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Abstract. In October 2001, an inspector from Inversiones Metropolitanas (INVERMET — a
Lima city agency) discovered that significant scour had occurred underneath the right
abutment of Duefias Bridge. The bridge designers as well as ateam of expertswas invited to
solve the problem. The authors accepted the invitation to participate in the solution. During
the course of the investigation, it was evident that the river morphology had changed
dramatically since the construction of the bridge. A rock ramp was proposed to stabilize the
stream at the Duefias bridge. This structure has been in service for three years now. This
paper deals with the findings of the authors with respect to the evolution of the river
morphology and the temporary solution that was adopted for protecting the bridge’'s
foundation.

1. Introduction

Lima, Peru’s capital has a population of 8 million inhabitants. The
Rimac river flows West thus dividing the central and southern sectors of the
city from the northern sector, locally called Cono Norte (“North Cone”).

Because of population growth, areas near downtown were not
available and people started occupying the areas north of the Rimac River. A
number of bridges were needed in order to allow communication between the
Northern sector and the rest of the city.

The Duefias bridge is one of three bridges that allow communication
between the district of Cercado (downtown — pop. 345 900) and the San
Martin de Porres district (pop. 439 139). The bridge was designed with two
abutments as lateral supports and a central pier, leaving two openings
between the abutments and the pier (See Figure 1). The flow has been forced
to pass under the left opening by accumulation of debrisin the right bank. In
afield inspection conducted in October 2001, an engineer from Metropolitan
Investments (INVERMET), a city agency, detected that scour had occurred
underneath the central pier and the stability of the bridge could be seriously
compromised in the short term. Emergency works had been completed by
December 15, 2001. They included reinforcement of the foundation,
concrete injections and erosion protection works. This paper deals with the
evolution of the river morphology, design considerations, and performance of
the rock ramp built to protect the river bed against erosion.
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Figure 1. View of the Duefias Bridge in 1966. This photograph was taken from the left
bank. Noatice that river flows underneath the two openings of the bridge.

2. Background Information

The Duefas Bridge is a two-span crossing structure supported by
abutments in the right and left banks and a central pier. At first, the river
flowed underneath the two openings of the bridge as seen in Figure 1. Since
its construction, finished in 1966, the river morphology has undergone major
changes due to the construction of other bridges, accumulation of sediment of
foreign origin (mainly garbage) and the construction of remedial works. The
so called remedial works not only did not solve the problem at hand, but
accelerated the rate of incision of the river.

Figure 2. View showing the bed level i n' 2001. Notice that the river flows underneath one
opening. Also notice scour in the right bank (left) and leftovers of aremedial work.

The El Ejercito Bridge is located 2.1 km (1.3 miles) upstream of the
Duefias Bridge. The bed has lowered by 18.5 m (60.70 feet) at that location.
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At the Duefias Bridge the river level had descended 8 m (26.7 feet)
approximately. At the time the Duefias Bridge had been designed, the
designers considered that the width of the river was 60 m (196.9 feet), but the
occupants of both banks have been pouring garbage and waste to narrow the
stream and add land to their properties.

The narrowing of the stream has caused deepening of the river.
Officers of the Ministry of Transportation and Communication (MTC) were
hired by INVERMET to rebuild the foundation and reinforce the river bed in
1978. The original right abutment of the bridge is not compromised because
due to the incision of the left opening of the bridge it does not flow water
underneath the right opening. Even a two-lane road has been built
underneath the right opening.

Scour of the river bed has continued even after the remedial works
where conducted. The foundation has been undermined below the bottom of
the reconstructed foundation.

Because safety of the bridge users was endangered motorized traffic
was interrupted in October 2001, increasing the traffic load in the other
bridges. The collapse of the bridge would have catastrophic consequences
because the bridge deck could dam the Rimac River. The pressure might
eventually destroy the deck, producing a dam break phenomenon that could
rapidly erode both banks, leading to the destruction of houses located near the
cliffs formed by the incison of the river. Several bridges located
downstream, such as Faucett Bridge or Emisor Bridge could also collapse,
when shear stresses induce the removal of their foundation materials.

This document presents the temporary solution that alowed scour
mitigation at the Duefias Bridge during the 2001 — 2002, 2002 — 2003 and the
current wet seasons. Although this erosion control work was considered as
an emergency measure, it isstill in service.

