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This paper describes taking the data from the transducer recording of dynamic fluctuations at 300 Hz in the
physical hydraulic model of the stilling basin of Fairbairn dam and analysing the response of the proposed
design solution to these loads. The analysis not only looked at the direct time history loading, but reviewed
the response of the anchoring system to the inertial and damping loads. A further extension of the analysis
allowing for the stiffness of water has come up with some findings that verify what has intuitively been
believed about the design of spillway stilling basin slabs.
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Introduction
Fairbairn Dam, completed in 1972, is located in central Queensland near the town of Emerald. The embankment is of
zoned earth construction, 828 metres in length with a maximum height of 44 metres and storage capacity of 1.3 million
mega litres. The spillway, which is located toward the left abutment, consists of a 168 metres wide concrete ogee crest
with a converging concrete chute and dissipater basin. The chute slabs extend downstream for approximately 75 metres
and are underlain by a matrix of longitudinal and transverse drains for uplift pressure relief of the anchored chute slabs.
The dissipater basin has an average width of 115 m and includes chute blocks and dentated end sill which are of similar
arrangement to a Type III basin (USBR 1987). The overall length from the ogee to the downstream end of the spillway is
approximately 195 m. Photograph 1 shows an overall view of the spillway and dissipater basin. The original design
flow for the spillway was 15600 m3/sec and this has now risen to the dam crest flood which is 17800 m3/sec.

Photograph 1

Fairbairn dam spillway

Following the 2011 flood event where up to 5.6 m depth of water flowed over the spillway, it was reported that sections
of the concrete slabs appeared to sound ‘drummy’ and discoloured water was discharging from some of the sub-surface
drainage outlets. Additional inspections were undertaken using ground penetrating radar (GPR) and intrusive
investigations (excavation and drilling). These investigations revealed large voids up to 0.3 metre in depth under sections
of the concrete as well as damage and blockage to the sub-surface drainage system. Some of the 24 mm diameter bars
that were designed to anchor the chute slabs to the foundation were exposed as part of the investigations. The majority
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had suffered corrosion at the concrete/foundation interface and pull-out tests on the exposed anchors indicated they had
minimal structural capacity with some completely corroded at the interface.

Figure 1 Long section of spillway
Ryan et al (2016) reported on these investigations which led to a review of the hydraulic design of the spillway including
physical hydraulic and computational fluid dynamics (CFD) modelling, design upgrade of the chute and apron slabs,
repairs to the sub-surface drain system and installation of replacement anchor bars. Construction has been completed on
the chute slabs and the project has now commenced work on stabilising the crest structure, stilling basin slabs and side
walls (refer to Figure 1). This paper will describe the design process and the findings of the work on the redesign of the
stilling basin slabs to resist the expected uplift loadings in the stilling basin floor.

Background
The traditional approach to assessing the uplift pressures in a stilling basin design, for example, as outlined by the USBR
is based on using the maximum of;

•
•

Tailwater pressure under the slab minus the weight of water in the jump profile above the slab and
the slab weight, or
Tailwater pressure minus slab weight if the stilling basin can be dewatered

However in the failure during construction of the Karnafuli hydroelectric project in East Pakistan in 1961, the spillway
chute was severely damaged from a flood event which had flows up to 3,482 m3/s over the spillway. An investigation
followed which included the construction of a physical hydraulic model that was used to replicate the events leading up
to the damage in the spillway (Bower and Tsai, 1964). The results suggested that the fluctuating pressures above and
below the spillway slabs were the primary cause of failure. The overall arrangement of the spillway at Karnafuli is
similar to that at Fairbairn where the spillway chute directed flow to a stilling basin that included chute blocks and end
sill. Discharges up to 18,122 m3/s were modelled and results indicated that differential pressures on the slabs in the order
of 9 to 12 m could be expected.
The range of dams with problems in this area are far wider than just the Karnafuli project and include well known dams
such as Tarbela, Kariba, Folsom, Cahora Bassa and Malpaso. A number of authors have attempted to develop the theory
of design pressures in stilling basins. One of the original contributions came from McClellan (1976) in describing the
approach adopted by the Rural Water Commission in Victoria. More recently Fiorotti et al (1992, 1995, 2000), Bollaert
(2009) and a number of others have contributed to the debate. However Mason (2004) reported attempts to translate
these into viable design procedures are variable. He noted that apron slabs should be substantial and well anchored.
Individual slabs should be as large as possible as mean instantaneous pressures dissipate with area.

