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Furthermore, because of the numerous empirical assumptions
inherent in MEXE, it may not be straightforwardÑor
worthwhileÑfor others to now attempt to modify these densities.
However, it would be possible to scale down the axle loads output
from MEXE by some suitable global factor in order to obtain an
approximate indication of the inßuence of ßooding.

3. ACCOUNTING FOR THE INFLUENCE OF
BUOYANCY

3.1. Theory

The potentially adverse effects of ßooding are well known to
geotechnical engineers; for example, foundation capacities are
known to be reduced by raised groundwater levels. Although it is
usual to undertake an effective stress analysis in these
circumstances, the use of ArchimedesÕ principle yields an
identical result for static groundwater conditions.

ArchimedesÕ principle states that the buoyant force on a submerged
object is equal to the weight of the ßuid that is displaced by the
object. If this principle is applied to a submerged masonry arch
bridge, buoyant forces would reduce the unit weights of any
submerged bridge components. As indicated earlier, masonry and
Þll weight are parameters that effectively govern the strength of a
masonry arch bridge. As such, any reduction to these unit weights
can be expected to also reduce the bridge load-carrying capacity.

The worst-case scenario for a ßooded bridge would arise when
water levels reach the elevation of the bridge deck. In this case
vehicle loads would be unaffected by buoyancy but the contri-
bution to the load-carrying capacity attributable to the self-weight
of the Þll and arch material would be affected. The magnitude of the
reduction may be determined from the buoyancy ratio,Rb

Rb Z
g

gK gwater
1

whereg andgwater denote the unit weights of bridge material
(masonry or backÞll) and water, respectively. In the case of backÞll,
the unit weight used must be that of the soil particles rather than
that of the bulk soil. The buoyancy ratio must be computed for the
Þll (Rbf) and the masonry (Rbm) forming the arch. The relative
contributions of each to the arch load capacity will determine the
overall reduction in load-carrying capacity. An analysis tool such
as RING8,9 may readily be used to do this, although it should be
noted that the computed ratio will be partly dependent on the soilÑ
structure interaction model employed by the speciÞc tool used.

3.2. RING analysis of a benchmark bridge geometry

In order to illustrate the likely effect of ßooding on a real bridge,
three ßooding scenarios were investigated for the benchmark
segmental arch bridge shown inFig. 3. The geometry is typical of
many UK masonry arch bridges. For simplicity a uniform granular
Þll was assumed.

Live load
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Fig. 2. Four-hinged failure mechanism in a masonry arch bridge

0·28
0·9

0·43
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Fig. 3. Benchmark bridge geometry (all dimensions in m)
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(as the maximum lower bound solution corresponds to the
minimum upper bound ÔmechanismÕ solution).

Figure 2shows the four-hinge failure mechanism commonly
encountered when a single-span arch bridge is loaded at quar
span; the limiting line of thrust is also shown. Dead load (ffD) and
live load (ffL) vectors are shown above each voussoir, represent
the assumed soil pressures acting on the arch.

Note that although dead and live loadsffD andffL may in reality vary
with movement of the arch, in simple limit analysis these are
assumed invariant. Furthermore, dead loadsffD are assumed to
include contributions from both the soil vertical self-weight and
from any passive restraint offered by the soil, which will be a
function of the soil shear resistance. If the soil is cohesionless th
the shear resistance will be approximately proportional to the
normal stresses and hence the passive restraint also scales wit
self-weight.

Hence when analysing an arch bridge which is ßooded, the d
unit weights of the masonry and Þll material must be replaced
with their respective buoyant weights, modifyingffD accordingly
(but not ffL, unless the bridge is ßooded above road level).

2.2. Elastic frame analysis

As an alternative to plastic limit state analysis, an elastic fram
analysis can be performed to estimate the ultimate strength o
masonry arch bridges. For example, using readily available
software, an arch barrel can be modelled using a series of line
elastic beam elements. As the arch is loaded, axial thrust and
bending moment values for each element may then be calcula
and compared with a predicted arch ring capacity envelope.7

When analysing an arch bridge that is ßooded, this method mu
again be modiÞed by replacing the dry unit weights of the
masonry and Þll material with their respective buoyant weight
in the analysis software.

