
(Griebeler et al., 2000; Miranda et al., 2004). It
consists in building terraces (structures consisting
of channels and a dam, also known as ridge),
transversally to the terrain slope, creating physical
obstacles that reduce the runoff speed and mitigate
the water movement on the soil surface (Mafra,
2003; NRCS, 2010).

Terraces can be classified in a number of ways
(FAO, 2000). One of the most important criteria
1s the terrace function (destination of intercepted
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water). By this criterion, they can be classified as:
retention, infiltration or level terraces — consisting of
a channel built along the contour lines with blocked
ends such that the surface runoff can be retained and
eventually infiltrated into the channel; and graded
or diversion terraces —built with a non-erosive slope,
leading the excess water to a safe outlet. Therefore,
a level terrace is not necessarily a retention terrace,
since if its ends are not blocked, it functions as a
drainage terrace.

A terracing system can be beneficial in a number
of ways for the area where it is constructed, such
as: splitting the slope in several segments, resulting
in the reduction of the amount and rate of surface
runoff and a consequent reduction of erosion activity
causing nutrient losses; the increase of water
availability for crops; a notable decrease in the
peak flow of water courses (Huang & Zhang, 2004,
Posthumus & De Graaf, 2006; Zhang et al., 2008;
Liu et al., 2011).

The construction costs of a terracing system
are relatively high (Griebeler et al., 2000). In
addition to the financial aspect, it is important to
remember that the breaking of one terrace can lead
to the destruction of others downstream, not only
accelerating the erosion process, but also causing
great losses to the cultivated area (Pruski, 2009).
Therefore, extreme care must be taken during the
stages of planning and implementing these systems.

Terraces are built in locations with distinct
weather characteristics, soil types, land topography,
cultivation systems, and using different types of
equipment. Therefore, the use of models, which are
simplified mathematical representations of natural
processes, and which make it possible to simulate
the numerous conditions involved in the represented
processes (Hoogenboom, 2000; Tedeschi, 2006),
help to carry out the project with a greater degree
of efficiency and reliability of these structures. On
this issue, Griebeler at al. (2005a,b) developed a
model for the design and location of terraces using
as input parameters, among other local data, the
digital terrain models generated by the Geographical
Information Systems (GIS).

Despite the advantages and availability of
models for the terracing system project, another
essential aspect is the system implementation stage
in the field. Even in cases of a satisfactory project
development, serious problems can occur in the
terraced area if the project is not properly performed.
In addition, the terrace efficiency also depends on
whether the characteristics of finishing of the ridge
structure, of the terrace cross section and, as in
the case of retention terraces, of end closure are in
compliance with the project requirements (Bertoni
& Lombardi Netto, 1990; Huydson, 1995; Pruski,
2009).
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Studies indicate that a number of retention
terraces are being constructed that do not meet
the project standards (Griebeler et al., 1998). This
way, checking the relationship between the effective
retention capacity of the volume of surface runoff
and the required storage capacity, according to
the local conditions, is of major importance for the
adequacy of this kind of terrace. Thus, the purpose
of this study was to evaluate the storage efficiency
of retention terraces and propose alternatives for the
adequacy of their characteristics to optimize their
storage efficiency.

MATERIALS AND METHODS

Four retention terraces, constructed on different
rural properties in the mid-eastern region of the
state of Minas Gerais were evaluated.

Of the four terraces evaluated, two were Nichols
terraces, one with a medium base (Terrace 1), and
the other a wide base (Terrace 2). The other two
were medium-base Manghum terraces (Terraces 3
and 4), according to a FAO (2000) classification of
terrace construction patterns.

The soil at the locations of the terraces was an
Oxisol, according to Embrapa (2006).

Taking into consideration that a retention terrace
is considered adequate when its effective storage
capacity is equal or superior to the required, a
methodology of Pruski (2009) was used to assess the
storage capacity of the retention terraces. Below,
the evaluation parameters and methodology are
described in more detail.