3. Evolution of the Rimac River morphology

The Rimac River has undergone a process of incision caused by the
construction of civil works and human activity that have induced the
narrowing of the stream. The existing morphology indicates that Peru
Avenue, located 200 m from the river axis, might have been the right
floodplain of the river in prehistoric times, and the Morales Duarez Avenue
had been built on the ancient left floodplain. In addition, conglomerates
formed by alluvial deposits left by the paleo Rimac River mainly compose
most of Lima’s soil. Any inspection hole or trench shows that a deep
conglomerate exists underneath the surface. This conglomerate is mainly
composed by round pebbles, cobbles, boulders, and fine material.

According to persona communications, old aerial photographs show
that in reach of interest, the Rimac used to be a braided river. The Duefias
Bridge, built in 1966 is 70 m (229.7 ft) long and 20.60 m (67.5 ft) wide.
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Riprap protection had been built to train the river upstream of the
bridge. At the time of the construction of the bridge, the stream was 50 m
(164 ft) wide. Narrowing of the stream, together with the training of the river
and the construction of civil works has caused significant changes in the
stream morphology.

The incision of the stream was more pronounced in the left opening of
the river, exposing the foundation of the central pier and left abutment, so
that additional footing was placed underneath the existing foundations of the
central pier and the left abutment.

A grade control structure was built in 1977. It consisted mainly of a
concrete drop with a stone embedded in concrete apron built downstream of
the drop for scour protection. This structure merely protected the bed
upstream of the bed temporarily, but regressive erosion occurred downstream
of the apron, leading to cracking of the structure because no major
reinforcement was included.
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Figure 3. This sketch shows the evolution of the Rimac River with time. (1) Broken lines
show the limits of the Paleo Rimac River. (2) Limits of the river in 1966. (3) River bottom
when remedial works had been built. (4) Width of theriver in 2001.

4. Design Considerations

The grade control structure was designed as a temporary measure
against erosion. Therefore, a low return period was used. The 2-year return
period and 5-year return period discharges were used. This structure has not
yet been replaced.
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The closest gauging station is R-2, located in Chosica, 40 km (25
miles) from the bridge. Although such station is far from the point of
interest, its information is useful, because most of the basin is arid below
1000 meters above sea level (3280 ft) and when rainfall occurs in the lower
reaches, it does not necessarily coincides with rain in the upper reaches. In
addition, the Rio Blanco basin, a large sub-basin within the Rimac river
basin, has been regulated by the Y uracmayo Reservoir. The two-year return
period discharge is 129 m°/s (4555.6 ft°s?) and the five-year return period
discharge is 198 m*/s (6992 ft’s?). As areference, during the occurrence of
the last ENSO (El Nifio Southern Oscillation), the maximum discharge in the
Rimac river was 200 m’s* (7062.9 ft’s?).

A large intake structure also exists upstream of the Duefias bridge. It
isowned by SEDAPAL, Lima’'s municipal water company, and usually takes
between 13 and 21 m®s® (459.1 — 741.6 ft>s"). The river bed is mainly
composed by cobbles and boulders so that infiltration is high in this reach.

The river bed, as well as the banks needed to be protected against
scour. Because the river bed cannot be lowered to place the erosion
protection layers, the final rock level of the ramp will be accommodated
approximately following the leveled ground (see figure at the end of the
paper). A gradual changein slope is allowed from approximately 50 m (164
ft) upstream so that the critical cross section is covered with alayer 1.5 — 2
the calculated typical rock size. To compensate this change in level, the
second portion of the ramp is made steeper.

Two methods were used to calculate the typical rock size for
protecting the river bed: the moment stability method proposed by Stevens
and Simons (1971), which was developed using a theoretical framework, and
Abt and Johnson (1991) developed experimentaly at Colorado State
University (CSU).  The method by Stevens and Simons is thoroughly
described in Richardson et a (1990). The expression developed by Abt and
Johnson follows:

D50 — 5 2380.43q3.56

In the previous equation Dsx is the equivalent rock size in inches; Sis
the slope of the bed to protect, and qq is the unit discharge in ft? s*. The unit
discharge has been corrected to avoid failure of the rock elements by
multiplying the unit discharge by 1.35. An additional correction factor is
included due to the flow concentration that occurs in a riprap layer. In
experiments conducted at CSU, it was noticed that flow had a tendency to
form “rills” in which flow concentrated and the unit discharge could vary
between 1 and three times the nominal unit discharge. This is due to the
nature of riprap, which is composed by loose particles of variable size.
When water flows through the interstices, smaller particles tend to be eroded
away and rills are formed. The rock layer thickness is twice the calculated
rock size (2 D50). The river width is approximately 9.5 m ( 31.2 ft) and the
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approximate slope is 0.023 or 2.3 %. The next tables summarize the
calculations and results for designing the rock layer that will protect the bed.