2.3. Semi-empirical assessment methods: MEXE

The so-called ÔMEXEÕ method was developed during World W
at the Military Engineering Experimental Establishment in the
UK, and has subsequently been widely used throughout the
world. The method was initially designed to provide army ofÞce
with a quick and simple means of assessing the abilities of
bridges to carry abnormal loadings during the war, being
developed from a permissible stress analysis of a centrally load
two-pinned parabolic arch. Various modifying factors are
applied to account for differing geometries, materials, condition
etc. However, it is not possible for users of the MEXE method
modify the assumed densities of the arch and Þll (these are
usually assumed to be equal and Þxed, at 2240 kg/m3).



The three ßooding scenarios plus the reference dry case
modelled are shown schematically inFig. 4. Values of the
additional parameters used in the study are given inTable 1.
In each case it was assumed that the applied load was dispersed
through the Þll according to a uniform distribution model (1:2
horizontal:vertical load spreading). In order to model passive
restraint, an effective earth pressure coefÞcient,KeZ1/3Kp, was
used (in practice for moderately strong Þlls this leads to lateral
earth pressure coefÞcients very similar to those recently proposed
by Burroughset al.10), where the passive coefÞcient of lateral
earth pressure,KpZ tan2ð45C f 0=2Þ. Active pressures were
expected to be small and were ignored in the analysis. The results
of the analyses are presented inTable 2.

It is evident from Table 2that scenarios B and C both lead to
signiÞcant reductions in predicted carrying capacity compared
with the dry bridge case (up to 43%). In order to provide
experimental veriÞcation, the fully ßooded unwaterproofed
bridge scenario (scenario B) was modelled physically.

4. EXPERIMENTAL VERIFICATION OF FLOODING
SCENARIO B

A 1:10 scale model of the benchmark bridge depicted inFig. 3was
constructed in a clear-sided tank, as shown inFig. 5. The Þll

material used was quartz sand
sieved to diameters between 2
and 0$425 mm, and placed by
pluviation from a height of
300 mm to achieve the unit
weights given inTable 1. The
tank had an internal width of
125 mm and, for convenience,
the voussoirs, skewbacks and
abutments were machined from
a clear acrylic sheet. A clearance
of 1 mm between the voussoirs
and sidewalls of the tank
allowed free movement of the
arch. Additionally, silicon
grease was applied to the edges
of the arch to prevent sand
particles from lodging between
the sidewalls of the tank and the
voussoirs.

The loading platen was
positioned at quarter span and was lowered onto the bridge using
a simple hand screw arrangement, with half a turn corresponding
to a displacement increment of 0$08 mm. The load intensity was
measured using two electrical resistance strain-gauge-type load
cells. After each displacement increment an image of the sand
and arch was taken using a digital camera. Image sets were then
processed using particle image velocimetry-based software11 to
automatically generate soil displacement vector Þelds, thereby
enabling the soil failure mechanism to be easily visualised.

Six tests were performed in total: three with dry sand and three with
the sand ßooded to the top surface of the Þll. For each test the sand
unit weight was determined using density cups placed in the Þll at
the end of the test chamber furthest from the arch. Details of this are
summarised inTable 3, together with estimated voids ratios.

Graphs of load plotted against platen deßection for the test
bridges are shown inFig. 6. In all of the tests conducted, dry and
ßooded, the arch failed in a four-hinge mechanism.
Theoretically, if the arch failure mechanism is unchanged then
the associated soil failure mechanism should remain the same
whether the arch is dry or ßooded (assuming the soil adheres to a
linear coulomb friction model). This can be qualitatively
conÞrmed by comparing the magnitudes and directions of the
soil displacement vectors, taken at the same platen deßection;
refer to Fig. 7(a) and (b), showing that the dry and ßooded
displacement vectors were very similar.

5. DISCUSSION

5.1. Experimental results

The experimental test results clearly conÞrm that signiÞcant
reductions in load-carrying capacity can be expected to occur
when a bridge is ßooded. In the model-scale tests a peak
reduction in load-carrying capacity of 47% was recorded,
corresponding to a dry:ßooded load ratio of 1$88.