Required storage capacity

The required storage capacity (Vr) indicates
the characteristics a terrace must have for total
operation efficiency in retaining the surface runoff
from the surrounding contributing area. Thus, to
obtain the Vr, a survey of the terrace contributing
area is required as well as the definition of the
surface runoff depth.

The contributing area (CA) of each terrace was
calculated as the product of the average distance
between the evaluated terrace and the terrace
upstream by its length.

The maximum surface runoff depth (SR) was
estimated according to the methodology developed by
Pruski et al. (1997a). The SR value was determined
using ®TERRACE 4.1 (www.ufv.br/dea/gprh), based
on the soil-climate patterns of each location of the
terraces, such as: basic infiltration rate and return
period for the expected rainfall.
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Value corresponding to the expected rainfall was
estimated based on equations of intensity, duration
and frequency (Mello et al., 2001; Bazzano et al.,
2007). The parameters of Intensity, Duration and
Frequency (I-D-F) were estimated for each terrace
location, according to the methodology of Pruski et
al. (1997b), using Plavio 2.1 software (www.ufv.br/
dea/gprh).

For the return period of the expected rainfall,
a 10-year value was adopted, following practical
recommendations for this kind of work (Carvalho
1988, cited by Mello et al., 2001). For the basic
infiltration rate, a value of 30 mm h'! was adopted,
taking into consideration that the soil of the terraces
was an Oxisol (Barcelos et al., 1999; Panachuki et
al., 2006).

The required volume (Vr/m3) was calculated for
each evaluated terrace, according to the equation:

Vr = SR CA (1)

where SR = maximum depth of surface runoff, m;
and CA = contributing area, m2.

Effective storage capacity

The effective storage capacity of a retention
terrace depends on the ridge uniformity, the proper
finishing of the channel cross section, and the closure
of its ends. Thus, a planialtimetric survey was
performed in the four evaluated terraces to detect
possible irregularities for these characteristics, using
an optical level, a leveling rod, and a measuring tape.

To detect the lowest ridge height of the terrace,
at least 20 measurements were performed along
the ridge, mainly at the points that were visibly
lower than the others. At this stage, the height of
the closures of the terrace end were also measured.

For the calculation of the cross section, 3-5
sections were randomly chosen. Figure 1 represents
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an illustrative diagram of the profile survey of
the terrace cross section, showing the measured
data: ridge crest height (RH); height of the terrace
bottom (CB;); height of terrace bottom 2 (CBjy) of
trapezoidal-shaped sections; height of upstream
slope channel (UC); horizontal distance between
ridge crest and terrace bottom (RH - CB,); horizontal
distance between ridge and terrace bottom 2 (RH -
CBy) in the cases of trapezoidal sections; distance
between ridge and upstream slope channel (RH -
UC). The point corresponding to the upstream slope
channel (UC) is a point in the upstream terrain with
the same height of the ridge crest of the measured
cross section.

The effective storage areas of the terraces (Ar)
were calculated taking into consideration the
average value of the areas in all measured cross
sections, either in triangular or trapezoidal shapes,
and the lowest points detected either on the ridge
crest or at the end closures (Figure 2).

The estimates of effective water storage capacity
of the terrace were then calculated according to the
equation:

Ve = Ar Lt (2

............ triangular base

AlTAy+A; trapezoidal base (3)
where Ar = actual average area of cross sections

measured at the terrace channel, in m2; and Lt =
terrace length, in m.

Storage efficiency
After calculating the values Ve and Vr, the

storage efficiency was estimated (E, %) for each
terrace by the equation:

E=Ve/Vr 100 4)
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Figure 1. Survey of profiles of terrace cross sections. Modified from PRUSKI (2009).
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Figure 2. Cross section areas of triangular-shaped terrace channels (a) and trapezoidal-shaped terrace

channels (b). Source: Pruski (2009).

A storage efficiency analysis was made
individually for each terrace, simultaneously with
the analysis of the determinant characteristics of
effective storage capacity of terraces.

In the terraces with an E value below 100 %,
modifications of the characteristics that affected the
effective storage capacity were simulated, aiming at
improving the efficiency of these terraces.