Design Approach
The key problem being faced is to understand the nature of the loads on the stilling basin slabs during a major spillway
event. To address this issue the design team has relied on data from both Computation Fluid Dynamics (CFD) modelling
and a physical hydraulic model (PHM). Output from the CFD model (Figure 2) showed that, as expected, major
pressure fluctuations would occur near the chute blocks and just downstream of the dentated sill. Also apparent is the
zone of disturbance between these two features in the region of a small nib wall that was put into make sure that the
hydraulic jump occurred in the required location. As the design progressed further studies with the PHM (Photograph 2)
showed that this nib wall had limited impact on the location of the jump and it was removed to reduce the disturbance it
caused.
One other issue that arose out of the work on Karnafuli was concern that the drainage systems in the chute blocks could
be transmitting excess pressures surges to the underside of the slabs. At Fairbairn both the CFD analysis and the PHM
work showed that, even with the current configuration of the drains, this was extremely unlikely to happen.
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Figure 2 CFD image of Hydraulic Jump

Photograph 2 1:50 Hydraulic Model operating at DCF
The primary approach adopted by the design team has been to minimise the chance of high pressure water flows in the
region of the jump being injected through cracks and defects in the slabs and causing high uplifts. The design solution
includes the following principles;



Construction of a new 450 mm thick overlay slab anchored through the existing slabs into the foundation below
The overlay slab is cast in continuous longitudinal lengths without joints. The overlay slabs are offset by 50% to
the joints in the existing stilling basin
 The new concrete slab is built with two layers of water stops, a rear guard and a centre bulb water stop
 Large diameter double corrosion protected passive anchors stressed to 200 MPa at the design load using grade
500 Macalloy bars which have a yield strength of 650 MPA and a UTS of 900 MPa
The initial approach to selecting the anchor sizing and spacing was a static load method assuming full tailwater uplift
under the slab and the lower 2%ile water pressures on top of the slab being resisted by the buoyant weight of concrete
and the anchors stressed to 200 MPa. The layout of the transducers used for the analysis are shown in Figure 3. Data
was obtained for almost 60 transducer locations, some transducers were relocated for different runs.
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Figure 3 Layout of pressure transducers
A comparison of the net loads and anchor capacity derived by this process is shown in Figure 4
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Figure 4 Comparison of anchor loads and anchor capacity in stilling basin
The actual tailwater depth used in this analysis averaged 23.6 m, the tailwater level for the design flow is RL 197 and the
stilling basin invert is RL 173.4 The high pressures immediately downstream of the chute blocks and also downstream of
the dentated sill are clearly apparent in Error! Reference source not found.. Having developed a design solution based
on the aforementioned principles, the individual anchors were then subjected to a dynamic analysis using the extreme
loads in the transducer sequence
Dynamic analysis
Methodology
A preliminary analysis of the pressure data obtained from the 1:50 scale model was conducted to determine the anchor
locations where the conditions were deemed extreme. Extreme conditions were considered to be at locations where the
highest or lowest pressure data was recorded or at locations where the pressure data had a high standard deviation or
mean. A typical transducer output plot is shown in Figure 5. A typical transducer data set was run for 20 minutes at
300 Hz, giving a total of 360000 readings or about 2.5 hours of real time data. This data was amassed for all transducers.
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Figure 5 Typical raw data and 29 point moving average of the transducer data
The pressure data at these transducer locations were converted to an external force by considering the uplift pressure
from the tail water and the weight of the concrete above the anchor as shown in Figure 6. If the resultant forces were
tensile, the change in displacement (Δz) is expected to increase and the thickness of the film between the foundation and
slab is expected to expand and vice versa.