With the data gathered at the site, a first simulation was conducted to
estimate the water levels for the 2-year and 5-year return period discharges.
A second simulation, in which the rock ramp was included, was carried out
as well. The rock ramp covers a reach starting 60 m upstream of the bridge
axisto 115 m downstream of the axis. At the downstream end a deep toe has
been considered to prevent removal of the particles. At the downstream end
ahydraulic jump is expected

The rock ramp is divided in two reaches. From section 0 + 550to 0 +
620 it has a 1.33 % slope. From the latter section to O + 725 it has a 3.65 %
slope until it intercepts the natural terrain. (See Figure 6 at the end of paper).
The profiles of the backwater curves corresponding to the two-year flow
discharge (129 m®s™) and five-year flow discharge (198 m’s?) are shown in
Figure 4. This output was obtained using USACOE s HEC-RAS 2.2b.

The hydraulic simulations showed that the shear stress distribution
was very uneven. Just downstream of the slope change the maximum shear
stresses are produced. A summary of the results is presented below in Table

1
Table 1. Maximum shear stress and calculated rock size using stability of moments method.

Cross |T Maximum  shear | Rock Safety factor
section |(years) |stress (N/m?) diameter

(m)
620 5 716.88 1.50 1.51
620 5 596.37 1.10 1.34
Therest |5 450 1.10 1.75

In general, the safety factor is 1.5. Therefore, 1.10 m rock have been used,
except in critical cross section were 1.5 m rocks were used. The critical
reaches are located between sections 615 and 625 and 715 and 725 (until the
downstream end of the toe). In this zone, a hydraulic jump is expected, so
that large energy dissipation is expected. Partial calculations are included in
Table 3 using the Abt and Johnson methodology. Rock size mainly depended
upon unit discharge and bed slope. Downstream of the bridge, rocks were
accommodated using a 2H: 1V slope where possible (z= 2). Upstream of the
bridge, rocks were following the contours of the terrain. A filter was not
used in the placement of rock because the bed is mainly composed by cobbles
and boulders.

5. Behavior of the Rock Ramp during the 2001 — 2002 and 2002 —
2003 wet season.

The grade control structure was built by ICCGSA, alocal contractor,
in 2001. The construction was finished just before the beginning of the wet
season. During the 2001 — 2002 wet season (December to April) the peak

138



Use Of A Rock Ramp For Grade Control — Duefias Bridge Case

Table 2. Rock size calulated using Abt and Johnson’s method.

Return Period

Discharge (m®/s)

Nominal Diameter (m)

2 anos 129 1.03

5 anos 198 131
Q (m’/9) 197.55
b (m) 9.50
q (m?/9) 20.80
Failure factor 1.35
Concentration factor [2.50
qof (m?/s) 70.18
gf (cfg/ft) 755.45
S 0.0365
D50 (pulg) 51.53
D50 (m) 1.31
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Figure 4. Graphical output of the hydraulic simulation using USACOE s HEC-RAS 2.2b.

discharge was 94 m*s* (3319.6 cfs) at station R2 and during the 2002 — 2003
the peak discharge was 124 m’s* (4379 cfs). The behavior of the rock ramp
was videotaped and it will be presented at the session. Upstream of the
structure the flow is mild, but at the slope break the flow becomes very
turbulent. Water impacts the rocks, angular in nature, and energy tends to
dissipate. Figure 5 shows the Rimac River downstream of the Duefias Bridge
in January 2001. The authors have visited the area several times and no
movement of rocks has been detected. The rock ramp is still in service and
has not been replaced so far.
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iure 5. This photograph shows the rock ramp downstream of the Du idg This
picture was taken from the right bank of the river.

6. Conclusions and Recommendations

a) The rock ramp has effectively protected the river bed against scour for
amost two years. The river bed is stable and no major changes have
occurred.

b) The protective elements, measuring 1.1 m in most of the structure,
and 1.5 m (5 ft) in the critical areas have remained in place. They could
withstand unit discharges

C) Although the design discharges have not been attained, it is expected
that the structure will effectively protect the stream in the short term.
Because a magjor sub basin has been regulated, lower peaks are expected at
the site.

d) The calculation methods for rock sizing presented in this paper
produce similar results.

€) The temporary works have become permanent. The city government
has no intention of replacing the structure, because its behavior is
satisfactory, although the measure was supposed to be temporary.

f) It is advisable to analyze energy dissipation and aeration of rock.
This structure may help aerate water allowing the release of dissolved gases.
0) This work could have been an integral project, which included
treatment of the surroundings. It isthe authors™ opinion that the city missed
an opportunity to produce a comprehensive treatment of the area.
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Figure 6. Profile of the rock ramp at the Duefias Bridge.
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