RESULTS AND DISCUSSION

The results of the assessment of the four
retention terraces are presented separately, as well
as the alternatives for their adaptation.

Assessment of Terrace 1

The estimated SR from the contributing area
of Terrace 1 was 50.1 mm. The average distance
between Terrace 1 and the upstream terrace was
26.71 m, and the terrace length 197.36 m, resulting
in a Vr value of 264.13 m?.

Figure 3 presents results of the survey for the
four cross section profiles, the height of the lowest
point in the ridge, and the height corresponding
to the closure of the ridge, at the end of Terrace 1.

Evidence was found that the terrace has a storage
capacity of surface runoff of only 34.27 m? (Ve),
when, actually, it should be able to retain 264.13 m3
(Vr), when taking both the contributing area and
surface runoff depth into consideration.

The terrace therefore have a ridge height of up
to 0.7 m, although the presence of a low point in the
ridge (lowest height of the crest) of 0.30 m, limited
the effective storage capacity of the terrace to only
13 % of its requirement. Therefore, the storage
efficiency (E) is below the percentage observed in
the study by Griebeler et al. (1998), which varied
between 16.2 and 79.6 %. In that work, however,
the authors used the theoretical or potential volume
as a comparative base for the real storage volume,
based on the greatest cross section of the terrace,
rather than on the storage capacity defined in the
project, as considered in the evaluation methodology
used in this paper. This was due to the fact that the
purpose of the study of Griebeler et al. (1998) was to
analyze, mainly, the spatial variability of the cross
section of the assessed terraces.

The low point on the ridge that reduced the
terrace storage capacity was represented in a
diagram of the ridge profile (Figure 4).

More than one low point reducing the storage
capacity of the terrace was observed (Figure 4).
The ridge height data indicate problems with
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Figure 3. Cross section profile of the channel of Terrace 1.
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Figure 4. Profile of the ridge height of Terrace 1.

the building pattern of the terrace with a lack of
uniformity of the ridge height, that is, elevating
the lowest identified point would not be enough,
however, the correction of the whole ridge would
give the ridge the minimum height according to the
conditions established in the project.

Lower points on the ridge, aside from
compromising the storage capacity, represent a risk
factor for the terrace. The ridge is the most fragile
part of the terrace, since it was constructed by piling
the soil, leading to a reduced resistance to rupture.
Consequently, if a terrace should overflow over this
less stable ridge, the erosion at the overflowing point
tends to increase. In addition, as the overflow point
tends to be lowered due to erosion, the runoff volume
in this section will increase.

The overflowing of a terrace also tends to cause
additional consequences, which is the probable
overflowing of the downstream terraces, i.e., the
effective storage capacity of downstream terraces
would not be able to retain the additional volume
that was then supposed to be stored in the upstream
terrace. Therefore, the rupture of one terrace could
eventually result in a knock-on effect of destruction
of all downstream terraces.

The first step to adjust the effective storage
capacity to the required storage capacity consists
in ensuring the uniformity of the ridge height of

Antonio Calazans Reis Miranda et al.

Terrace 1 (Figures 2 and 3). It was found that, when
the ridge was lifted to a minimum height of 79 cm,
the storage capacity of the terrace increased from
34.27 to 135.05 m3.

However, although the standardization of the
ridge could provide an increase of about four times
the volume of the terrace storage capacity, this
procedure would still not be enough to ensure the
storage of the expected overflow volume from the
contributing area, of 264.13 m3. One of the possible
alternatives of optimizing the effective terrace
storage capacity would be to lift the ridge height
and expand the terrace cross section.

By elevating the terrace height by 20 cm,
including a safety margin of 10 ¢cm in relation to
the corresponding height of the extremity closure
(Figure 5), the effective storage capacity of Terrace 1
would rise from 135.05 to 265.2 m?, which would
correspond to a storage efficiency of 100.4 %. In
this case, the need of increasing the terrace cross
section is eliminated.

