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The paper evaluates the stability of the reinforced rockfill at the downstream side of Waimea Dam, a new
CFRD dam that is currently under construction in New Zealand. The reinforced rockfill is part of the overall
diversion strategy for the dam during construction and has been designed to allow for safe overtopping to a
depth of 2.9m, which corresponds to the 1 in 1,000 AEP flood.
Design of reinforced rockfill for overtopping allows for the safe passage of floods that exceed the capacity
of the primary diversion works. This may be required for dam safety during construction, as is the
requirement for Waimea Dam. It also serves to protect the works whist the dam is being built.
The focus of the paper is the stability assessment of the reinforced rockfill to prevent seepage induced
instability during overtopping. As seepage forces have a considerable effect on the stability of the dam, a
finite element seepage analysis was undertaken to estimate the seepage forces throughout the embankment,
which was used in the design of the reinforcement system.
Details of the design process, including the seepage and stability analysis for a range of configurations are
outlined, and recommendations for the design of similar future projects are provided.
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Introduction
This paper evaluates the stability of the reinforced rockfill in an embankment dam using limit equilibrium methods for
stability assessment and finite element methods for seepage pressure analysis. This case study is for Waimea Dam, a new
dam which is currently under construction in New Zealand. Different arrangements and combinations of reinforcement,
anchors and embankment zoning were modelled in order to obtain the most efficient solution.
The project is located in the upper Lee Valley approximately 200 m upstream of Anslow Creek. The Lee River is one of
two major tributaries of the Wairoa River which drains the Richmond Range east of the Waimea Plains. The reservoir will
be impounded by a concrete-faced rockfill dam (CFRD). The dam will be approximately 52 m high and 210 m long at crest
level. The location and preliminary layout of the dam are shown in Figure 1. The reservoir will extend approximately 3.7
km upstream of the dam.
The diversion has been designed to enable the construction of the works and to protect public safety downstream by limiting
the risk of failure of the partially constructed dam due to flooding. Once the dam is progressed to a certain height, the
partially constructed dam is considered to be a High PIC dam. For this phase of construction, the diversion has therefore
been designed to safely pass floods up to the 1:1,000 AEP flood. Large floods will overtop the partially constructed rockfill
dam, which will be reinforced to withstand overtopping of these floods up to the 1:1,000 AEP event and will cause an
upstream flow depth of 2.9 m above the crest level.

Figure 1 Location of the proposed dam site on the Lee River
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Figure 2 Layout of the proposed dam

One of the challenges of flood diversion design is to arrive at an economical method for diverting the floodwater that also
satisfies the safety criteria. The technique of using downstream zones of reinforced rockfill to enable the passage of major
construction floods over a partly completed rockfill dam has a great economic attraction. Design of the diversion conduit
to cater for the full construction design flood, 1 in 1,000 AEP in this case, would be prohibitively expensive.
The use of reinforced rockfill for overtopping protection of dams during construction has taken place over the last halfcentury, including the following
 In 1955 Wilkins JK investigated the frequent discharge of comparatively small volumes of water through rockfill
without damage to the fill. Observation of several cases led that writer to decide to investigate the extent to which such
discharges could be safely increased.
 In 1966 Parkin, et al. evaluated rockfill structures subject to water flow. Associated laboratory work examined the head
loss in flow through rockfill. The application examined particular flow problems and presented a nomogram for the
designer's convenience.
 In 1978 Philip J.N. Pells et al. investigated the technique to enable the passage of major construction floods over a
partly completed embankment dam.
 In 1981 Gerodetti M, evaluated the model studies of an overtopped rockfill dam. Hydraulic studies are described which
were conducted for a proposed rockfill cofferdam for the hydroelectric project in Honduras. The cofferdam has a steel
sheet pile sealing wall and its downstream surface is protected with armoured gabions.
 In 1982 Kinstler investigated the Mackintosh and Murchison concrete-faced rockfill dams. The flood protection
downstream faces of the main dam contained cylindrical weldmesh rock-filled gabions tied back into the embankment
with anchor bars and dowels. For construction convenience, the gabions were horizontal and transverse to the sloping
dam face.
Geology
The proposed dam site is located within Rai Formation greywacke sandstone and siltstone/mudstone basement rocks within
the Caples Terrane. The site is flanked by the Gordon Range to the west and the Richmond Range to the east. The rock
mass consists typically of slightly weathered, moderately strong to strong rock, light grey to grey muddy fine to medium
sandstone. The rock has been separated into three rock classes based on rock mass condition. These are summarised below:
Class 1 – Unweathered to slightly weathered, strong to very strong, grey-brown siltstone/mudstone and sandstone
Class 2 – Slightly weathered, moderately strong to strong, grey-brown siltstone/mudstone and sandstone
Class 3 – Highly to moderately weathered, weak to moderately strong, green to brown siltstone/ mudstone and sandstone
Foundation requires to be stiffer than the rock fill. This will be achieved by excavation to at least Class 2 rock. The right
abutment, in contrast to the left abutment, is locally very steep with an irregular profile and rock exposures highlight the
variable rock quality and lithology.