For a cohesionless backÞll it can be expected that the
corresponding full-scale, load-carrying capacities can be
obtained by scaling up the 1:10 scale model capacities (using a

Fig. 4. Modelled scenarios: (a) dry case; (b) unwaterproofed bridge, ßooded up to top level of Þll; (c)
waterproofed bridge, externally ßooded up to top level of Þll, backÞll dry; (d) waterproofed bridge,
internally ßooded with fully saturated Þll, externally dry

Parameter Value

Masonry: Unit weight 22$7 kN/m3

Buoyancy ratio (Rbm) 1$76
BackÞll: Unit weight (dry) 16$5 kN/m3

Unit weight (saturated) 20$0 kN/m3

Angle of shearing resistance* 448
Effective passive earth pressure
coefÞcient,Ke (ZKp/3) 1$85
Buoyancy ratio (Rbf) 1$62

Applied load: Position 1/4 span
Length 400 mm

*Obtained from 10 mm shear-box tests.

Table 1. Case study parameters used in the analysis, including
buoyancy ratios from equation (1)
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scale factor of 102). The full-scale analysis results given in
Table 2indicated a reduction in load-carrying capacity of 40%
(load ratio of 1$66). However, there were some small differences
between the notional full-scale and physical model-scale bridges.
For example, acrylic was used to form the voussoirs of the model-
scale arch bridges and this has a low unit weight of 11$6 kN/m3

and thus a very high buoyancy ratio of 6$48. If this value was
used in the analysis then the predicted dry peak load, saturated
peak load and load ratio values for the small-scale model bridges
were 1$69 kN/m, 0$91 kN/m and 1$86 respectively. These
predicted peak loads (also plotted inFig. 6) were clearly quite
close to the experimentally recorded values. The predicted peak
loads were slightly lower than the mean experimental peak loads
probably in part because of the effects of wall friction. However,
as any soil-wall friction forces will be reduced in the same
proportion as all other soil forces, the ratios of wet and dry test
load capacities should be much closer to the predicted results, as
was found. To conclude, the experimental results strongly
supported the theoretical predictions, and indicate that ßooded
Þll material in an unwaterproofed arch bridge merits the
attention of bridge owners and assessors.

5.2. SigniÞcance of different ßooding scenarios

In the benchmark bridge problem studied in this paper it was
found that the hinge positions were the same for all the
simulations listed inTable 2. This is signiÞcant as it means that
the predicted load-carrying capacity (WW) of the bridge can be
expressed simply as the sum of a number of factors contributing
to bridge strength, namely

WW ZPðgfill ÞC QðgmasonryÞC RðKegfill ÞC SðgwaterÞ2

whereP, Q, RandSare constants which depend on the geometry
of the arch and failure mechanism;gÞll, gmasonry and gwater are,
respectively, the unit weights of the Þll, masonry and water, and
whereKe is the effective earth pressure coefÞcient (note that,
following current conventions for modelling arch bridges, load
spreading is assumed here to be independent of collapse
mechanism, applied load and soil self-weight and thus is also
assumed to be unaffected by ßooding).

Following analysis, the load-carrying capacities for scenarios
A, B, C and D become available. This enablesP, Q, R and S to be
determined by solving a series of simultaneous equations, each
derived from equation(2), and expressed in matrix form as

WWA

WWB

WWC

WWD

0
BBBB@

1
CCCCA
Z

gdry;fill gdry;masonry Kegdry;fill 0

g 0
fill g 0

masonry Keg
0
fill 0

gdry;fill g 0
masonry Kegdry;fill K gwater

g 0
fill gdry;masonry Keg

0
fill gwater

0
BBBBB@

1
CCCCCA

P

Q

R

S

0
BBBB@

1
CCCCA

3

Fig. 5. Laboratory model arch bridge (1:10 scale)

Representation in analysis
Computed

load-carrying
capacity,W:

kN/m
Load
ratio*

Reduction in
load-carrying
capacity: %*Scenario Description

BackÞll unit
weight

Masonry unit
weight

Additional water
pressure on
extrados

A Bridge dry (benchmark) Dry Dry 0 197 1$00 Ð
B Unwaterproofed bridge

ßooded up to top level of Þll
Buoyant Buoyant 0 119 1$66 40

C Waterproofed bridge
externally ßooded up to top
level of Þll, backÞll dry

Dry Buoyant Hydrostatic
outwards

113 1$74 43

D Waterproofed bridge
internally ßooded with fully
saturated Þll, externally dry

Buoyant Dry Hydrostatic
inwards

203 0$97 (K 3)

*Relative to dry case.