A third alternative of adjusting the terrace
storage capacity would be by reducing the required
storage capacity, by building of an upstream
terrace. This would split the terrace contributing
area, and, consequently, could reduce the required
storage capacity from 264.13 m? to 128.54 m3. This
procedure would also be sufficient to raise the terrace
storage efficiency (E) to 105.1 %. On the other hand,
the alternative of building an upstream terrace
would decrease the average distance among terraces
in that area from 26.71 to 13.4 m, which could, for
instance, hamper the use of certain agricultural
equipment in the area. Thus, this measure is only
indicated in specific situations where the spacing of
terraces is greater.

It is further worth mentioning that, after
completing the adjustments of the terrace, it is
highly important to check the end point closures,
also taking the extra ridge height of at least 10 cm
into consideration, as a safety margin.
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Figure 5. Cross section profile of the channel of Terrace 1 after simulation of ridge height elevation.
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Evaluation of Terrace 2

The estimated SR value from the contributing
area of Terrace 2 was 43.9 mm. The average
distance between Terrace 2 and the corresponding
upstream terrace was 59 m, with a length of 145 m,
resulting in a Vr value of 375.5 m?.

The results of the survey of three sections of
Terrace 2 are shown in figure 6, where the lowest
ridge heights are indicated, as well as the lowest
height at the end points.

The effective storage capacity of Terrace 2 was
estimated at 426.92 m?, resulting in a storage
efficiency of 113.7 %. Therefore, the storage
efficiency of this terrace was consistent with the
requirement of the catchment area, according to
the evaluation method used. The efficiency of
the storage capacity was given by the adequacy
of the characteristics of the terrace, i.e., the ridge
construction was uniform, the finishing of the
section good and its end points duly blocked.

This terrace even had an extra ridge height, of
around 10 cm above the height for end point closure.
Therefore, it even matches the safety criterion
as recommended for minimizing the likelihood of
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overflow over the ridge at a possible lowered point
of the crest.

Evaluation of Terrace 3

The estimated SR value corresponding to the
contributing area of Terrace 3 was 25.4 mm.
The average distance between Terrace 3 and the
upstream terrace was 98.25 m, and the length
409 m, corresponding to a Vr value of 1,020.65 m?.

The line representing the height of Terrace 3 end
points was near zero (Figure 7), therefore indicating
that the ends (or, at least, one of its ends) was not
blocked, limiting the effective storage capacity to
only 5.36 m3. Taking into consideration that the
required storage capacity was 1,020.65 m3, the
actual storage efficiency of Terrace 3 corresponded
to a value of only 0.5 %.

For Terrace 3, problems related to points of lower
ridge height were also observed (Figure 7). Similarly
to Terrace 1, the uniformity pattern of ridge height
of Terrace 3 was inadequate. This way, aside from
closing the terrace ends, it was also necessary to
standardize the ridge height (Figure 8) to increase
the effective storage efficiency to a satisfactory level.
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0.80 ’\- ———————————————— /—/’;— Co —/f/-‘
0.70 L\ Z =
0y e =T e Cross section 2
T 060 b o L
E \“ s -
£ 0504 Pt e
3 0.40 - &\\‘- /// 7 —.— Cross section 3
= : \\“. ///_,/' o -
0.30 - \ gt
\ Pre P
0.20 - '\\'\\ e = — Lowest point on
Ve ridge to|
0.10 - VW al” setop
0.00 - T T T T T 1 Lowest point on
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 extremities
Distance (m)
Figure 6. Cross section profile of the channel of Terrace 2.
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Original cross section profile of the channel of Terrace 1.
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When considering the closing of the ends and
standardization of the ridge height (Figure 8), it was
observed that the storage capacity of Terrace 3, with
previously only 5.36 m?, had increased to 601.49 m?.
But, even after raising the ridge and blocking the
ends, the effective storage capacity of the terrace still
corresponded to only 58.9 % of the required volume.