Reinforcement design
Reinforcement network including face mesh, rockfill anchors and longitudinal bars
The reinforcement network consists of different components which are shown in Figure 3 and described below:
 A facing layer consisting of open-graded rockfill which is to be placed and compacted to the profile. Further details of
this component are shown in Figure 4, which is taken from ICOLD Bulletin 089 (ICOLD, 1993);
 Steel mesh with 100mm openings which holds back the rockfill on the face of the dam
 Inclined facing bars (situated on the outermost face of the dam) which hold back the steel mesh
 Rockfill anchors that tie the mesh and inclined facing bars back to the rockfill;
 Longitudinal bars that are designed to resist pullout of the anchors;
 Foundation anchorage near the toe of the fill which anchors the reinforced rockfill to the foundation.

Figure 3 Section through the embankment showing the reinforcement network

Figure 4 Protection layer for rockfill surface
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Rockfill anchors and longitudinal bars
All the rockfill anchors and longitudinal bars in the network are to be joined with welded splices. The longitudinal bars are
close enough to each other that the whole network of longitudinal bars and rockfill anchors will work similarly to a mesh.
The pull-out resistance of the reinforcement network was determined using the method presented by Roger A Bloomfield,
1984. The method based on a pull-out testing program consisting of 86 large scale laboratory pull-out tests on 15 different
backfill materials using different reinforcement networks inside the rockfill embankments. Using this method, the pull out
resistance varies from 50kN for the bars near the crest to 170kN for the bars which are located closer to the foundation.
The calculated pull-out resistance of the rockfill anchors was adopted in the analysis as the tensile capacity of these anchors.
Table 1 presents the rockfill anchor details.
Abrasion of the rock in the fill (rock on rock) as the water flows through the rockfill can lead to settlement of the rock
mass, slumping and potentially failure of the support system. Tension is therefore applied to the reinforcement during
construction to limit potential future movement.
Table 1 Rockfill anchor details
Content

Unit

Value

Tensile capacity

KN

Varies (estimated pullout resistance adopted)

Horizontal spacing

m

1

Vertical spacing

m

2

Foundation anchors
The foundation anchor bars provide an essential function of anchoring the internal reinforcement network to the foundation
and produce shear strength across the foundation contact. The foundation anchors are nominally designed with a FOS of
1.5 on the yield strength of the bar, determined through the numerical stability analysis. The nominal design requirement
is DN 36 bars at 1.0 m centers. These anchors are nominally 4 m long into Class 1 or 2 rock, with a hole of not less than
85 mm diameter. The details of the foundation anchors are shown in Table 2.
Table 2 Foundation Anchor Details
Material

DN 32

DN 40

Bar diameter (mm)

32

40

Assumed tensile capacity (kN)