Table 2. Flooding scenarios and predicted load capacities

Parameter Dry soil Wet soil

Unit weight: kN/m3 Test 1 16$26 19$52
Test 2 16$37 19$98
Test 3 16$71 20$57
Mean 16$45 20$02

Mean voids ratio* 0$58 0$59

*Voids ratios based on soil speciÞc gravity of 2$65.

Table 3. Sand unit weight
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Deflection: mm

0 10 20 30 40

Test: dry (mean)
Test: flooded (mean)
Test: dry
Test: flooded
Predicted: dry (peak load)
Predicted: flooded (peak load)

Fig. 6. Load against platen deßection plots for test bridges
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Populating the matrix with values from the benchmark arch
bridge problem (WW in kN/m, g in kN/m3, P, Q, R, S in m2) give

WWA

WWB

WWC

WWD

0
BBBB@

1
CCCCA

Z

197

119

113

203

0
BBBB@

1
CCCCA

Z

16$5 22$7 1$85! 16$5 0

10$2 12$9 1$85! 10$2 0

16$5 12$9 1$85! 16$5 K 9$8

10$2 22$7 1$85! 10$2 9$8

0
BBBB@

1
CCCCA

5$14

2$55

1$78

6$06

0
BBBB@

1
CCCCA

4

Examination of equations(3)and(4)permits the identiÞcation of
the relative contributions of the various components to the overall
load-carrying capacity. Furthermore, the same procedure can be
performed for other bridge geometries provided it is assumed that

the hinge positions remain Þxed
(this is a reasonable simplifying
assumption for many arch
geometries). With this
assumption, indicative
minimum and maximum load
ratios for different ßooding
scenarios can be determined by
inspection, by allowing
different factors to dominate the
response in each case (see
Table 4).

By referring to Table 4the
following suppositions can be
made.

(a) In the majority of practical
cases, scenario B is likely to
be found to be most critical
(for waterproofed arches
consideration of scenario B
will be prudent unless it
can be guaranteed that
there are no leaks in the
structure, and that it is not

possible for the internal and external conditions to become
ßooded independently).

(b) Although scenario C appears potentially more critical than
scenario B, the signiÞcance of this scenario can be shown to be
heavily dependent on the backÞll unit weight and to achieve
the theoretically highest load ratios for scenario C requires low
backÞll densities together with a shallow arch with large depth
of Þll.

(c) For bridges where the waterprooÞng can be guaranteed then
scenarios C and D should be considered. Scenario C is likely to
be most critical for shallow arches, whereas scenario D is likely
to be most critical for deep arches with high-strength backÞll
(although the degree of strength required is unlikely to be
found in most real bridges).

For an unwaterproofed arch, it is important to note that scenario
C could also occur in the case of ßash ßooding before water has

Fig. 7. Soil-arch failure mechanisms, showing displacement vectors with 8 mm platen deßection
(vector magniÞcation factorZ25): (a) dry bridge; (b) ßooded bridge

Minimum load ratio* Maximum load ratio*

Flooding
scenario Situation

Theoretical
value

Value using typical
soil/masonry
properties Situation Theoretical value

Value using typical
soil/masonry
properties

B Masonry mass
dominates arch
strength

Rbm 1$6Ð1$8 BackÞll mass and
strength dominates
the arch strength

Rbf 1$6Ð1$8

C Deep bridge with high
strength backÞll

1 1 Shallow arch with
relatively large depth
of Þll

gdry;soil

gdry;soilKgwater
1$8Ð2$4

D Shallow arch with
relatively large depth
of Þll

gdry;soil

g 0
soilC gwater

0$8Ð0$9 Deep bridge with
high-strength backÞll

gdry;soil

g 0
soil

1$6

*Relative to dry case.

Table 4. Indicative minimum and maximum load ratios
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penetrated through the masonry to fully ßood the backÞll or
where the Þll is of low permeability. It is thus necessary to also
check scenario C in addition to scenario B.

To demonstrate that the values given for scenario C inTable 4are
realistic, a typical medium-span, shallow-arch bridge was
analysed using RING. In this case the arch was assumed to
comprise masonry with either: (a) an inÞnite compressive
strength; or (b) a relatively low (5 MPa) compressive strength.
In the latter case it was assumed that the thrust in the arch was
transmitted through a rectangular plastic stress block in the
vicinity of each hinge. Analysis parameters and results are given
respectively inTables 5and 6.