Figure 6 Diagrammatic representation of modelled movements on concrete slabs
A sample size of 1000 time steps was taken for the dynamic analysis around any major peaks (positive or negative) or
highly fluctuating data. The formula on which the dynamic analyses are based on is shown in Figure 7 and equation (1).

Figure 7

Diagrammatic representation of dynamic analysis

ΣF(t) – (mż˙ + cż + kz) = 0
ΣF(t)

= Resultant force calculated from model results

mż˙

= inertia force, with m = mass of slab and ż˙ = acceleration

cż

= damping force, with c = 2ζ√𝑘𝑚 and ż = velocity

(1), where,

kz
= stiffness force, with k = f(anchor stiffness) for tension and k = f(anchor stiffness, subgrade reaction) for
compression
ζ

= damping ratio
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Uplift forces put the anchor in tension and subsequently had a higher focus during the analysis. It is also to be noted that
the stiffness when the system experiences a compressive force is a combination of the anchor and subgrade stiffness. The
time scale for the measurement of pressures in the 1:50 scale model was 300 Hz. To translate this to the prototype scale,
the period of the measurements is multiplied by the square root of the physical scale. The prototype measurement
frequency becomes 42.4 Hz and the sampling rate becomes .0236 secs. A typical slab and anchor configuration
considered in this analysis had a slab depth of up to 1.5 m and were of the order of 3 m by 4 m in area with a single
DN 75 mm anchor bar. Given the thickness of the slabs and the spacing of the anchors, the most heavily loaded anchors
were in slabs that would be classed as deep slabs for which flexure would be limited and load transfer by shear would
dominate the structural mechanisms.
A typical anchor response is shown in Figure 8. In this case the external applied force is shown in yellow and the anchor
load (noted as stiffness in the legend) is in red. These results indicate that although the system is subjected to extreme
loads, the effects of inertia and damping reduce the actual load developed in the anchor quite substantially, in this case by
two thirds
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Figure 8 1000 samples of transducer 1.3
Scenarios for a damping ratio of 5, 10 and 15 % of critical damping with a corresponding free length of either 2, 4 or 6 m
were analysed. The range of free lengths selected was based on the analysis of the anchor tests (see Photograph 3 and
Figure 9).