400

628

Embedment length (m)

4

4

Hole diameter (mm)

80

150

Assumed grout/rock bond strength (kPa)

500

500

Embankment material
On-site construction materials comprise sandstone and mudstone/siltstone rock of the Rai Formation, alluvial gravel, and
solifluction deposits. Compaction trials on Class 2 and 3 rocks indicate that rockfill is likely to have Young’s Modulus of
between 20 and 30 MPa.
For the purpose of this design, material parameters were selected based on on-site observations and were calibrated with
reliable geotechnical resources. Table presents the embankment strength parameters used for the non-seismic analysis.
This embankment is predominantly formed from zoned rockfill which acts as structural fill. There are three rockfill zones
(Zone 3B Rockfill, Zone 3C Reinforced rockfill and Zone 4). The rockfill materials shall be free draining rockfill or alluvial
gravel obtained from the on-site excavation.
Table 3 Adopted Material Properties
Material
Unit weight
(kN/m3)
Embankment
Foundation

23
23

Cohesion
(kPa)
0
300

Friction Angle
(deg)
40
38

Permeability
(m/s)
1E-1
8E-7

Numerical analyses
Phreatic surface and seepage analyses
The embankment material is free-draining and it is therefore assumed that steady-state conditions will occur during
flooding. In order to define the internal distribution of the seepage forces, two-dimensional seepage analysis under steadystate conditions was carried out utilising finite element techniques (Geostudio 2012 Seep/W software) to model the water
flow and seepage force distribution within the rockfill and bedrock. This seepage analysis is linked to stability analyses.
Assuming the crest as a broad crested weir with a head of 2.9m, the overtopping flow rate will be around 7 m3/s/m. Based
on the seepage analysis, the seepage through the embankment is estimated to be less than 1 m3/s/m, so the total amount of
flow to the downstream face in this situation is estimated to be approximately 8 m3/s/m.
The FEM mesh, pressure head, and flow lines during the flood are illustrated in Figure 5, and the internal pressure heads
are demonstrated in Figure 6.

Figure 5 Total pressure head from FEM water pressure analyses

Figure 6 Water pressure within the embankment during the peak flood, from FEM analyses
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Stability assessment
Limit equilibrium slope stability analyses were conducted using Geostudio 2012 (Slope/W) software (GEO- SLOPE
International Ltd. Canada). The Morgenstern-Price method was used in these analyses with the half-sine inter-slice force
function.
The selection of the critical cross-section used in this analysis was based on the sub-surface ground conditions and
embankment geometry, including the embankment height. The highest section of the embankment was selected for the
stability assessment. The cases that were considered for the stability assessment are presented in Table 4.
Slope stability analysis results are presented in detail in Figure 7 to Figure 13 which are summarised in Table 4.
Assumptions
To obtain a model which is both economical and constructible several options were modelled using the assumptions listed
below:
 The internal reinforcement acts like geotextile;
 All anchors are connected to the surface mesh;
 The tensile capacity of each rockfill anchor is equal to the calculated pull-out resistance of the anchor, based on the
effective vertical stress at each anchor and assumed interface friction angle;
 For the design of the foundation anchors, the bond strength of the grout/rock interface has been assumed to be 500 kPa.
The bond strength of the anchors will be tested to confirm this assumption during construction;
 The peak flood level is 2.9 m above the embankment crest level, with some overtopping of the downstream face. The
tailwater level is assumed to be 3 m above the ground level, which was determined from downstream hydraulic
modelling;
 The seepage force is based on FEM seepage analyses;
 The welded connections between the reinforcement is assumed to be adequate to transfer the loads;

Results
The required factor of safety for global stability of the embankments during construction is 1.3 based on USBR design
standard No.13. On the basis that a failure of the embankment could have serious/catastrophic consequences, the minimum
factor of safety (FOS) of 1.4 was selected for global stability of the dam. The results of each analysed scenario is presented
in Table 4
Table 4 Acquired safety factors for different upgrade options
Model
Description