It is evident fromTable 6that a relatively high load ratio of 1$91
was obtained for scenario C when inÞnite compressive strength
was assumed. This value is within the indicative range given in
Table 4(1$8 to 2$4), and is signiÞcantly higher than the
corresponding scenario B load ratio of 1$70. It is also evident
from Table 6that the computed scenario C load ratio reduces
markedly (to 1$40) when the bridge is assumed to comprise
relatively weak (5 MPa) masonry. This is because the reduced
thrust in the ßooded arch can be transmitted through a
rectangular plastic stress block of correspondingly reduced
depth, in turn leading to a smaller reduction in the effective arch
barrel thickness. As the effective barrel thickness has a major

inßuence on load-carrying capacity, this effect helps to limit the
reduction in capacity.

5.3. Practical considerations

The worst-case ßooding scenario occurs when a heavily loaded
vehicle crosses a masonry arch bridge that has been ßooded up to
its deck elevation. The likelihood of this occurring needs to be
included in the risk management plan for the bridge. For many
bridges the loss of capacity due to ßooding may not lead to
immediate collapse, but may take the bridge into a zone where it
starts to suffer incremental damage. Partially ameliorating this is
the reduced magnitude of thrust in the arch, which is likely to
reduce the depth of crushing at hinge zones and also to reduce
the likelihood of ring separation in multi-ring brickwork arches
(due to reduced stress levels).

It should also be pointed out that bridges which derive part of
their load-carrying capacity from non-self-weight-dependent
effects (e.g. from the strength of cohesive backÞll, bound
pavement material and/or unit-mortar bonds) can be expected to
experience lower reductions in load-carrying capacity (however
the often high apparent cohesive strength derived from pore
water suctions in an unsaturated backÞll would be lost on
ßooding). Additionally, when low permeability Þll is present,
ArchimedesÕ principle is not fully applicable if loading is
relatively rapid. However, in such cases there is also the risk that
high pore pressure generation might lead to even larger losses in
load-carrying capacity.

Finally, it should be borne in mind that reductions in load-
carrying capacity will be less severe if ßood levels do not reach
bridge deck level.

6. CONCLUSIONS

When assessing masonry arch bridges, the risk of ßooding should
be considered. In situations where ßooding is deemed possible,
the potential reduction of load capacity should be determined.
For bridges which derive the majority of their load-carrying
capacity from self-weight effects, numerical and experimental
results have conÞrmed that when a masonry arch barrel and
surrounding Þll are fully ßooded, the reduction factor will lie
between the buoyancy ratios (ratio of dry to submerged weight)
of the backÞll and masonry, typically 1$6Ð1$8. Indications are
that a waterproofed bridge or a rapidly ßooded bridge may be

Computed load-carrying capacity,
W: kN/m Load ratios*

Reduction in load-carrying
capacity*

Scenario Description sscZN sscZ5 MPa sscZN sscZ5 MPa sscZN sscZ5 MPa

A Bridge dry (benchmark) 837 452 Ð Ð Ð Ð
B Unwaterproofed bridge

ßooded up to top level
of Þll

493 335 1$70 1$35 41% 26%

C Waterproofed bridge
externally ßooded up to
top level of Þll, backÞll
dry

439 324 1$91 1$40 48% 28%

*Relative to dry case.

Table 6. Shallow arch bridge analysis results

Parameter Value

Geometry: Span 18 m
Rise 3 m
Barrel thickness 0$75 m
Crown Þll depth 1$25 m

Masonry: Unit weight 20 kN/m3

Buoyant unit weight 10$2 kN/m3

Compressive strength Varies
BackÞll: Unit weight (dry) 18 kN/m3

Buoyant unit weight 11$2 kN/m3

Load dispersal 1:2 (uniform)
Angle of shearing resistance 308
Effective passive earth pressure
coefÞcient,Ke (ZKp/3) 1$0

Applied
load:

Position 1/4 span
Length 300 mm

Table 5. Shallow arch bridge analysis parameters
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subject to even larger capacity reductions in certain conditions.
Mitigating factors are contributions to bridge load-carrying
capacity that are independent of self-weight effects (e.g. from the
strength of cohesive backÞll, bound pavement material and/or
unit-mortar bonds). Additionally reductions in capacity are
likely to be proportionately lower when the bridge comprises
relatively weak masonry, because of the reduced thrust in the
ßooded arch.
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