Photograph 3 Passive bar anchor test rig
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Figure 9 Typical anchor bar tests showing elastic and residual movements
The graph on the left of figure 9 shows bar extension on the horizontal axis and bar load as a percentage of the target
load. The graph on the right shows the actual load on the horizontal axis and the anchor deformation on the vertical axis
and the data has been separated into elastic and residual movement. Analysis of the data from a number of these tests
showed that the although the free length as built was only 2 m, once the anchor goes into tension when it is loaded, the
de-bonding during load transfer between the anchor bar and the grout effectively increases the anchor free length by as
much as an additional 2 or 2.5 m. The inelastic movement shown on the graph is the permanent set the anchor undergoes
at each load cycle, a significant steepening of this curve would suggest that failure of the anchor was taking place. None
of the test anchors achieved this status at bond stresses of the order of 500 kPa. Further work is under way to evaluate
anchor bond stresses for the design of the crest anchorage.
Effect of varying free length
The monitoring of the anchor load tests has shown that with the design free length of 2 m, the actual operating free length
would be more within the range of 4 to 6 m due to the debonding of the bar in the grout. Figure 10 shows the variation in
average anchor loads with free length. At the average extreme loads, the reduction in stress with a change in free length
from 4 to 6 m is less than 7%.
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Effect of Damping
The effects of damping on the average anchor performance are shown in Figure 10. Reinforced concrete structures
generally exhibit about 5% damping under normal operations with damping increasing to at least 10% when the structure
is stressed closer to its strength limits. In this case we have ignored the effects of continuity on the analysis and it is likely
that the effective damping will be even higher. The analysis undertaken for this project has reported results using factors
of 5%, 10% and 15% critical damping.
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The analysis has assumed that each anchor acts independently, partly as the low frequency pressure waves will have a
long wavelength and partly as the spatial variation of the loads at any time is unknown. However, the side restraint
provided by the continuity of the slabs will provide significant damping, probably well in excess of what the analysis
allowed for. The combined effects are likely to in effect increase the damping ratio closer to 15%. The authors have
initiated student project looking at the effect of multiple anchors and the continuity of the concrete slabs on the range of
stresses that might be developed.
Conclusion
The summary conclusion from this work is that the initial assumption of using the 2%ile lowest water loads on the slabs
as these generate the highest uplifts appears to be well justified in this case. The extreme pressures generated within the
jump do not induce a similar response in the anchors, the response is significantly damped due to the effects of inertia
and damping in the system. When the extreme loadings occur they are unlikely to occur on a sufficient number of
occasions to cause fatigue of the anchor bars within the time frame of the floods at Fairbairn, even though these last for
several days.
Effect of water stiffness on anchor stresses
Validity of assumptions
The key assumption made is that the uplift pressure on the slab pressure is the difference between the pressure on the
underside (assumed as tailwater) and the pressures measured through the transducers on the top of the slabs. The
pressure on the underside of the slab is assumed to remain constant throughout the period of vibration. However, water
is relatively stiff and assuming that there is not enough time for the lateral flow to fill the void, the following calculation
can be made (see Table 1).
The slabs in the stilling basin consist generally of lightly reinforced mass concrete cast directly onto the sandstone
foundations with a UCS of 10 to 15 MPa. In the stilling basin zone the gap between the concrete and the sandstone
would be expected to be quite small as the concrete was cast directly on the prepared foundation, restricting the flow of
water under the slab. However, a typical extension calculated by the method outlined (see Figure 11) can be quite large,
implying the need for considerable movement of water under the slab to maintain the pressure.
The average gap between the underside of the stilling basin slabs and the ground due to the uplift from the design loads is
of the order of 0.95 mm, the average maximum deflection under extreme load is 3.9 mm. Given that a deflection of 1/1000
mm deflection will remove the pressure from the underside of the slab, assuming no change in water volume due to inflow,
then it is unlikely that uplift pressures will persist under the slab for very long as the anchor bars strain.
Table 1 Calculation of deflection required to eliminate load under slab
Parameter
Elasticity of steel

Value
200

Unit
GPa

Elasticity of concrete

20

GPa

Elasticity of water

2.2

GPa

Average deflection of slab

0.95

mm

Deflection to lose load
0.00011
mm
The dynamic analysis undertaken showed that rapid changes in the extension of the anchor occurred. Figure 11 shows a
typical result for the anchor represented by transducer 1.3 with a 6 m free length.
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Effect of water stiffness on specific anchors
The maximum deflection required to eliminate the load under the slab was calculated as 0.00011 mm based on the
average gap estimated over the range of transducers. In this discussion, the effect of the water stiffness and an allowance
for water entering from the sides of each slab was incorporated to determine the effect on the stresses applied to specific
anchors. The assumptions and methodology were taken into account to calculate the maximum allowable deflection at
each transducer are shown in Table 2.
Table 2 Calculation of deflection required to eliminate load under slab per anchor

Parameter

Value

Constant uplift pressure under slab: P=wh
Where,
h = Tailwater + 1 Atmospheric Water Pressure (≈10m)
w = unit weight of water ≈ 9.81 kN/m3

P = 0.333 MPa
For,
h = 24 + 10 = 34 m

Elasticity of water
Maximum allowable strain: 𝜀𝑚𝑎𝑥 = 𝜎⁄𝐸
Assume water is flowing under the slab from two sides:
The velocity of the water flow can be calculated as:
V = √2𝑔ℎ (assuming the orifice equation)

2.2 GPa
εmax = 0.333/2.2/1000 = 0.00015

For one time step (Δt = 0.024 s), the length of water penetration
under the slab:

X = 25.83 x 0.024 = 0.6 m each side

Over the length of the slab (e.g. 4.1m at transducer 1.3) the
percentage where water is distributed:

The maximum allowable strain was increased to take into account
for water entering from two sides:

V = √2𝑔(34) = 25.83 m/s

0.6 x 2 / 4.1 = 29 %

εmax = 0.00015 x 1.29 = 0.00019

The maximum allowable strain is a constant for each slab, but the maximum allowable change in deflection
will change for each F(t) and is calculated as follows:
Δzmax = εmax x z(t)
Where,
z(t) is calculated by solving the dynamic equation: F(t) – (mzacceleration + czvelocity + kzdisplacement) = 0

Note if the resultant force is upwards it is in tension and the gap should be expanding and Δz = positive, vice
versa if the resultant force is in compression the gap will be closing and Δz= negative.
The following criteria was incorporated into the analyses:
If Δz < 0 (compression and no concern for deflection eliminating the load under the slab), use F(t) as obtained
from model results
If Δz > 0 and Δz < Δzmax (tension but the change in deflection does not exceed the maximum allowable
deflection to eliminate the load under the slab), use F2 = F1 x (Δzmax – Δz) / Δzmax
If Δz > 0 and Δz > Δzmax (tension and the change in deflection exceeds the maximum allowable deflection
to eliminate the load under the slab), use F = 0
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Summary of results
The method was trialled on anchor 1.3. The initial analysis was undertaken assuming that the base of the slab was in
contact with the foundation. This analysis found that the anchor barely responded to the changes in external forces, with
the stresses rarely exceeding 10 MPa before the transient overload passed. The analysis was then revised using an
assumption of a minimum pre-set water gaps. The analysis assumed that with a zero extension of the anchor there is still
an effective water gap due to the unevenness of the foundation and the potential separation of the concrete from it. The
method was trialled on the anchor associated with transducer 1.3. The analysis failed to find a solution at very small gaps
as the anchor does not effectively move into tension. However, the stresses increase almost directly proportional to the
size of the water gap and reach the values calculated in the previous model with a water gap of about 10 mm. An
interesting result from this analysis is that the calculations were dominated by the stiffness and water flow and the
damping and inertia effects were quite small.
While this assessment shows some promise and raises some interesting questions, the algorithms used are not robust.
The discussion does however suggest that further work on these concepts could provide some guidance for the future.

Discussion
The dynamic analysis found that for the design being developed at Fairbairn Dam, the analysis outlined in paragraph 4.1
showed that the initial selection of the 2%ile loads on the anchors gave a reasonable representation of the loads that are
actually likely to develop. Even though the flood peaks at Fairbairn are likely to persist for some time, the number of
repetitions during the flood should be well within the fatigue limits of the steel being used.
Consideration had been given to the way in which a jet of water might fill and pressurise gaps under the floor slabs.
Indications were that if there were a zero-width initial gap, uplift pressures would be minimised and that anchor loads
would not develop forces in them. However, as noted earlier, while the results are suggestive of a way forward in the
future, the analysis is not well enough developed to be used as a design tool. The dynamic analysis as previously
discussed is considered to be the appropriate methodology to adopt for the anchor and overlay slab design. However it
seems clear that where foundation conditions are suitable, slabs should be cast directly on the foundation and anchored
directly to it. Widely spaced drainage will still be required to relieve tailwater pressures, if only for the case of relieving
uplift as the flood recedes.
The Fairbairn spillway design is somewhat unique and the results may not be readily transferable to other locations.
PHM’s have been widely used in the past and by extension and the use of transducers can be used to predict pressures
within stilling basins in the future. The CFD work undertaken for this project did not address the issues of turbulence
and turbulence intensity, although more recent developments in the field have suggested that this may be possible.
However on the question of loading, large scale PHM work using transducers to monitor pressure fluctuations is
currently required to adequately define loads.
One of the reasons for adopting relatively large load factors when designing the anchors was the uncertainty in
translating PHM data to the prototype situation. Some correspondents have indicated that they believe magnification
factors of 2 or 3 could apply. Given the uncertainty of some of these factors the authors chose a relatively large load
factor to provide adequate margins of safety.
However the key features of the work on this project are considered worthy of consideration by other designers. The use
of continuous fully reinforced longitudinal slabs with double water stops on the longitudinal joints is strongly
recommended. The experience with unprotected anchors on this and other recent projects has shown that the trend to use
large size double corrosion protected anchors should be mandatory on all projects.
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