Required FOS

Global Critical
FOS

1

Model of the dam without reinforcement

1.4

0.70

2

Model using internal reinforcement with horizontal
rockfill anchors without foundation anchors

1.4

1.09

3

Model using internal reinforcement with inclined
rockfill anchors without foundation anchors

1.4

1.14

4

Model using internal reinforcement with horizontal
rockfill anchors and foundation anchors

1.4

1.46

5

Model using internal reinforcement with inclined
rockfill anchors and foundation anchors

1.4

1.48

6

Model using horizontal rockfill anchors and
foundation anchors plus additional short rockfill
anchors to support the surface of the dam against
bulging or slipping

1.4

1.47

Figure 7 shows the embankment without any reinforcement. The factor of safety against sliding through the downstream
face, assuming the flood will not erode the face material is less than one, which is clearly inadequate.

Figure 7 Model 1 – Model of the dam without any reinforcement

The second model is shown in Figure 8 which is an update of the first model to include horizontal rockfill anchors to
strengthen the downstream face of the dam, which improves the stability; however, the acquired safety factor does not
satisfy the safety criteria.

Figure 8 Model 2 – Model using horizontal rockfill anchors without foundation anchors
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As shown in Figure 9 the third model uses inclined rockfill anchors to strengthen the downstream face of the dam, which
marginally improves the stability of the downstream face of the dam, however, this would complicate construction. The
calculated safety factor does not satisfy the safety criteria.

Figure 9 Model 3 – Model using inclined rockfill anchors without foundation anchors

The fourth model which is demonstrated in Figure 10 is a modified version of the second model using foundation anchors
to anchor the reinforced rockfill to the rock foundation to improve the stability of the downstream toe of the dam. This
model satisfies the criteria.

Figure 10 Model 4 – Model using horizontal rockfill anchors and foundation anchors

The fifth model, which is shown in Figure 11 is a modified version of the third model using foundation anchors to anchor
the reinforced rockfill to the foundation. In this model, the safety factor is deemed to be satisfactory. This option was
however considered likely to be more expensive to construct than model 4.

Figure 11 Model 5 – Model using inclined rockfill anchors and foundation anchors

During the next stage, several sensitivity analyses were performed on the preferred upgrade option (model 4) to check the
stability of the surface of the embankment. In this model (Model 4A) shallow slip surfaces were considered. As
demonstrated in Figure 12 the safety factor against small slips at the surface is lower than criteria.

Figure 12 – Model 4A – Assessment of the selected model for the shallow slip surfaces during the flood.
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Model 6 which is shown in Figure 13 is an modified version of model 4A, into which short rockfill anchors have been
added to stabilise the embankment surface during the flood event. Experience has shown that spacing the anchors greater
than 1000 mm vertically can result in excessive face bulging and deformation as outlined in Bulletin 89 (ICOLD, 1993).

Figure 13 Model 6 – Final model using horizontal rockfill anchors, foundation anchors and short rockfill anchors

Conclusion
The modelling shows that the foundation anchors very effectively stabilise the downstream of the dam. These anchors
resist the major slips passing through the toe of the dam. Anchoring the reinforced embankment to the foundation is a
critical element of the reinforced rockfill design.
The actual length and density of the anchors required would be similar for both inclined and horizontal rockfill anchor
arrangements. Both systems will require similar quantities of anchors and similar face mesh design. Constructability is one
of the main factors to consider during the design phase, which is the main reason for selection of the horizontal rockfill
anchor design.
In design of overtoppable reinforced rockfill dams, the shallow slips of the downstream face of the embankment should be
considered. Small slips can lead to unravelling and instability of the embankment. The inclusion of short rockfill anchors,
in addition to longer rockfill anchors, should be considered to stop surface erosion and shallow slippages.
Protection of the embankment at all stages of construction is paramount and the systems adopted must provide this feature
as well as optimising the constructability of the works.
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