The adjustment suggested for Terrace 1 (raising
of the ridge height and building of an intermediate
upstream terrace) could possibly be applied to
Terrace 3. However, this terrace has a characteristic
not found in Terrace 1, which is the inadequate
finishing of the cross section. According to Pruski
(2009), the most common feature of terraces with
finishing problems at the channel cross section is
the presence of a step at the interface of the channel
and the terrain upstream the terrace (Figures 6
and 7). Such irregularities of the terrace cross
section were also reported by Griebeler et al. (1998).
These authors reiterate that irregularities can
expressively hamper the terrace efficiency. To solve
this situation, the most adequate solution would
be modifications aiming at a better finishing of the
cross section so as to increase the useful storage area
and, consequently, increase the effective storage
capacity.

1.20
1.00 4.\

0.80

Antonio Calazans Reis Miranda et al.

A modification of the finishing of the cross section
by breaking the step at the channel entrance of
Terrace 3 was simulated (Figure 9).

When comparing Figures 8 and 9, an increase
in the average effective area (Ar) of the cross
section of 1.47 m? of the terrace without the cross
section finishing was observed, and of 2.69 m?2, for
the terrace with the cross section finishing. The
increase of about 83 % in the effective terrace
area due to the finishing operations at the section
induced a rise in Ve to 1102.01 m3, making the
terrace adequate to receive a volume corresponding
to Vr (E =108 %).

Evaluation of Terrace 4

Terrace 4 is in the same region and has the same
kind of soil as Terrace 3, therefore, the estimated SR
value from its contributing area was also 25.4 mm.
The average distance between Terrace 4 and its
upstream terrace was 66.61 m, and the length
556.9 m, resulting in a Vr value of 942.22 m?.

The profile survey of the Terrace 4 cross sections
(Figure 10), shows the lowest ridge height and lowest
end height.
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Figure 8. Profile of Terrace 3 cross section after simulation of raising the ridge height and closing the
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Figure 10. Profile and results of Terrace 4 evaluation.

Terrace 4, similarly to Terrace 3, has problems
related to the ridge height uniformity, and to
the closure point height of the terrace and cross
section. However, an aggravating factor in the
characteristics of this terrace is that it was built
erroneously on a slope. The grade of the terrace can
be observed by the gradual increase of levels of the
cross section profiles 1 through 5.

A terrace can be designed to operate in gradient
(graded terrace or diversion terrace) provided that
the technical characteristics for this kind of usage
are taken into consideration. However, Terrace 4
had been designed as a retention, but was built as a
graded terrace. Terrace 3, although levelled, could
also be considered a graded terrace since its ends
had not been closed.

Problems related to the construction of Terrace 4
resulted in an effective storage capacity of 64.5 m3,
which corresponds to a storage efficiency of only
6.8 %. Considering the correction of the elevation of
23 cm at the closing point at the extremity with the
lowest terrace height and, also, adjustment of the
cross section, the effective storage capacity would
increase to 386.33 m?3, corresponding to 41 % of the
required storage capacity. This shows that these
measures were insufficient to ensure an adequate
storage efficiency of this terrace.

Therefore, the correction of the problems
related to terraces built erroneously with a slope
is complicated and involves additional costs, since
a new topographical survey would be necessary for
contour demarcation and terrace re-construction.

CONCLUSIONS

1. For Terrace 1, problems were detected related
to the ridge height uniformity, leading to a storage
efficiency of only 13 %.

2. Terrace 2 was the only one with no problems
in relation to its characteristics, with a storage

efficiency of 113.7 %, i.e., adequate for the area
where it had been built.

3. For Terrace 3, problems were observed in terms
of the ridge height uniformity, end closure, as well
as finishing of the cross section. These problems
reduced the storage efficiency to only 0.5 %.

4. The greatest problem of Terrace 4, aside from
the issues related to ridge height uniformity and
finishing of cross section, was that it had been
mistakenly constructed on a slope, reducing the
storage efficiency to only 6.8 %.

5. Simulations for the correction of the
characteristics considered inadequate of each
terrace were important for observations on the
magnitude with which each one reduced efficiency.
Furthermore, these simulations were important to
determine the most feasible alternatives to adjust
the terrace retention capacity.
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